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Abstract

Two experiments investigated the long-term effects of retrieval practice. In the retrieval-practice procedure, selected items
from a previously studied list are repeatedly recalled. The typical retrieval-practice effects are considerably enhanced memory
for practiced items accompanied by low levels of recall, relative to baseline, for previously studied items that are associated
with the practiced items but were not themselves practiced. The two experiments demonstrated that the former effect
persisted over |2 hr; the latter effect also persisted over 12 hr, but only if a period of nocturnal sleep occurred during the
retention interval. We propose that consolidation processes occurring during sleep, and possibly featuring some form of off-
line rehearsal, mediate these long-term effects of retrieval practice.
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It has long been thought that sleep plays a crucial role in the
consolidation of recently formed memories. Current evidence
shows that retention of procedural knowledge can be enhanced
by a period of sleep (Stickgold & Walker, 2005), as can reten-
tion of motor skills (Walker, Brakefield, Morgan, Hobson, &
Stickgold, 2002). In a recent programmatic series of studies,
Gaskell, Dumay, and their coworkers demonstrated that sleep
is critical to the retention of new vocabulary, and in particular
to the integration of newly acquired words into the lexicon
(see Dumay & Gaskell, 2007, for a review). Furthermore, it
has been observed that relatively few episodic memories
formed during a day are retained the following day, which sug-
gests that only a minority of episodic memories are selected
for enduring retention (Conway, 2009; Williams, Conway, &
Baddeley, 2008). According to one view, consolidation pro-
cesses operating during sleep mediate these effects. Reactivation
of the medial temporal lobe memory system, and especially
hippocampal circuits, may be the locus of sleep-mediated con-
solidation (Wilson & McNaughton, 1994). Other brain areas
have been implicated too, and it seems that networks in medial
prefrontal cortex, operating at faster processing rates during
sleep than during awake periods, rapidly and repeatedly replay
processing sequences featured in the immediately preceding
awake period (Euston, Tatsuno, & McNaughton, 2007). This
mechanism may consist of a sequence of speeded off-line
rehearsal, and possibly it is these intense bursts of rehearsal

that lead to the consolidation of recent experience in long-term
memory.

Consolidation processes operating during a nocturnal sleep
cycle should influence the retention of recently formed epi-
sodic memories, and we explored this idea in two experiments
using the retrieval-practice procedure (Anderson, Bjork, &
Bjork, 1994; Racsmany & Conway, 2006). In this procedure,
participants first study a list of words and then selectively
practice recalling a subset of the list. Memory is then tested,
typically by cued recall. The retrieval-practice procedure is
particularly suited to exploring the consolidation of episodic
memories, as it is thought that the study phase gives rise to the
formation of an episodic memory of learning the study list and
that the later practice phase gives rise to a pattern of activation
and inhibition over the contents of the episodic memory. It is
this pattern of activation and inhibition that mediates later
access to memory content and that gives rise to the character-
istic pattern of recall seen on the memory test (Racsmany &
Conway, 2006). By this view, retrieval practice should give
rise to long-term patterns of activation and inhibition that are
strengthened by consolidation during sleep. The sole previous
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study of long-term retrieval-practice effects indicates that this
may indeed be the case (MacLeod & Macrae, 2001), although
we acknowledge that other researchers consider the effects of
retrieval practice to be more likely short-term than long-term
(Saunders & MacLeod, 2002; but see Anderson, 2001), and at
least one current model (Norman, Newman, & Detre, 2007)
proposes that REM sleep may “reset” inhibitory patterns. The
retrieval-practice procedure was well suited for our study
because it easily allows a period of sleep or equivalent period
of wakefulness to be interposed between practice and test.

Experiment |

In the retrieval-practice procedure, exemplars from various
categories are first studied. After the study phase, selected
items from selected categories are then repeatedly recalled,
typically three times, in response to cues consisting of a cate-
gory name plus word fragment. For example, if “fruit-orange”
is a studied item, “fruit-o 7 might be a retrieval-practice
cue. The three phases of study, practice, and test usually are
separated only by the few minutes required to give the instruc-
tions for each phase. The design yields three types of items:
items that have been practiced (Rp+), items that have not
themselves been practiced but that originate from a category
for which another item has been practiced (Rp—), and items
from categories for which no items have been practiced (Nrp).

