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The testing effect refers to the finding that retrieval practice in comparison to restudy of previously
encoded contents can improve memory performance and reduce time-dependent forgetting. Naturally,
long retention intervals include both wake and sleep delay, which can influence memory contents
differently. In fact, sleep immediately after encoding can induce a mnemonic benefit, stabilizing and
strengthening the encoded contents. We investigated in a series of 5 experiments whether sleep influences
the testing effect. After initial study of categorized item material (Experiments 1, 2, and 4A), paired
associates (Experiment 3), or educational text material (Experiment 4B), subjects were asked to restudy
encoded contents or engage in active retrieval practice. A final recall test was conducted after a 12-hr
delay that included diurnal wakefulness or nocturnal sleep. The results consistently showed typical
testing effects after the wake delay. However, these testing effects were reduced or even eliminated after
sleep, because sleep benefited recall of restudied items but left recall of retrieved items unaffected. The
findings are consistent with the bifurcation model of the testing effect (Kornell, Bjork, & Garcia, 2011),
according to which the distribution of memory strengths across items is shifted differentially by
retrieving and restudying, with retrieval strengthening items to a much higher degree than restudy does.
On the basis of this model, most of the retrieved items already fall above recall threshold in the absence
of sleep, so additional sleep-induced strengthening may not improve recall of retrieved items any further.
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The act of retrieving information from memory is a powerful
tool to promote long-term retention, as is demonstrated in studies
on the testing effect. In testing effect studies, subjects are usually
asked to either actively retrieve or passively restudy previously
presented contents. The typical finding is that retrieval practice in
comparison to restudy improves memory performance and reduces
time-dependent forgetting (Hogan & Kintsch, 1971; Roediger &
Karpicke, 2006; for a review, see Roediger & Butler, 2011). The
testing effect has been observed with a variety of materials, like
word lists (Hogan & Kintsch, 1971), paired associate lists (Carrier
& Pashler, 1992), picture lists (Wheeler & Roediger, 1992), and
educational text material (Roediger & Karpicke, 2006). It can be
modulated by a number of factors, like retention interval between
retrieval and test (Roediger & Karpicke, 2006; Toppino & Cohen,
2009), difficulty of retrieval task (Carpenter & DeLosh, 2006;
Kornell, Bjork, & Garcia, 2011), and final test format (Halamish &
Bjork, 2011; Hogan & Kintsch, 1971).

To date, several theoretical accounts have been proposed to
explain why retrieval promotes long-term retention (see Roediger
& Butler, 2011). One influential account is the elaborative retrieval
hypothesis (Carpenter, 2009; McDaniel & Masson, 1985; Pyc &
Rawson, 2010), according to which retrieval practice induces more
elaborative processing than restudy does. For instance, when one is
attempting to retrieve a target item from memory, semantically
related items may be activated during the search for the target
information and become linked to the target item (Carpenter, 2009;
Pyc & Rawson, 2010, 2012). Such extra information may be
activated mainly during more difficult retrieval tasks, when the
target information is less readily retrievable and more extensive
memory search is required, and may be less activated or not
activated at all during easier retrieval tasks or restudy opportuni-
ties, when the target information is more easily retrieved or is even
reexposed intact. Consistent with this view, the testing effect has
sometimes been found to be larger after more difficult versus
easier retrieval tasks (Carpenter, 2009; Kornell et al., 2011). Be-
cause the encoding of the extra semantic information may become
beneficial mainly after a prolonged retention interval, when re-
trieval supposedly becomes more semantic in nature (Carpenter,
2011), the account can also explain why the size of the testing
effect typically increases with retention interval.

Another, more recent account of the testing effect is the bifur-
cation model (Halamish & Bjork, 2011; Kornell et al., 2011). In
contrast to the elaborative retrieval hypothesis, this model is not
intended to be a process model that provides an explanation of the
mechanisms underlying the testing effect. Rather, its goal is to
account for why certain factors modulate the testing effect, given
that successful testing promotes retention more than restudy does.
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At the core of the model is the assumption that, on a scale of
memory strength, retrieval creates a bifurcated distribution of
items, with the successfully retrieved items being strengthened to
a very high degree and the nonretrieved items remaining at their
original strength level. In contrast, restudy is assumed to
strengthen all restudied items about equally, although to a lower
degree than successful retrieval does for retrieved items (see
Figure 1). Although the bifurcation model assumes that retrieval-
practiced and restudied items decrease in strength with increasing
delay at a comparable rate, it can explain the testing effect.
Because of their suggested high strength level, many of the suc-
cessfully retrieved items may remain above recall threshold after
both short and prolonged retention intervals; in contrast, because
of their suggested lower strength level, many of the restudied items
may remain above recall threshold after short but no longer after
prolonged retention interval. Assuming that difficult test formats
lead to higher recall thresholds than easy test formats do, the model
can also explain why the testing effect has been found to be larger
in the presence of retroactive interference (difficult test format)
than in its absence (easy test format; Halamish & Bjork, 2011). An
increasing threshold should leave recall chances for many of the
highly strengthened retrieved items largely unaffected but should
reduce recall chances for many of the less well strengthened
restudied items (for details, see Halamish & Bjork, 2011).1

Not only retrieval but also sleep that directly follows encoding
can reduce time-dependent forgetting (e.g., Barrett & Ekstrand,
1972; Gais, Lucas, & Born, 2006). Using a variety of study
materials, like word lists (Ficca, Lombardo, Rossi, & Salzarulo,
2000), paired associates (Plihal & Born, 1997), or spatial infor-
mation (Talamini, Nieuwenhuis, Takashima, & Jensen, 2008),
numerous studies have indeed documented the beneficial effect of
sleep over wake delay on memory performance. Although early
theories assumed that sleep was a rather passive state, sheltering
memories from interference that would otherwise accumulate dur-
ing wakefulness (Jenkins & Dallenbach, 1924), results from newer
studies report evidence that memory contents are reactivated dur-
ing sleep. Such reactivation seems to foster sleep-associated mem-
ory consolidation by actively stabilizing and strengthening the
memory contents (for reviews, see Diekelmann & Born, 2010;
Stickgold & Walker, 2013).

The testing effect has typically been reported for delay intervals
of several days, with the retention interval naturally including both
wake and sleep delay (e.g., Kornell et al., 2011; Pyc & Rawson,
2012; Roediger & Karpicke, 2006). Whether sleep that directly
follows encoding affects retrieved and restudied memories differ-
ently and thus influences the testing effect has not been investi-
gated to date. There are at least two empirical reasons, however,
why sleep may indeed affect the testing effect. The more general
reason is that sleep compared with being awake does not benefit all
memories equally, but it can induce selective benefits for certain
memories (see Stickgold & Walker, 2013). Consistently, emo-
tional memories have been found to show more sleep benefits than
neutral memories do (Payne, Stickgold, Swanberg, & Kensinger,
2008), and memories considered relevant for the future, compared
with supposedly irrelevant material, show more sleep benefits
(Wilhelm et al., 2011). For instance, if testing reduced the expec-
tancy of a future memory test (Szpunar, McDermott, & Roediger,
2007), then sleep might be more beneficial for restudied than
retrieved items and reduce the testing effect. The other, more

specific reason is that a recent study provided evidence that re-
trieved items may not show sleep benefits, whereas nonretrieved
control items may do so (Abel & Bäuml, 2012; for a similar
finding, see Racsmány, Conway, & Demeter, 2010; see also
Tucker & Fishbein, 2008). The finding raises the possibility that
sleep may improve recall of restudied but not of retrieved items,
which would reduce the testing effect. Because the result was
based on a single experiment that included a study-only but no
restudy condition as a control, however, caution is warranted
before drawing more firm conclusions on the role of sleep for the
testing effect.