The typical finding is that memory for Rp+ items is highest,
memory for Nrp items is at an intermediate level, and memory
for Rp— items is poorest. This pattern is taken to indicate
strong activation of Rp+ items resulting from retrieval practice
making these items highly accessible to recall, weaker activa-
tion of Nrp items, and inhibition of Rp— items (Anderson &
Spellman, 1995; Bjork, Bjork, & Anderson, 1998; Racsmany
& Conway, 2006; Storm, Bjork, Bjork, & Nestojko, 2006).
According to this explanation, practice recalling an item from
a previously studied set of category exemplars induces inhibi-
tion of exemplars that are not practiced and that could
potentially compete with and disrupt recall of the cued items
(cf. Anderson & Levy, 2007). Thus, studying “apple,” “pear,” and
“orange” and then repeatedly practicing recall of only “orange”
induces inhibition of “apple” and “pear.” The net result is that
memory for “apple” and “pear” (Rp— items) is hurt, whereas
memory for “orange” (an Rp+ item) is enhanced. Other inter-
pretations of these effects of retrieval practice have emphasized
the role of interference rather than inhibition (e.g., Camp,
Pecher, & Schmidt, 2007; see also Mensink & Raaijmakers,
1988).

In our first experiment, participants were assigned to two
groups: a sleep group and a no-sleep group. The sleep group
studied and practiced the items in the evening; the following
morning, some 12 hr later and after their usual period of noc-
turnal sleep, their memory for the items was tested. The
no-sleep group studied and practiced the items in the morning;
12 hr later, in the evening, their memory was tested.' We
expected that the no-sleep group would not show the typical

retrieval-practice effect and instead would simply show for-
getting of the items. In contrast, and assuming that consolidation
can enhance retention, we expected the sleep group to show
the usual retrieval-practice pattern.

Method

Participants. Sixty-four undergraduate Hungarian students
from the Budapest University of Technology and Economics
(32 females, 32 males) participated in return for partial credit
in an introductory psychology course. Their ages ranged from
19 to 26 years. There were 32 participants each in the sleep
and no-sleep groups (16 females and 16 males randomly
assigned within gender to each group). Note that all partici-
pants in the sleep group were tested a minimum of 1 hr after
awakening.

Materials. Following Anderson et al. (1994), we used 10
categories, 2 of which were fillers. Each target and filler cate-
gory consisted of 6 exemplars. Exemplars were moderate- to
high-frequency words drawn from two Hungarian word-
frequency norms (Fiiredi & Kelemen, 1989; Koénya & Pintér,
1985). For each subject, 4 target categories were practiced and
4 were nonpracticed; across subjects, each target category was
equally often practiced and nonpracticed. The practiced and
nonpracticed exemplars from practiced categories were coun-
terbalanced over participants. In sum, in each learning session,
participants learned 60 exemplars from 10 categories (2 of
which were fillers), practiced 18 exemplars (including 6 fill-
ers) from 6 categories (including the 2 filler categories), and
finally tried to recall 60 exemplars (including 12 fillers) from
the original 10 categories. During both practice and final cued
recall, items from filler categories were always in the first
and last positions in order to avoid the confounding effect of
category position.

Procedure. Participants were randomly assigned to either the
sleep or the no-sleep group. All participants completed a short
questionnaire about the length and quality of their sleep period
prior to the experiment. Those who had slept less than 4 hr or
used sleeping pills were excluded from the experiment. The
no-sleep group completed the sleep questionnaire only on the
day of the experiment, answering the questions with reference
to the previous night’s sleep, whereas the sleep group com-
pleted the same sleep questionnaire on the day of the study
phase and also on the day of the recall test, in each case answer-
ing the questions with reference to the previous night’s sleep.
At 8 p.m., the sleep group completed the study phase fol-
lowed by the practice phase; these participants returned to the
laboratory for the surprise delayed recall test at 8 a.m. the fol-
lowing morning. Note that in all cases the test was given a
minimum of 1 hr after awakening. The no-sleep group com-
pleted the study phase and practice phase at 8§ a.m. and the
surprise recall test at 8 p.m. on the same day. Neither group
knew that they were returning to take a memory test; rather, all
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participants were led to believe that they were returning to take
part in a new and unrelated experiment.

In the study phase, participants were instructed that category-
exemplar pairs would be presented on a computer screen and
that they should study the pairs in preparation for a later
memory test. Each category-exemplar pair was presented in
uppercase letters in the center of the screen for 5 s. Order of
presentation was semirandomized; exemplars from the same
category did not appear on consecutive trials. When partici-
pants had completed the study phase, the experimenter
distributed retrieval-practice booklets. Participants believed
that this second phase was the memory test. Each page in the
booklet showed one of the category names studied previously
and the first two letters of one member of that category, also
studied previously. Participants were instructed to complete
the exemplar fragment with one of the words they had studied
earlier. They were informed that some of the exemplars might
be tested more than once and that in those cases they should
respond with the remembered item. Rp+ items were repeated
three times. At the end of the retrieval-practice phase, the
booklets were collected, and participants were sent home for
12 hr. When they returned to the laboratory, they were given
cued-recall booklets, in which the name of one of the previ-
ously studied categories appeared at the top of each page.
Participants were instructed to recall as many examples as
they could for each category in the 10-min period allocated for
this test. They were instructed to complete the pages in order
and not to return to a previous category once they had turned
the page in the recall booklet. Order of presentation of the
target categories was counterbalanced across participants.