Knowledge about the role of sleep for the testing effect may not
only be of practical relevance but may also be of relevance for
theories of the effect. For instance, although the elaborative re-
trieval hypothesis in itself makes no direct predictions regarding
the influence of sleep and wake delay on the testing effect, results
from several previous studies suggest that on the basis of this
hypothesis, sleep may be expected to maintain or even increase the
effect. According to this hypothesis, the testing effect benefits
from the activation of extra semantic information during retrieval
practice, but memory for semantic information has been found to
be enhanced by sleep. For instance, while investigating the influ-
ence of sleep on false memories in the Deese–Roediger–
McDermott paradigm (Roediger & McDermott, 1995), researchers
conducting several studies found sleep facilitated not only verid-
ical recall of studied noncritical items (e.g., sugar, bitter, taste) but
recall of the semantically related but unstudied critical item (e.g.,
sweet), as well; moreover, although some of these studies reported
similar beneficial effects of sleep for studied noncritical and un-
studied critical items (e.g., Darsaud et al., 2011), others found even
larger sleep benefits for the critical items (McKeon, Pace-Schott,
& Spencer, 2012; Payne et al., 2009; but see Fenn, Gallo, Margo-
liash, Roediger, & Nusbaum, 2009). There is further evidence that
sleep primes semantic associative networks when applying the
remote associates test, showing that sleep can increase creativity
compared with wakefulness (Cai, Mednick, Harrison, Kanady, &
Mednick, 2009).

In contrast, on the basis of the bifurcation model, sleep may be
expected to reduce the testing effect. Because the model assumes
that successfully retrieved items (but not the nonretrieved items)
are strengthened to a very high degree and restudied items to a
relatively lower degree, mainly recall of restudied items should
benefit from sleep. Indeed, if sleep increases the strength of
restudied items, then after prolonged retention interval, a larger
proportion of restudied items should fall above recall threshold
after sleep than after waking. In contrast, because most of the
successfully retrieved items already fall above recall threshold in
the absence of sleep, additional sleep-induced strengthening of the

1 Research on retrieval-induced forgetting demonstrates that retrieval of
some studied items can impair recall of other items (Anderson, Bjork, &
Bjork, 1994). Because the effect may be due to some weakening of the
nonretrieved items’ memory strength (Anderson, 2003; Bäuml, Pastötter,
& Hanslmayr, 2010; but see Raaijmakers & Jakab, 2013), the assumption
of the bifurcation model that nonretrieved items remain at the original
strength level may not hold in general, and the distribution of nonretrieved
items may need some shifting to the left (see also Halamish & Bjork,
2011). However, because the focus of the present study is mainly on
restudied and retrieved items and less on the nonretrieved items, the issue
is not of much relevance for the present work.
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items should have only a small, if any, beneficial effect on recall
performance, thus reducing the testing effect after sleep (see Fig-
ure 1).2

Experiment 1

Our goal in the present study was to examine whether sleep
influences the testing effect by investigating the effects of sleep
and wake delay on items that immediately after study were subject
to retrieval-practice or restudy cycles. In Experiment 1, subjects
initially studied a semantically categorized item list. In the restudy
condition, subjects were then asked to restudy the items of half of
the categories once and to restudy the items of the other half twice;
analogously, subjects in the retrieval-practice condition were asked
to retrieve the items of one half of the categories once and to
retrieve the items of the other half twice. A final memory test was
conducted after a 12-hr delay that included either regular sleep or
wakefulness. With regard to the wake delay, we expected the
typical testing effect finding, that is, better recall after retrieval
practice than after restudy, both after one and after two practice
cycles. With regard to the sleep delay, expectations depend on
testing effect theory. On the basis of the elaborative retrieval
hypothesis, sleep may be expected to maintain or even increase the
testing effect. On the basis of the bifurcation model, sleep may be
expected to reduce the testing effect.

Method

Participants. Originally, 224 students from Regensburg Uni-
versity were recruited for the experiment. Eight participants had to

be excluded from the sample prior to data analysis because they
reported either alcohol intake or daytime napping between ses-
sions. A final sample of 216 healthy participants remained (M �
22.4 years; range: 18–30 years; 55 male). All participants of the
final sample were native German speakers and were distributed
equally across conditions (n � 36 in each of the six conditions).
Comparisons between conditions regarding subjects’ age, habitual
sleep duration, subjective ratings of sleep quality, IQ (estimated
via speed of cognitive processing; Oswald & Roth, 1987), and
ratings on the Epworth Sleepiness Scale (Johns, 1991) did not
reveal any differences (all ps � .10). Corresponding comparisons
were calculated for all experiments presented in this article. Be-
cause they never revealed any significant differences between
conditions, they will not be reported for each single experiment.

Material. An item list was constructed consisting of 24 con-
crete German nouns from four different semantic categories (six
items per category; Scheithe & Bäuml, 1995; Van Overschelde,
Rawson, & Dunlosky, 2004). Within each category, items had
unique initial letters. Two of the categories were repeated once

2 Although in Figure 1, the effect of sleep on restudied and retrieved
items is shown by shifting the distributions of the two item types to the
same extent, in principle, the bifurcation model can be combined with any
assumption about the relative sleep-induced strengthening of restudied and
retrieved items. It is important to note, however, that the arguments in the
present study do not depend much on the exact shifting, because, on the
basis of the bifurcation model, sleep should reduce the testing effect
regardless of the amount of sleep-induced strengthening for the retrieved
items, at least as long as sleep strengthens the restudied items (see also the
General Discussion section).

Figure 1. Illustration of memory strength distributions of two hypothetical sets of items, following Kornell,
Bjork, and Garcia’s (2011) bifurcation model. The left column shows items that were restudied and the right
column items that were retrieval practiced. In the top pair of panels, memory strength after one initial study trial
is illustrated; at this point, the two distributions are identical. The second pair of panels shows how distributions
are shifted after restudy or retrieval practice. Although all restudied items gain memory strength, retrieval-
practiced items become bifurcated. Successfully retrieved items are strengthened to a higher degree than
restudied items are, whereas nonretrieved items remain at the original strength level. The bottom pair of panels
illustrates how distributions may be shifted after wake delay (black curves) and sleep delay (blue [gray] curves),
respectively; all items show the same amount of delay-induced forgetting and the same amount of sleep-induced
strengthening. Vertical dotted lines indicate recall threshold at test. Restudied items profit from sleep, because
more of them cross threshold after sleep. In contrast, retrieved items do not profit from sleep, because their
strength level is still above threshold after wake delay. See the online article for the color version of this figure.
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during retrieval practice or restudy, whereas the remaining cate-
gories were repeated twice; categories were distributed across
practice levels in a balanced manner.

Design. The experiment had a 2 � 2 � 2 mixed-factorial
design with the between-subjects factors of type of practice (re-
study, retrieval practice) and delay (12-hr wake, 12-hr sleep) and
the within-subjects factor of practice level (low, high). After initial
study, half of the subjects were asked to restudy the list (restudy
condition), whereas the other half was asked to engage in retrieval
practice (retrieval-practice condition). For half of the initially
studied categories, subjects were given one restudy or retrieval-
practice cycle (low practice level); the other half were given two
restudy or retrieval-practice cycles (high practice level). In the
12-hr wake condition, participants studied and practiced the items
at 9 a.m. and final test was conducted at 9 p.m., after 12 hr of
wakefulness; in contrast, in the 12-hr sleep condition, participants
studied and practiced the items at 9 p.m. and took the final test at
9 a.m., after one night of nocturnal sleep (see Figure 2; for similar
designs, see Abel & Bäuml, 2013; Payne et al., 2008; Scullin &
McDaniel, 2010). Because learning and test sessions took place at
different times of day across delay conditions, an additional short-
delay condition was included to control for potential circadian
effects. Half of the subjects in this condition participated at 9 a.m.,
the other half at 9 p.m., with only a short delay of 12 min between
learning phase and test.

Procedure.
Study and practice phase. During study, items were presented

successively and together with their corresponding category labels
in a random order, at a presentation rate of 3 s per item. After one
initial study cycle for all items, additional practice cycles made up
either restudy or retrieval-practice trials, depending on practice
condition. In the restudy condition, the intact items and their

category labels were reexposed at a 3-s rate. Items of two of the
four categories were restudied once (SS � study-study), whereas
items from the other two categories were restudied twice (SSS �
study-study-study). In the retrieval condition, subjects were pro-
vided with the items’ category labels and word stems and were
asked to recall the corresponding items. When a response was
made, the item was removed and the next item was presented. If
participants did not respond within 5 s, the item was removed
without a response being entered, and the next item was presented.
Mean response time (which equals overall processing time) across
all retrieval-practice trials was 2.1 s (SD � 0.27). Retrieval of two
categories’ items was practiced once (ST � study-test), whereas
retrieval of the other two categories’ items was practiced twice
(STT � study-test-test). In both the restudy and the retrieval
conditions, order of items was random with the restriction that
items of the same category were never restudied or retrieved
consecutively.

The learning phase was followed by a distractor phase of 12
min, during which participants engaged in several unrelated cog-
nitive tasks. Afterward, subjects in the short-delay control condi-
tions completed the final recall test. In contrast, subjects in the
12-hr delay conditions were dismissed from the first session after
having completed half of the distractor phase (6 min). After a delay
of 12 hr that was either spent awake or filled with normal night-
time sleep, subjects in the 12-hr delay conditions returned to the
laboratory and completed the second half of the distractor phase (6
min) before completing the same final recall test. Concerning
compliance with instructions, subjects in the 12-hr sleep conditions
reported to have slept regularly during the night (M � 7.9 hr, SD �
0.83), whereas subjects in the 12-hr wake conditions reported that
they had not taken naps during the day. None of the subjects
reported alcohol intake between sessions.

Figure 2. Illustration of conditions in Experiment 1: In the 12-hr wake condition, the learning of the material
took place at 9 a.m., before participants returned to the laboratory for the final test after a 12-hr delay comprising
daytime wakefulness. In the 12-hr sleep condition, the learning of the material took place at 9 p.m., and memory
was tested after a 12-hr delay comprising nighttime sleep. In the short-delay condition, half of the subjects
participated at 9 a.m.; the other half did so at 9 p.m. In this condition, the final test was administered after a short
delay of 12 min.
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Test phase. At test, participants were presented with the cat-
egory labels and initial letters of all 24 studied items for 7 s each
and were asked to recall the appropriate item. Items from the same
category were tested consecutively. Order of categories and order
of items within categories was random.

Results

Success rates during retrieval-practice cycles. A 2 � 2 � 2
analysis of variance (ANOVA) with the factors of time of day (9
a.m., 9 p.m.), retrieval practice (ST, STT), and delay (short delay,
12-hr delay) showed that retrieval success was higher after two
than after one retrieval-practice cycle (95.3% vs. 89.8%), F(1,
104) � 27.36, MSE � 56.61, p � .001, �2 � .21. There were no
other main effects and no interactions, ps � .10.

Final test (12-hr delay conditions). Figure 3 shows recall
performance after the 12-hr delay. A 2 � 2 � 2 ANOVA with the
factors of type of practice (restudy, retrieval practice), delay (12-hr
wake, 12-hr sleep), and practice level (low, high) revealed signif-
icant main effects of type of practice, F(1, 140) � 12.13, mean
square error (MSE) � 274.67, p � .001, �2 � .08; delay, F(1,
140) � 19.22, MSE � 274.67, p � .001, �2 � .12; and practice
level, F(1, 140) � 34.79, MSE � 128.85, p � .001, �2 � .20. The
main effect of type of practice reflects overall higher recall in the
retrieval-practice condition than in the restudy condition (74.7%
vs. 67.9%), whereas the main effect of delay shows that recall rates
were higher overall in the 12-hr sleep condition than in the 12-hr
wake condition (75.6% vs. 67.0%); the main effect of practice
level indicates better recall after the high than after the low
practice level (75.2% vs. 67.3%). More important, although all
other interactions were nonsignificant (all ps � .05), there was a
reliable two-way interaction between type of practice and delay,
F(1, 140) � 7.75, MSE � 275.67, p � .006, �2 � .05, indicating
that the difference in memory performance after retrieval practice
in comparison to restudy was modulated by delay condition. Con-
sistently, planned comparisons showed a significant testing effect
after the 12-hr wake delay, both for the lower practice level (57.9%
vs. 67.6%), t(70) � 2.53, p � .013, d � 0.60, and the higher
practice level (63.9% vs. 78.7%), t(70) � 4.44, p � .001, d � 1.05,
whereas no reliable testing effect arose after the 12-hr sleep delay,
for both the lower practice level (70.8% vs. 73.1%), t(70) � 0.67,
p � .505, d � 0.16, and the higher practice level (78.9% vs.
79.4%), t(70) � 0.87, p � .872, d � 0.04. Further planned

comparisons revealed that there was a beneficial effect of sleep for
items that had been restudied, irrespective of whether they were
restudied once (SS), t(70) � 3.66, p � .001, d � 0.86, or twice
(SSS), t(70) � 4.35, p � .001, d � 1.03, whereas there was no
such effect for items that had been subject to retrieval practice
once (ST), t(70) � 1.50, p � .138, d � 0.35, or twice (STT),
t(70) � 0.27, p � .789, d � 0.06.

Circadian control (short-delay condition). Table 1 shows
mean recall levels after the short delay. A 2 � 2 � 2 ANOVA with
the factors of type of practice (restudy, retrieval practice), time of
day (9 a.m., 9 p.m.), and practice level (low, high) revealed a
significant main effect of practice level, F(1, 68) � 8.67, MSE �
121.26, p � .004, �2 � .11, with the items of the higher practice
level being recalled better than the items of the lower practice level
(81.4% vs. 76.0%). No other effects emerged, indicating that there
was no testing effect after short retention interval and recall was
unaffected by circadian effects, all ps � .10.

Discussion

The results of Experiment 1 replicate prior testing effect studies.
Recall after the 12-hr wake delay was better after retrieval practice
than after restudy, both after one and after two practice trials. In
contrast, after the 12-hr sleep delay, the testing effect was reduced
or even eliminated, again both after one and after two practice
trials. The observed reduction of the testing effect arose because
there was a beneficial effect of sleep after restudy trials but no such
effect after retrieval practice trials. Empirically, these findings are
consistent with recent results indicating no beneficial effect of
sleep after retrieval practice (Abel & Bäuml, 2012). Theoretically,
the findings agree with the bifurcation model. This model suggests
beneficial effects of sleep on recall mainly after restudy trials and
less after retrieval trials, which is what the present results show.
The findings appear less consistent with the elaborative retrieval
hypothesis, according to which beneficial effects of sleep on recall
may be expected to be at least as large after retrieval as after
restudy cycles.

Experiment 2

To the best of our knowledge, Experiment 1 is the first demon-
stration that sleep can reduce or even eliminate the testing effect.
However, it could be argued that the elimination of the testing

Figure 3. Mean recall performance on the final test of Experiment 1 as a function of delay (12-hr wake, 12-hr
sleep) and type of practice (restudy, retrieval practice), separately for the low (A) and high (B) practice levels.
Condition labels indicate study (S) and retrieval-practice (T) cycles. Error bars represent standard errors.
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effect in Experiment 1 was due to a ceiling effect in the retrieval-
practice condition, because mean recall levels were relatively high.
If so, the effect might be observable after sleep if recall at test was
more difficult than it was in Experiment 1. Halamish and Bjork
(2011) increased difficulty at test by inducing retroactive interfer-
ence and found the testing effect to be larger in the presence than
in the absence of retroactive interference (for related results, see
Abel & Bäuml, 2014; Potts & Shanks, 2012). Such a pattern is
consistent with the bifurcation model, which assumes that recall
threshold increases with test difficulty (see Halamish & Bjork,
2011).

Experiment 2 is similar to Experiment 1, with the main excep-
tion that retroactive interference was induced at test. After the
12-hr delay interval, an additional item list, consisting of items
from the same categories as were used during original study, was
presented for study. Study of the list should induce retroactive
interference, thus making the recall task more difficult and pre-
venting any ceiling effects on mean recall levels. Again, we
expected to find the testing effect after the wake delay, the size of
which, following Halamish and Bjork (2011), might be increased
relative to Experiment 1. More important, if results in the retrieval
condition of Experiment 1 were due to a ceiling effect for mean
recall levels, then the testing effect in this experiment might arise
after both wake and sleep delays, with similar size in the two delay
conditions or even increased size after sleep compared with wake
delays. Alternatively, if the results of Experiment 1 were not due
to such a ceiling effect, then the testing effect may again be
reduced or even eliminated after sleep.

Method

Participants. The final sample consisted of 144 healthy stu-
dents from Regensburg University (M � 22.9 years; range: 18–30
years; 44 male; five additionally tested participants had to be
excluded from the sample because of alcohol consumption or
daytime napping between sessions). Again, all participants were
native German speakers and were distributed equally across con-
ditions (n � 36 in each of the four conditions).