Results

Planned comparisons revealed that the critical contrast of Nrp
with Rp— items was reliable only in the sleep group, #(1, 31) =
73.7,prep =.99, r=.55 (for the no-sleep group, # < 1). Thus, the
retrieval-practice effect was observed only in the sleep group
(see Fig. 1 for mean percentages).” An independent ¢ test
revealed that there was no reliable difference between the two
groups’ recall of Rp+ items #62) = —1.12; the long-term ben-
eficial effect of selective practice (relative to baseline—i.e.,
Nrp items) was similar in the two groups. Debriefing inter-
views uncovered no evidence of conscious, intentional
rehearsal in either group, and participants indicated that they
were generally surprised by the delayed cued-recall test.

Experiment 2

A problem with the retrieval-practice procedure is that
although it may induce inhibition of Rp— items, performance
on Rp— items must almost certainly also be impaired by output
interference from Rp+ items. Given that we were primarily
interested in the effects of sleep on memory performance in
the retrieval-practice procedure, this was in some respects a
secondary issue. Nevertheless, in order to reduce the potential
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Fig. I. Mean percentages of exemplars recalled by the sleep and no-sleep
groups in Experiment |. Results are shown separately for practiced items
(Rp+), unpracticed items from practiced categories (Rp-), and unpracticed
items from unpracticed categories (Nrp). Error bars show 95% confidence
intervals.

effects of output interference, and also to further examine the
effects of sleep on retrieval practice, we decided to run a repli-
cation of Experiment 1 in which output was more directly
controlled. To achieve such control, we constructed a new
study set in which the first letter of each word was unique
within its category. At test, participants were cued with the cat-
egory names and the first letters of studied items. Using these
cues, we were able to control the order in which items were
recalled. In addition, to control for potential time-of-day
effects, we included a new control group who studied and
practiced items at 8 a.m. and were then given the surprise
recall test 1 hr later; we refer to this group as the morning no-
sleep group. We reasoned that if the morning no-sleep group
showed the retrieval-practice effect, then this effect might be
attributable to the time of day of the test, rather than a period
of sleep intervening between study and test.

Method

Participants. A new cohort of 96 undergraduate Hungarian
students from the Budapest University of Technology and
Economics (48 females, 48 males) participated in return for
partial credit in an introductory psychology course. Their ages
ranged from 20 to 28 years. There were 32 subjects in each of
the three groups (16 females and 16 males randomly assigned
within gender to each group). All participants in the sleep
group and in the morning no-sleep group were tested a mini-
mum of | hr after awakening.

Materials. Following Anderson et al. (1994), we used 10 cat-
egories, 2 of which were fillers. Each target and filler category
consisted of 6 exemplars (as in Experiment 1). The exemplars
were moderate- to high-frequency words drawn from two
Hungarian word-frequency norms (Fiiredi & Kelemen, 1989;
Koénya & Pintér, 1985). For each subject, 4 target categories
were practiced and 4 were nonpracticed; across subjects, each
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target category was equally often practiced and nonpracticed.
The practiced and nonpracticed exemplars from practiced cat-
egories were counterbalanced over participants. The study list
contained 6 words from each of the 10 categories, for a total of
60 words. Within each category, every word had a unique ini-
tial letter, so that a category name and first letter could serve as
a specific cue for each target word.

Procedure. The procedure was the same as in Experiment 1
with the exception of changes in the cued-recall test. In that
test, the cues appeared on a computer screen one at a time for
5 s each. Each cue consisted of a category name together with
the first letter of one of the studied exemplars (e.g., “Fruit —
(0] ”). Items for each category were presented as a block;
the cues for the three Rp— words were always presented first,
in random order, and the cues for the Nrp and Rp+ items were
then presented ungrouped and in random order. Participants
wrote their responses in a response booklet.

Results

Planned comparisons found that the critical contrast of Nrp
with Rp— items was reliable in the sleep group, #(1, 28) =
—2.43, Prp = .95, r = .43, but not in the no-sleep group and the
morning no-sleep group, fs < 1.2. Thus, the retrieval-practice
effect was observed only in the sleep group (see Fig. 2). A one-
way independent analysis of variance found no reliable
difference between groups on recall of Rp+ items, F < 1.2,
showing that the long-term beneficial effect of selective prac-
tice was present to the same degree in all groups (see Fig. 2).
The debriefing interviews again indicated that participants did
not rehearse items in the retention interval, and that all partici-
pants were surprised by the memory test. In sum, the overall
pattern of findings replicated the pattern observed in Experi-
ment | and indicates that output interference and time-of-day
differences had little, or possibly no, influence in the two
experiments.