Material. Two item lists were constructed: a target list and a
nontarget list. The target list consisted of the same 24 nouns that
were already used in Experiment 1. Additionally, to induce retro-
active interference, we constructed a nontarget list with another 24
concrete German nouns, which were taken from the same four
semantic categories that were included in the target list (six items

per category; Scheithe & Bäuml, 1995; Van Overschelde et al.,
2004). Within each category, target and nontarget items had
unique initial letters.

Design. The experiment had a 2 � 2 � 2 mixed-factorial
design with the between-subjects factors of type of practice (re-
study, retrieval practice) and delay (12-hr wake, 12-hr sleep) and
the within-subjects factor of practice level (low, high). Experiment
2 was identical to Experiment 1 with two exceptions: (a) the
nontarget list was studied at the beginning of the second session
and (b) no short-delay condition was included.

Procedure. Study and practice phases were conducted in ex-
actly the same way as in Experiment 1. Participants were asked to
study the target list on one initial study trial, which was followed
by one or two restudy cycles (restudy condition) or one or two
retrieval-practice cycles (retrieval-practice condition). In the re-
trieval condition, subjects were again provided with the items’
category labels and word stems for up to 5 s each and were asked
to recall the corresponding items. This time, mean response time
(equaling overall processing time) across all retrieval-practice tri-
als was 2.2 s (SD � 0.44). After the 12-hr delay, instead of using
the full second half of the distractor phase, we presented the
nontarget list. The list was presented three times at a rate of 3 s per
item; items were presented in a random order. This phase was
followed by a 30-s backward-counting distractor task. Afterward,
the final test was conducted in a manner analogous to Experiment
1. The items of the target list were tested first and the items of the
nontarget list second.

Concerning compliance with instructions, subjects in the 12-hr
sleep conditions again reported to have slept regularly during the
night (M � 7.8 hr, SD � 0.93), whereas subjects in the 12-hr wake
conditions reported not to have taken naps during the day. None of
the subjects reported alcohol intake between sessions.

Results

Success rates during retrieval-practice cycles. A 2 � 2
ANOVA with the factors of time of day (9 a.m., 9 p.m.) and
retrieval practice (ST, STT) showed that retrieval success was
higher after two than after one retrieval-practice cycle (96.5% vs.
90.0%), F(1, 70) � 24.21, MSE � 62.83, p � .001, �2 � .26.
There was no main effect of time of day and no interaction, ps �
.10.

Final test (12-hr delay conditions). Figure 4 shows recall
performance after the 12-hr delay. A 2 � 2 � 2 ANOVA with the
factors of type of practice (restudy, retrieval practice), delay (12-hr
wake, 12-hr sleep), and practice level (low, high) revealed signif-
icant main effects of type of practice, F(1, 140) � 53.00, MSE �
410.44, p � .001, �2 � .28; delay, F(1, 140) � 9.26, MSE �
410.44, p � .003, �2 � .06; and practice level, F(1, 140) � 33.60,
MSE � 171.53, p � .001, �2 � .19. The main effect of type of
practice again reflects overall higher recall in the retrieval condi-
tion than in the restudy condition (68.4% vs. 51.0%), whereas the
main effect of delay shows that recall rates were overall higher in
the 12-hr sleep condition than in the 12-hr wake condition (63.4%
vs. 56.1%); the main effect of practice level indicates that items
were recalled better with the higher than the lower practice level
(64.2% vs. 55.3%). More important, although all other interactions
were nonsignificant (all ps � .05), there was once more a reliable
two-way interaction between type of practice and delay, F(1,

Table 1
Mean Recall Performance in the Short-Delay Condition of
Experiment 1 as a Function of Time of Day, Type of Practice,
and Practice Level

Time of day

Restudy Retrieval practice

SS SSS ST STT

M SE M SE M SE M SE

9 a.m. 75.4 3.5 79.9 3.4 77.7 2.7 82.8 3.3
9 p.m. 73.9 3.8 78.1 2.7 77.3 4.0 83.3 2.7
Combined 74.5 2.5 79.8 2.2 77.5 2.4 83.1 2.0

Note. Condition labels indicate study (S) and retrieval-practice (T) cy-
cles.
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140) � 4.39, MSE � 410.44, p � .038, �2 � .03, indicating that
the beneficial effect of retrieval practice in comparison to restudy
was again modulated by delay condition. Consistently, planned
comparisons revealed significant testing effects after the 12-hr
wake delay for both the lower practice level (40.3% vs. 62.4%),
t(70) � 5.57, p � .001, d � 1.31, and the higher practice level
(49.5% vs. 72.1%), t(70) � 6.01, p � .001, d � 1.42, but
numerically reduced testing effects after the 12-hr sleep delay, for
both the lower practice level (51.6% vs. 66.7%), t(70) � 3.49, p �
.001, d � 0.82, and the higher practice level (62.7% vs. 72.4%),
t(70) � 2.43, p � .018, d � 0.57. More detailed analysis further
showed that there was a beneficial effect of sleep for items that had
been restudied once (SS), t(70) � 2.73, p � .008, d � 0.64, or
twice (SSS), t(70) � 3.03, p � .003, d � 0.71, whereas there was
no such effect for items that had been retrieval practiced once (ST),
t(70) � 1.02, p � .311, d � 0.24, or twice (STT), t(70) � 0.08,
p � .934, d � 0.02.

Recall for the nontarget list was analyzed in a 2 � 2 ANOVA
with the factors of type of practice (restudy, retrieval practice) and
delay (12-hr wake, 12-hr sleep). The analysis revealed no signif-
icant effects, all Fs � 1.0, indicating that there were no reliable
differences between practice conditions (58.6% vs. 57.9%) and no
reliable differences between delay conditions (58.2% vs. 58.2%).

Additional analyses. The main difference between Experi-
ments 1 and 2 is that retroactive interference was induced in
Experiment 2 but not in Experiment 1. We therefore directly
compared results of the two experiments by means of a 2 � 2 �
2 � 2 ANOVA with the factors of type of practice (restudy,
retrieval practice), delay (12-hr wake, 12-hr sleep), practice level
(low, high), and interference (interference, no interference). This
analysis again revealed significant main effects of type of practice,
F(1, 280) � 61.47, MSE � 342.55, p � .001, �2 � .18; delay, F(1,
280) � 26.33, MSE � 342.55, p � .001, �2 � .09; and practice
level, F(1, 280) � 67.95, MSE � 150.19, p � .001, �2 � .20, as
well as a significant interaction between type of practice and delay,
F(1, 280) � 11.46, MSE � 342.55, p � .001, �2 � .04. In
addition, it revealed a significant main effect of interference, F(1,
280) � 56.11, MSE � 352.55, p � .001, �2 � .17, indicating
lower recall rates in Experiment 2 than in Experiment 1 (59.7% vs.
71.3%). Most important, there was a significant interaction be-
tween type of practice and interference, F(1, 280) � 11.76, MSE �
342.55, p � .001, �2 � .04, indicating that the testing effect was

influenced by interference. Indeed, planned comparisons revealed
that the testing effect for the lower practice level was greater in the
presence of interference (45.9% vs. 64.6%), t(142) � 6.20, p �
.001, d � 1.03, than in its absence (64.3% vs. 70.3%), t(142) �
2.24, p � .027, d � 0.37, and, similarly, the testing effect for the
higher practice level was greater in the presence of interference
(56.1% vs. 72.3%), t(142) � 5.70, p � .001, d � 0.95, than in its
absence (71.4% vs. 79.0%), t(142) � 3.28, p � .001, d � 0.55. No
further effects were significant (ps � .10).

Discussion

By inducing retroactive interference at test, Experiment 2 used
a more difficult recall test than Experiment 1 did. Doing so, it
successfully prevented ceiling effects on mean recall levels in the
retrieval practice condition and replicated prior work by showing
larger testing effects in the presence than in the absence of retro-
active interference (Halamish & Bjork, 2011). More important,
consistent with the results of Experiment 1, the results of Exper-
iment 2 showed reduced testing effects after the sleep delay
compared with the wake delay, although here reliable effects arose
after both wake and sleep delays. Like in Experiment 1, the
reduction of the testing effect after sleep arose because beneficial
effects of sleep were present after restudy cycles but were absent
after retrieval cycles. This consistency in results across experi-
ments indicates that the results of Experiment 1 were not due to
ceiling effects on mean recall levels in the retrieval practice
condition and that sleep reduces the testing effect regardless of the
interference level at test. Similar to Experiment 1, the findings are
more consistent with the bifurcation model than with the elabora-
tive retrieval hypothesis.

Experiment 3

Although the results of Experiments 1 and 2 consistently indi-
cate that sleep may reduce or even eliminate the testing effect, it
could be argued that the usage of categorized item lists as study
material in the two experiments deviates from typical testing effect
studies that often used lists of unrelated paired associates as study
material. Moreover, because previous research suggests that diffi-
culty during retrieval practice can promote the testing effect (e.g.,
Kornell et al., 2011; Pyc & Rawson, 2009) and semantically

Figure 4. Mean recall performance of target items on the final test of Experiment 2 as a function of delay
(12-hr wake, 12-hr sleep) and type of practice (restudy, retrieval practice), separately for the low (A) and high
(B) practice levels. Condition labels indicate study (S) and retrieval practice (T) cycles. Error bars represent
standard errors.

T
hi

s
do

cu
m

en
t

is
co

py
ri

gh
te

d
by

th
e

A
m

er
ic

an
Ps

yc
ho

lo
gi

ca
l

A
ss

oc
ia

tio
n

or
on

e
of

its
al

lie
d

pu
bl

is
he

rs
.

T
hi

s
ar

tic
le

is
in

te
nd

ed
so

le
ly

fo
r

th
e

pe
rs

on
al

us
e

of
th

e
in

di
vi

du
al

us
er

an
d

is
no

t
to

be
di

ss
em

in
at

ed
br

oa
dl

y.
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categorized material should be easier to practice than unrelated
paired associates, it is unclear whether the results of Experiments
1 and 2 were affected by choice of study material and generalize
to other material. Our goal in Experiment 3 was to address the
issue.

Experiment 3 was similar to Experiment 1 but used a list of
unrelated paired associates instead of a list of categorized items as
study material. Like in Experiment 1, there were restudy and
retrieval practice conditions. Subjects in the restudy condition
were asked to restudy half of the initially studied paired associates
once and the other half twice; similarly, in the retrieval-practice
condition, subjects were asked to practice retrieval of half of the
paired associates once and the other half twice. The final test was
conducted after a 12-hr delay that included either regular sleep or
wakefulness. Subjects were presented the stimulus words of the
paired associates and were asked to recall the appropriate response
words. The results of the experiment will help to clarify whether
the reduction of the testing effect after sleep, as found in Experi-
ments 1 and 2, is restricted to categorized study material or
generalizes to paired associates.

Method

Participants. The final sample comprised 216 healthy stu-
dents from Regensburg University (M � 22.0 years; range: 18–30
years; 31 male; seven additionally tested participants were ex-
cluded prior to data analysis because they had reported either
alcohol intake or daytime napping between sessions). All partici-
pants were native German speakers and were distributed equally
across conditions (n � 36 in each of the six conditions).

Material. Thirty-two unrelated neutral one- and two-syllable
words were drawn from different semantic categories (Van Over-
schelde et al., 2004). Sixteen of these items were randomly chosen
as stimulus words. The remaining 16 items were used for a second
list of response items. A list of paired associates was created by
randomly pairing the stimulus list with the response list. Eight of
the paired associates were repeated once during retrieval practice
or restudy, whereas the remaining paired associates were repeated
twice; sets of paired associates were distributed across practice
levels in a balanced manner.

Design. The experiment had the same 2 � 2 � 2 mixed-
factorial design as Experiment 1. The factors of type of practice
(restudy, retrieval practice) and delay (12-hr wake, 12-hr sleep)
were again manipulated between subjects; the factor of practice
level (low, high) was again manipulated within subjects. Like in
Experiment 1, a short-delay condition was included to control for
potential circadian effects. Half of the subjects in this condition
participated at 9 a.m., the other half at 9 p.m.

Procedure.
Study and practice phase. Experiment 3 was conducted in a

similar fashion as Experiment 1. During study, paired associates
were presented successively in a random order, at a presentation
rate of 5 s each. After one initial study cycle, one or two additional
cycles consisted of either restudy or retrieval-practice trials, de-
pending on practice condition. In restudy conditions, subjects were
again presented with the paired associates for 5 s each. Half of the
paired associates were restudied once (SS), whereas the other half
of paired associates were restudied twice (SSS). In retrieval con-
ditions, subjects were provided with the stimulus words and word

stems of the response items for up to 7 s each and were asked to
recall the corresponding items (M response time � 2.3 s, SD �
0.51). Retrieval practice was conducted in a covert fashion to
allow for the simultaneous testing of two subjects. Instead of
answering verbally during retrieval practice, participants were
asked to press a corresponding key, thereby indicating whether
they successfully retrieved the response item and triggering pre-
sentation of the next retrieval cue; covert retrieval has been shown
to lead to testing effects similar to those of overt retrieval (Putnam
& Roediger, 2013; Smith, Roediger, & Karpicke, 2013). Retrieval
of the response item of half of the paired associates was practiced
once (ST), whereas retrieval of the other half was practiced twice
(STT). In both restudy and retrieval conditions, order of the paired
associates was random.

Participants spent the interval between learning phase and test
phase in parallel to Experiment 1. Consistent with Experiments 1
and 2, subjects in the 12-hr sleep conditions reported to have slept
regularly during the night (M � 7.4 hr, SD � 1.07), whereas
subjects in the 12-hr wake conditions reported not to have taken
naps during the day. None of the subjects reported alcohol intake
between sessions.

Test phase. At test, participants were presented with the stim-
ulus words and initial letters of the response items of all 16 studied
paired associates for 7 s each and were asked to recall the appro-
priate response item. Order of paired associates was random.

Results

Success rates during retrieval-practice cycles. A 2 � 2 � 2
ANOVA with the factors of time of day (9 a.m., 9 p.m.), retrieval
practice (ST, STT), and delay (short delay, 12-hr delay) revealed
that retrieval success was higher after two than after one retrieval-
practice cycle (86.5% vs. 80.8%), F(1, 104) � 11.13, MSE �
137.28, p � .001, �2 � .10, as indicated by subjects’ keypresses.
There were no other main effects and no interactions, ps � .10.

Final test (12-hr delay conditions). Figure 5 shows recall
performance after the 12-hr delay. A 2 � 2 � 2 ANOVA with the
factors of type of practice (restudy, retrieval practice), delay (12-hr
wake, 12-hr sleep), and practice level (low, high) revealed signif-
icant main effects of delay, F(1, 140) � 9.26, MSE � 673.69, p �
.003, �2 � .06, and practice level, F(1, 140) � 38.89, MSE �
235.77, p � .001, �2 � .22, but no main effect of type of practice,
F(1, 140) � 0.89, MSE � 673.69, p � .348, �2 � .01. The main
effect of delay reflects that recall rates were overall higher in the
12-hr sleep condition than in the 12-hr wake condition (67.3% vs.
58.0%), whereas the main effect of practice level indicates better
recall after the high than the low practice level (68.3% vs. 57.0%).
More important, although all other interactions were nonsignifi-
cant (all ps � .10), there was a reliable two-way interaction
between type of practice and delay, F(1, 140) � 9.96, MSE �
673.69, p � .002, �2 � .07, indicating that the difference in
memory performance after retrieval practice in comparison to
restudy was modulated by delay condition. Consistently, planned
comparisons showed significant testing effects after the 12-hr
wake delay, for both the lower practice level (45.3% vs. 58.0%),
t(70) � 2.25, p � .028, d � 0.53, and the higher practice level
(58.1% vs. 70.5%), t(70) � 2.94, p � .005, d � 0.69, whereas no
testing effects arose after sleep—and were even numerically re-
versed—for both the lower practice level (64.6% vs. 60.1%),
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t(70) � 0.85, p � .399, d � 0.20, and the higher practice level
(76.7% vs. 67.7%), t(70) � 1.89, p � .064, d � 0.44. Further
planned comparisons revealed that there was a sleep benefit for
items that had been restudied once (SS), t(70) � 3.33, p � .001,
d � 0.79, or twice (SSS), t(70) � 4.09, p � .001, d � 0.96,
whereas there was no such benefit for items that had been subject
to retrieval practice once (ST), t(70) � 0.40, p � .688, d � 0.09,
or twice (STT), t(70) � 0.62, p � .536, d � 0.15.