Discussion

One account of the effects of retrieval practice posits that
they are mediated by an episodic memory of the study phase
(Racsmany & Conway, 2006). According to this view, which
we term the episodic-inhibition hypothesis to distinguish it
from accounts focusing on other types and sources of inhibi-
tion in long-term memory, retrieval practice establishes a
pattern of activation and inhibition over the contents or fea-
tures of an episodic memory of the study phase. As the episodic
memory is consolidated in long-term memory, the pattern of
activation and inhibition, which determines the accessibility of
the contents of the memory, stabilizes and becomes resistant to
further change. One major mechanism of this process of con-
solidation is rehearsal. According to the episodic-inhibition
hypothesis, as a memory is repeatedly retrieved and its
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Fig. 2. Mean percentages of exemplars recalled by the sleep, no-sleep, and
morning no-sleep groups in Experiment 2. Results are shown separately for
practiced items (Rp+), unpracticed items from practiced categories (Rp—),and
unpracticed items from unpracticed categories (Nrp). Error bars show 95%
confidence intervals.

contents are accessed, its durability in long-term memory
increases, and the accessibility levels of its contents become
fixed (Racsmany & Conway, 2006; Racsmany, Conway, Garab,
& Nagymaté, 2008).

The present findings suggest that sleep is important to this
process of consolidation, as indeed other researchers using dif-
ferent procedures have also observed (e.g., Drosopoulos,
Wagner, & Born, 2005). The findings of Experiment 2 indicate
that retrieval-practice effects begin to dissipate after a reten-
tion interval of just | hrin the absence of rehearsal. Interestingly,
in a related experiment not reported here, we found that
if there is rehearsal in the retention interval, then retrieval-
practice effects can be maintained over at least 12 hr (with no
period of sleep). We use the term rehearsal here in a slightly
nonstandard way, as according to our episodic-inhibition view,
rehearsal occurs when a memory is activated and the pattern of
activation and inhibition over its contents is instantiated. Such
rehearsal does not have to occur consciously or intentionally,
although, of course, it might. We suggest that when rehearsal
occurs in this way, it approximates what has been termed e/ab-
orative rehearsal (Craik & Lockhart, 1972), and it promotes
the integration of the memory with other memories and knowl-
edge structures in autobiographical memory (see Conway,
2009). It is perhaps the degree and nature of the integration
that determines the durability of access to a memory and its
contents. Clearly, other memories formed during the retention
interval may reduce integration, prevent it, or interfere with it
in some other way. It seems likely that the opportunity for
interference by new memories was greater in our no-sleep than
in our sleep groups, and, consequently, integration may have
been attenuated in the no-sleep relative to the sleep groups.
(Note that this would not have been the case if rehearsal had
been intentionally undertaken during the retention interval.)
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According to this reasoning, the greater degree of integration
of memories in the sleep groups underlies the long-term
retrieval-practice effects we observed in these groups. This
integration is, perhaps, similar in kind to the integration of new
words with the lexicon found to occur after periods of noctur-
nal sleep (Dumay & Gaskell, 2007).

These novel long-term, sleep-related, retrieval-practice
effects lend some support to suggestions that spontaneously
occurring retrieval practice in everyday cognition may medi-
ate aspects of remembering and forgetting (e.g., Anderson,
2001). But we can now add to this idea the notion that consoli-
dation and integration processes occurring during sleep are
also important in maintaining access to memories and their
contents. The present findings demonstrate that consolidation
of recently formed episodic memories during sleep may be
integral to the normal functioning of episodic memory.
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Notes

1. A very important design feature is that the memory test is unex-
pected. In a separate experiment not reported here, we found that
long-term retrieval-practice effects can occur if participants rehearse
the retrieval-practice items during the retention interval.

2. An alternative interpretation might focus on diurnal effects, such as
the awakening cortisol response (ACR), which is thought to influence
memory. However, as the ACR peaks and then begins to decline within
30 to 45 min following sleep (Clow, Thorn, Evans, & Hucklebridge,
2004), and all participants were tested at least 1 hr after awakening
(and most were tested 90 to 120 min postsleep), it seems unlikely that
the ACR could have directly influenced memory performance in the
sleep group. Moreover, although cortisol levels begin to fall toward
the onset of sleep and are at their lowest levels in the first 3 to 4 hr of
sleep, all participants in the no-sleep group were tested several hours
prior to sleep, and there is no reason to suppose that their cortisol
levels had changed systematically at this point in the sleep/wake
cycle. Thus, the sleep and no-sleep groups most likely had highly
similar diurnal cortisol levels.
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