Circadian control (short-delay condition). Table 2 shows
mean recall levels after the short delay. A 2 � 2 � 2 ANOVA with
the factors of type of practice (restudy, retrieval practice), time of
day (9 a.m., 9 p.m.), and practice level (low, high) revealed a
significant main effect of practice level, F(1, 68) � 20.49, MSE �
111.88, p � .001, �2 � .23, with items of the higher practice level
being recalled better than items of the lower practice level (85.2%
vs. 77.3%). No other effects emerged, indicating that there was no
testing effect after short retention interval and that recall was
unaffected by circadian effects, all ps � .10.

Additional analyses. Experiments 1 and 3 differ mainly in the
study material used, with Experiment 1 using categorized item
material and Experiment 3 using paired associates. Usage of paired
associates induced a more difficult retrieval task than did usage of
categorized items, as is reflected in the difference in mean success
rates during retrieval practice between experiments (Experiment 1:
92.6%; Experiment 3: 83.7%), t(214) � 7.32, p � .001, d � 1.00.
Numerically, this difference was also reflected in the size of the
test–delay interaction. Indeed, averaged across the two practice
levels, categorized lists showed a recall reduction from short delay

to 12-hr wake delay of 16.9% after restudy and 7.1% after re-
trieval, whereas paired associates showed a recall reduction from
short delay to 12-hr wake delay of 33.7% after restudy and 12.7%
after retrieval. The results of a 2 � 2 � 2 ANOVA with the factors
of type of practice (restudy, retrieval practice), delay (9 a.m. short
delay, 12-hr wake), and experiment (Experiment 1, Experiment 3)
confirmed the numerical indication of a test–delay interaction,
F(1, 208) � 11.56, MSE � 241.10, p � .001, �2 � .05, showing
more forgetting after restudy than after retrieval practice cycles;
the numerically larger interaction in Experiment 3 than Experi-
ment 1 did not reach significance, F(1, 208) � 1.57, MSE �
241.10, p � .212, �2 � .01. Finally, experiment affected delay-
induced forgetting, with a larger amount of forgetting in Experi-
ment 3 than in Experiment 1, F(1, 208) � 6.36, MSE � 241.10,
p � .012, �2 � .03.

Discussion

As expected, usage of paired associates as study material rather
than categorized items induced a more difficult retrieval task.
Despite the resulting difference in mean success rates during
retrieval practice, however, largely the same results arose as in
Experiment 1. The results showed reliable testing effects after
wake delay, after both one and two practice cycles, but no longer
showed testing effects after sleep. In particular, again, sleep proved
to be beneficial for restudied items but did not improve recall of
retrieved items. Supporting the picture of the many parallels be-
tween experiments, test–delay interactions arose in both experi-
ments and did not vary reliably in size. The finding of a reduced
sleep effect on recall of retrieved items compared with restudied
items is again consistent with the bifurcation model.

Experiments 4A and 4B

Because in Experiments 1–3, retrieval practice always induced
higher mean recall levels after the wake delay than restudy did, in
Experiments 4A and 4B, a greater number of restudy than retrieval
practice cycles was used to rule out that the finding of sleep
benefits for restudied but not for retrieved items was affected by
differences in mean recall level. In Experiment 4A, a categorized
item list was used as study material, whereas educational text
material was used in Experiment 4B. In both experiments, follow-
ing initial study, subjects received either three restudy cycles or

Figure 5. Mean recall performance on the final test of Experiment 3 as a function of delay (12-hr wake, 12-hr
sleep) and type of practice (restudy, retrieval practice), separately for the low (A) and high (B) practice levels.
Condition labels indicate study (S) and retrieval practice (T) cycles. Error bars represent standard errors.

Table 2
Mean Recall Performance in the Short-Delay Condition of
Experiment 3 as a Function of Time of Day, Type of Practice,
and Practice Level

Time of day

Restudy Retrieval practice

SS SSS ST STT

M SE M SE M SE M SE

9 a.m. 81.9 5.5 88.9 3.8 71.5 6.8 82.6 3.5
9 p.m. 82.6 5.2 86.8 4.9 72.9 5.6 82.6 4.9
Combined 82.3 3.7 87.8 3.0 72.2 4.3 82.6 3.0

Note. Condition labels indicate study (S) and retrieval-practice (T) cy-
cles.
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one retrieval-practice cycle. After a 12-hr delay interval that in-
cluded either regular sleep or wakefulness, subjects were then
asked to recall as many of the originally studied items (Experiment
4A) or as many details of the originally studied text (Experiment
4B) as possible. No short-delay conditions were included. On the
basis of the results of Experiments 1–3, we expected in both
experiments to find similar mean recall levels after wake delay in
the two practice conditions. More important, we expected that
sleep would again improve recall of the restudied material but
leave recall of the retrieved material largely unaffected.

Experiment 4A

Method

Participants. The final sample consisted of 72 healthy stu-
dents from Regensburg University (M � 22.9 years; range: 19–29
years; 16 male; three additionally tested subjects were eliminated
from the sample prior to data analysis because they had reported
alcohol consumption or daytime napping between sessions). All
participants were native German speakers and were distributed
equally across conditions (n � 18 in each of the four conditions).3

Material. A new categorized item list was constructed as
study material. Thirty-six new concrete German nouns from six
different semantic categories were selected using the same selec-
tion criteria as applied in Experiments 1 and 2 (Scheithe & Bäuml,
1995; Van Overschelde et al., 2004).

Design. The experiment had a 2 � 2 between-subjects design
with the factors of practice type (restudy, retrieval practice) and
delay (12-hr wake, 12-hr sleep). After initial encoding, half of the
subjects restudied the items of all six categories three times
(SSSS), whereas the other half of subjects practiced all items’
retrieval once (ST). The 12-hr wake and the 12-hr sleep conditions
were conducted in an identical manner as in Experiments 1 and 2.
Subjects started the experiment at 9 a.m. or 9 p.m., respectively.

Procedure. The initial study cycle for all items was carried
out in parallel to Experiment 1 and was followed by either three
additional study cycles or one retrieval-practice cycle. Like in
Experiment 3, retrieval practice was conducted covertly (M re-
sponse time � 1.9 s, SD � 0.48). The final test was again
conducted in parallel to Experiment 1.

Regarding compliance with instructions, subjects in the 12-hr
sleep conditions reported to have slept regularly during the night
(M � 7.5 hr, SD � 0.88), whereas subjects in the 12-hr wake
conditions reported that they did not take naps during the day.
None of the subjects reported alcohol intake between sessions.

Results

Success rates during retrieval-practice trials. A comparison
between the 12-hr wake and the 12-hr sleep conditions revealed no
difference regarding success rates during retrieval practice (86.7%
vs. 86.1%), t(34) � 0.26, p � .793, d � 0.09, as they were
indicated by subjects’ keypresses.

Final test (12-hr delay conditions). Figure 6A shows recall
performance after the 12-hr delay. A 2 � 2 ANOVA with the
factors of practice type (restudy, retrieval practice) and delay
(12-hr wake, 12-hr sleep) revealed a significant main effect of
practice type, F(1, 68) � 8.70, MSE � 104.32, p � .004, �2 � .11,

with better recall in the restudy than in the retrieval-practice
condition (75.5% vs. 68.4%). Additionally, there was a significant
main effect of delay, F(1, 68) � 11.98, MSE � 104.32, p � .001,
�2 � .15, reflecting better overall recall in the 12-hr sleep condi-
tion than in the 12-hr wake condition (76.2% vs. 67.8%). Most
important, there was a significant interaction between the two
factors, F(1, 68) � 7.60, MSE � 104.32, p � .008, �2 � .10.
Planned comparisons showed that there was no significant differ-
ence in recall performance between the restudy condition (SSSS)
and the retrieval practice condition after the wake delay (ST;
68.1% vs. 67.6%), t(34) � 0.12, p � .903, d � 0.04. However,
after the sleep delay, recall was significantly higher after restudy
(SSSS) than after retrieval practice (ST; 83.0% vs. 69.3%), t(34) �
4.58, p � .001, d � 1.53. Consistently, there was a significant
sleep effect in the restudy condition (SSSS), t(34) � 4.29, p �
.001, d � 1.43, but not in the retrieval-practice condition (ST),
t(34) � 0.512, p � .612, d � 0.17.

Discussion

As expected, after the wake delay, mean recall levels were
comparable between the retrieval-practice (ST) and the restudy
(SSSS) conditions. Thus, if mean recall level were critical for the
sleep effect, then similar effects of sleep should have arisen in the
SSSS and ST conditions. The results turned out otherwise, how-
ever. Despite the equivalence in wake mean recall level, sleep
affected retrieved and restudied items differently, improving mem-
ories after three restudy cycles but not after the single retrieval
practice cycle. This finding mimics the results of Experiments 1–3,
which also found sleep benefits to be restricted to restudy condi-
tions and to not generalize to retrieval-practice conditions. Exper-
iment 4B was conducted to replicate the results of Experiment 4A
and examine whether they generalize to educational text material.
To address the issue, in Experiment 4B, we used text material as
it was used in the study by Roediger and Karpicke (2006).

Experiment 4B

Method

Participants. Ninety-six healthy subjects participated in the
experiment (M � 23.4 years; range: 18–30 years; 39 male; five
additional subjects were eliminated from the sample prior to data
analysis because of alcohol consumption or daytime napping be-
tween sessions). Participants were native German speakers and
were distributed equally across conditions (n � 24 in each of the
four conditions).

Material. Subjects studied one of two text passages, each
covering a specific topic (“The Sun” or “Sea Otters”; see Roediger
& Karpicke, 2006). Scoring of recall performance was conducted
using German translations of 30 idea units for each passage. Word
length of the two passages was comparable (242 vs. 254 words).

Design. A 2 � 2 between-subjects design with the factors of
type of practice (restudy, retrieval practice) and delay (12-hr wake,

3 In this experiment, there was only one practice level in the restudy and
retrieval conditions, meaning that more data per subject were collected for
the two types of items than in the previous experiments. We therefore
reduced number of subjects for each of the four experimental conditions.
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12-hr sleep) was used. After initial study, half of the subjects
restudied the text passage three times (SSSS; restudy condition),
whereas the other half of the subjects practiced its retrieval once
(ST; retrieval-practice condition). The 12-hr wake and the 12-hr
sleep conditions were identical to those of the previous experi-
ments and started at 9 a.m. or 9 p.m. The text passages were used
equally often in each condition.

Procedure. Study and test procedures closely followed those
of Experiment 2 of Roediger and Karpicke (2006). Participants
were asked to study the respective text passage in an initial study
cycle (5 min) that was followed by three additional study cycles of
the same kind (SSSS) or one retrieval practice cycle (10 min; ST).
During study cycles, subjects were asked to memorize all of the
details from the passage, whereas during retrieval practice cycles,
they were provided with a sheet and the title of the passage and
asked to write down everything they could remember, without
concern for correct wording or order. Between restudy trials,
participants solved arithmetic problems (2 min). Study phase was
followed by a short distractor phase before subjects were dis-
missed from the first session. During the second session, all
subjects were engaged in the final test that was conducted in
exactly the same way as during the retrieval-practice phase.

Like in the previous experiments, subjects in the 12-hr sleep
conditions reported to have slept regularly during the night (M �
7.7 hr, SD � 1.06), whereas subjects in the 12-hr wake conditions
reported not to have taken naps during the day. None of the
subjects reported alcohol intake between sessions.

Results

Success rates during retrieval-practice cycles. The 12-hr
wake and 12-hr sleep conditions did not differ in success rates
during retrieval practice (58.8% vs. 57.9%), t(46) � 0.21, p �
.834, d � 0.06.

Final test. Figure 6B shows recall performance after the 12-hr
delay. A 2 � 2 ANOVA with the factors of type of practice
(restudy, retrieval practice) and delay (12-hr wake, 12-hr sleep)
was conducted. It revealed a main effect of type of practice, F(1,
92) � 10.69, MSE � 225.08, p � .002, �2 � .10, with better recall
in the restudy than in the retrieval-practice condition (66.7% vs.
56.7%). Additionally, there was a main effect of delay, F(1, 92) �
10.10, MSE � 225.08, p � .002, �2 � .10, indicating better overall
recall in the 12-hr sleep condition than in the 12-hr wake condition

(66.5% vs. 56.8%). Most important, there was a significant inter-
action between the two factors, F(1, 92) � 4.70, MSE � 225.08,
p � .033, �2 � .05. In fact, planned comparisons showed that there
was no significant difference in recall performance between re-
study (SSSS) and retrieval-practice (ST) conditions after the wake
delay (58.5% vs. 55.1%), t(46) � 0.75, p � .458, d � 0.22,
whereas after the sleep delay, recall was significantly higher after
restudy (SSSS) than retrieval practice (ST; 74.9% vs. 58.2%),
t(46) � 4.02, p � .001, d � 1.16. Consistently, there was again a
significant sleep effect in the restudy condition (SSSS), t(46) �
3.91, p � .001, d � 1.13, but not in the retrieval-practice condition
(ST), t(46) � 0.692, p � .492, d � 0.20.

Discussion

Experiment 4B induced a markedly more difficult retrieval task
than did Experiments 1–4A, as is reflected in the difference in
mean success rates during retrieval practice between experiments.
Despite the more demanding retrieval task, however, the effects of
sleep on restudied and retrieved items mimicked those found in the
previous experiments. Again, sleep improved recall of the restud-
ied items but left recall of the retrieved items unaffected. This
finding arose even though restudy was conducted over two addi-
tional practice cycles and thus led to similar mean recall levels
after the 12-hr wake delay and the retrieval practice conditions,
which indicates that the previous findings were not driven by
differences in mean recall level between restudied and retrieved
items. Empirically, the results generalize the main findings of
Experiments 1–4A to educational text material. Theoretically, they
again support the bifurcation model.

General Discussion

Our goal in the present series of experiments was to investigate
possible differential effects of wake and sleep delay on the testing
effect. Using categorized word lists (Experiments 1, 2, and 4A),
lists of paired associates (Experiment 3), and educational text
material (Experiment 4B), we found that the results of the exper-
iments consistently demonstrated that sleep can influence the
testing effect. Both after one and after two practice cycles, Exper-
iments 1–3 showed typical testing effects after a 12-hr wake delay,
that is, better recall after retrieval than restudy trials, which repli-
cates the prior work (e.g., Hogan & Kintsch, 1971; Roediger &

Figure 6. Mean recall performance on the final test of Experiment 4A (A) and Experiment 4B (B) as a function
of delay (12-hr wake, 12-hr sleep) and type of practice (restudy, retrieval practice). Condition labels indicate
study (S) and retrieval practice (T) cycles. Error bars represent standard errors.
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Karpicke, 2006). Going beyond the prior work, however, the same
experiments showed reduced testing effects (Experiment 2) or
even eliminated testing effects (Experiments 1 and 3) after a 12-hr
delay that included nocturnal sleep.

The results of Experiments 1–4 indicate that the reduction of the
testing effect after sleep arises because sleep is beneficial for recall
after restudy trials but is not beneficial for recall after retrieval-
practice trials. Indeed, sleep benefited recall in all eight restudy
conditions of the present experiments, whereas in all eight
retrieval-practice conditions, no reliable benefit of sleep arose. The
absence of beneficial effects of sleep on recall of retrieved items
was observed when recall levels were relatively high (Experiments
1 and 4A) and when recall levels were reduced and far from ceiling
(Experiments 2, 3, and 4B); the same pattern arose when the
retrieval task was relatively difficult (Experiment 4B), moderately
difficult (Experiment 3), and relatively easy (Experiments 1, 2, and
4A), and it was present both when wake mean recall levels were
higher for retrieved than restudied items (Experiments 1–3) and
when wake mean recall levels were equated (Experiments 4A and
4B). Together, the results suggest that prior retrieval practice can
make recall relatively immune to the beneficial effects of sleep, a
finding that is at the core of the observed reduction of the testing
effect after sleep.

The results of the present experiments are well in line with the
bifurcation model (Halamish & Bjork, 2011; Kornell et al., 2011).
This model assumes that items that are successfully retrieved
during retrieval practice (but not the nonretrieved items) are not
only strengthened but strengthened to a higher degree than restud-
ied items are. This high degree of strengthening may enable many
of the successfully retrieved items to remain above recall threshold
not only after short delay but also after prolonged wake delay, thus
leaving not much room for additional beneficial effects of sleep on
recall performance. In contrast, because restudy supposedly
strengthens repeated items less effectively than retrieval practice
does, sleep may help some of the restudied items to cross recall
threshold, thus improving recall chances of the restudied items
after sleep. If so, the testing effect may be present after waking but
be reduced or even absent after sleep, which is exactly what the
present results show. The bifurcation model also predicts that the
testing effect should increase with length of (the waking) retention
interval (Kornell et al., 2011) and be larger in the presence than in
the absence of retroactive interference (Halamish & Bjork, 2011).
The short-delay and 12-hr wake delay conditions of Experiments 1
and 3 confirm the first prediction and the results of Experiments 1
and 2 confirm the second. The present results thus show a high
degree of consistency with the bifurcation model.

The present results appear less well consistent with the elabo-
rative retrieval hypothesis. According to this hypothesis, the test-
ing effect arises because retrieval practice leads to more elabora-
tive processing than restudy does, fostering the activation of extra
semantic information that may help successfully recalling re-
trieved items on a later memory test (e.g., Carpenter, 2009; Pyc &
Rawson, 2010). On the basis of this account, one may expect sleep
to maintain or even increase the testing effect, because sleep has
repeatedly been found to enhance memory for semantic informa-
tion (e.g., Cai et al., 2009; McKeon et al., 2012; Payne et al.,
2009). The present finding of a reduction or even elimination of
the testing effect after sleep and no sleep benefit for retrieved items
is not easily reconciled with this expectation, indicating that extra

processing of semantic information during retrieval cycles may not
have induced the testing effect in the present experiments.4

The experiments in this study differ in retrieval difficulty during
retrieval practice. Whereas Experiments 1, 2, and 4A used cate-
gorized item lists and induced relatively easy retrieval tasks, Ex-
periment 3 used lists of paired associates and Experiment 4B used
educational text material, thus inducing more difficult retrieval
tasks. Variations in the difficulty of the retrieval-practice task can
be of relevance for the bifurcation model. The reason is that
variation in retrieval difficulty induces variation in the degree to
which the strength distribution of retrieved and nonretrieved items
in the retrieval practice condition is bifurcated. Indeed, more
difficult retrieval tasks, like the one used in Experiment 4B, should
induce a higher degree of bifurcation than easier retrieval tasks do,
like the one used in Experiment 1. Although a higher degree of
bifurcation can increase the size of the testing effect (Kornell et al.,
2011), there is no simple relationship between retrieval difficulty
and size of the testing effect in the bifurcation model. In fact, even
low levels of bifurcation can result in robust testing effects if
almost all retrieved items are above threshold and the retrieved
items are farther above threshold than are the restudied items—
conditions likely met in Experiments 1 and 2. In such case, when
the retention interval is increased, restudied items begin to cross
below threshold before the retrieved items do so, leading to the
typical testing effect finding (see Kornell et al., 2011, p. 89). The
present finding that the testing effect and the effect of sleep on
retrieved items did not vary much with retrieval difficulty in the
retrieval practice phase thus is in line with the bifurcation model.

Prior work on the effects of sleep on memory performance
showed that sleep does not benefit all memories equally (for a
review, see Stickgold & Walker, 2013). For instance, emotional
memories have been found to show more sleep benefits than
neutral memories do (Payne et al., 2008), and memories consid-
ered relevant for the future show more sleep benefits than suppos-
edly irrelevant material does (Wilhelm et al., 2011). In all of these
cases, the proposal has been that sleep does not treat all memories
equally and strengthens some memories more than others. The
present results are basically consistent with such a proposal by
demonstrating that sleep benefits recall of restudied items much
more than it benefits recall of retrieved items. However, the
present results are not necessarily inconsistent with the alternative
view that sleep treats retrieved and restudied items equally. Indeed,
following the bifurcation model, retrieved items may already be
strengthened to such a high degree that an additional strengthening
effect of sleep on the retrieved items may not easily be detected in
typical testing effect experiments.

The present results on the effects of sleep for restudied items
may provide some support for the latter view. In the present
experiments, beneficial effects of sleep for restudied items were
observed for all types of materials that were used in this study, and
they were largely unaffected by the number of restudy cycles. In
fact, averaged across experiments, the size of the observed sleep
benefit for restudied items was about the same regardless of

4 Although elaborative retrieval and the bifurcation model differ in the
degree to which they can explain the present results and generally may lead
to different predictions on the role of sleep for the testing effect, it should
again be emphasized that the two accounts are not mutually exclusive and
might be at work simultaneously (see also Kornell et al., 2011).
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whether there were one restudy cycle (sleep benefit of 14.7%), two
restudy cycles (sleep benefit of 15.3%), or three restudy cycles
(sleep benefit of 16.4%), suggesting that sleep strengthens mem-
ories largely independent of their original strength level. If re-
trieval practice differed from restudy only by increasing the
strength level of practiced memories even farther, as is suggested
by the bifurcation model, then arguably sleep may strengthen
retrieved items in a manner very similar to how it strengthens
restudied items. Further work is required to address the issue in
more detail. Such work may use retention intervals of several days
or even weeks, so a larger proportion of the retrieved items can
cross below recall threshold and possible sleep benefits on recall of
retrieved items become more easily visible. The results of such
work would lead to further tests of the bifurcation model as well as
the selective sleep benefits proposal, providing more detailed
information about the degree to which sleep strengthens restudied
and retrieved items.

A review of the testing effect literature shows that typical testing
effect studies differ in whether feedback is provided after retrieval
practice (see Roediger & Butler, 2011). The primary goal of the
bifurcation model of the testing effect has been to capture direct
effects of testing, that is, effects that arise through the act of retrieval
itself in the absence of feedback. The present experiments meet these
conditions and the results fit well with the bifurcation model. How-
ever, other research documents additional mediated effects of testing,
for instance, showing that retrieval practice can facilitate subsequent
restudy when feedback is provided (see Arnold & McDermott, 2013a,
2013b). In particular, feedback may play a critical role for retrieval-
induced elaboration processes, for instance, enabling the generation of
more potent semantic mediators between cue and target during paired
associate learning (Pyc & Rawson, 2010, 2012). If elaborative pro-
cesses were indeed more important for mediated than direct effects of
testing, then sleep might influence mediated effects of testing differ-
ently than direct effects of testing, possibly maintaining or even
enhancing the mediated effects. Future work may therefore investi-
gate the role of feedback for the influence of sleep on the testing
effect. Such work may provide information about the role of sleep for
direct versus mediated effects of testing, as well as the contribution of
retrieval-induced strengthening versus elaborative processes for the
testing effect.

Finally, although the present findings are consistent with the bifur-
cation model and the view that sleep can reduce the testing effect, they
are also in line with an intriguing alternative view of the testing
effect.5 This view is largely based on three findings: (a) The testing
effect is often absent after a short wake delay but is present after a
longer wake delay (see Experiments 1 and 3), (b) the testing effect is
larger in the presence than the absence of interference at test (see
Experiments 1 and 2), and (c) the pattern of results after a short wake
delay is very similar to the patterns observed after a sleep delay (see
Experiments 1 and 3). Indeed, on the basis of these findings, the view
may arise that sleep is not necessary to reduce the testing effect but
rather prolonged wakefulness is the key to increasing the testing
effect. According to such view, longer wake intervals may increase
(extraexperimental) interference at test and thus increase the testing
effect (Halamish & Bjork, 2011; see Experiment 2), whereas no such
increase in interference may arise during sleep intervals, thus leading
to similar results after short wake and sleep delays. The present study
was not designed to evaluate this alternative view of the testing effect;
thus, future work is required to address the issue in more detail.

Conclusions

Using a wide range of study materials, the present research dem-
onstrates in a series of five experiments that sleep can reduce and
sometimes even eliminates the testing effect. At the core of this
finding is the result that sleep benefits recall of restudied items but
leaves recall of retrieved items unaffected. The results arose regard-
less of mean recall level, difficulty of retrieval task, and interference
level at test. The finding is consistent with the view that retrieval
strengthens items to a higher degree than restudy does so that many of
the successfully retrieved items remain above recall threshold, even
after prolonged wake delay, and additional sleep-induced strengthen-
ing may not improve recall of retrieved items any further.

5 This view was suggested to us by Michael Scullin during the review
process.
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