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Abstract
Over time, memories lose episodic detail and become distorted, a process with serious
ramifications for topics such as eyewitness identification. What are the processes which
contribute to such transformation over time? We investigated the roles of post learning sleep and
retrieval practice in memory accuracy, transformation, and distortion, using a naturalistic story
recollection task. Undergraduate students listened to a recording of the “War of the Ghosts”, a
Native American folktale, and were assigned to either a retrieval practice or listen only study
condition, and either a sleep or wake delay group. Sleep and retrieval practice independently
resulted in more story elements being recalled accurately, and fewer importations of non-story
elements, than the wake, no retrieval practice group. However, sleep and retrieval practice also
led to more inferences of non-presented, but story related information. These findings suggest
that both sleep and retrieval practice contribute equally to narrative memory stabilization and

distortion.
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Statement of relevance
When we recall a memory, rarely is it a verbatim reinstatement of the original experience. Over
time, our memories are transformed. We lose episodic detail and replace it with gist-based
knowledge. Our memories also become distorted and can become infused with misinformation.
Our study looked at how two mechanisms, namely sleep and post-learning testing, influence
memory transformation for a story over 12 hours. We found both processes increased memory
accuracy, but also introduced distortion. Both sleep and testing led to more inferences, where
participants remembered plausible story elements that were not mentioned in the original text.
This work shows how memories are transformed over time, and raise important implications for
cases where clear, accurate recall of events is important, such as eyewitness testimony. This
work has ramifications in teaching settings, where testing is routinely used to assess accuracy of

education materials.
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Sleep and retrieval testing both strengthen and distort story recollection

Human memories are inevitably transformed and distorted over time, causing us to
remember past events quite differently than the true original experience. Episodic detail is lost,
with the “gist” of the narrative being preserved (Brainerd & Reyna, 2001; Lutz et al., 2017; Zeng
et al., 2021). Distortions of memory also appear, with memory for different but overlapping
events combined, or forgotten details being replaced or fabricated in order to fit a comprehensive
narrative in tune with our cultural schemas (Bartlett, 1932; Loftus, 2005; Roediger &
McDermott, 2000; Webb et al., 2016). Such transformative processes confer a flexibility and
generalizability to memory that may at times be more advantageous than a veridical
reinstatement of the original experience. However, this flexibility comes at the cost of memory
accuracy, which has very important real-world implications when considering the reliability of
eyewitness testimony (Fruzzetti et al., 1992; Roediger & McDermott, 2000; Wetmore et al.,
2015). As such, understanding when and how these transformations of memory occur remains a
central question in the cognitive psychology of human memory.

Perhaps the most historic example of memory distortion comes from Bartlett’s (1932)
Remembering: A study in Experimental and Social Psychology, and his famous “War of the
Ghosts” experiments. The War of the Ghosts is a Native American folktale written in a
disjointed, non-Western style unfamiliar to most college students (Bartlett, 1932). Bartlett had
participants read the story twice before testing their memory for the story over varying time
delays. He found that over time, not only did forgetting occur, but memory also become distorted
and infused with misinformation. Such distortions in recall became magnified over time and with
repeated recall attempts, as participants held onto the schema or gist while replacing story details

in order to keep a complete narrative. The importations could be quite dramatic, especially if the
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delay between recall attempts was long (Bartlett, 1932). Since Bartlett’s initial study, his results
have been replicated under stricter experimental conditions (Bergman & Roediger, 1999;
Wagoner & Gillespie, 2014). What factors influence these time-dependent transformations?

Simply attempting to recall a memory shorty after the original event can bolster memory.
This is the basic tenet of the testing effect, that retrieval practice following learning strengthens
memory in a manner that becomes clear at a later, subsequent test (Adesope et al., 2017;
Roediger & Butler, 2011). Numerous studies have demonstrated the benefits of retrieval practice
on memory accuracy (see Rowland, 2014 for a detailed review and meta-analysis), and it’s
principles have been widely applied in classroom settings to improve students’ learning
outcomes (Schwieren et al., 2017). However, to our knowledge, no studies have examined how
retrieval practice may impact distortions of memory.

A period of sleep following learning can also benefit memory retention (compared to a
similar period awake, e.g., Payne, 2011; Payne et al., 2008; Rasch & Born, 2013). Rather than
simple passive protection from interference, sleep actively strengthens and restructures
memories, allowing insights to be gained (Sanders et al., 2019; Wagner et al., 2004), inferences
to be made (Ellenbogen et al., 2007; Huguet et al., 2019), and integration and abstraction to
occur (Tamminen et al., 2010).

It remains unclear whether sleep and retrieval interact in terms of their impact on
memory. Some research suggests that pre-sleep retrieval practice eliminates the typical benefit of
sleep compared to wake (Abel et al., 2019; Antony & Paller, 2018; Bauml et al., 2014). On the
other hand, other work has found that a benefit of sleep only occurs if a pre-sleep retrieval test is
included (Schoch et al., 2017), and only for items correctly recalled during pre-sleep testing

(Denis et al., 2020; Fenn & Hambrick, 2013; Muehlroth et al., 2020).
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The current study used the War of the Ghosts story to examine the effect of sleep and
retrieval practice on story recall, transformation, and distortion. The War of the Ghosts story has
several advantages as a tool for studying memory. Story recall represents the kind of recollection
that people engage in naturalistically, in which memory for the “gist” of an event often replaces
veridical recall. It enables us to study not only accurate retrieval of facts, but also the distortions

and importations of new information that result from schema-based representations.

Method
Participants

A total of 114 Harvard University undergraduate students (Mage = 19.9, SD = 2.8, 62
females) participated in the study and were compensated for their time with either course credit
or $20. Because the research design and effects of interest were novel, it was not possible to
estimate effect size from previous studies in order to perform an a priori power analysis.
However, we note that our sample size is comparable to other sleep and memory studies
(Klinzing et al., 2021; Noack et al., 2021; Payne, Stickgold, et al., 2008; Scullin & McDaniel,
2010).

All participants were native English speakers with normal or corrected-to-normal vision
and free from any psychiatric disorders, sleep, drug, or alcohol problems. Participants were not
taking any medications affecting the central nervous system. Informed consent was taken from
all participants, and the study was approved by the Harvard University and Beth Israel
Deaconess Medical Center Internal Review Boards.

Materials

All participants completed a 3-night sleep log and the Stanford Sleepiness Scale (a one-
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item questionnaire used to assess participant’s alertness in the moment) at the start of each
session (Hoddes et al., 1972). A recorded version of the Native American folktale “The War of
the Ghosts” served as the to-be-remembered material (Bartlett, 1932).
Procedure and Design

Participants were assigned to one of four experimental groups (Figure 1): 1) a wake +
retrieval practice group (n = 30); 2) a wake, listen-only group (n = 29); 3) a sleep + retrieval
practice group (n = 27), and 4) a sleep, listen-only group (n = 28). Participants listened to the
War of the Ghosts story twice in succession, either in the morning (9am), or the evening (9pm)
depending on the sleep/wake group assignment (i.e., wake groups listened in the morning and
sleep groups listened in the evening). All participants then completed a 15-minute distractor task
consisting of simple arithmetic problems. Next, half of the participants were dismissed (i.e.,
those in the two listen-only groups; wake, listen-only group; sleep, listen-only group), while the
other half of participants were given a blank sheet of notebook paper and were instructed to
engage in free recall by recollecting the story as accurately as possible (i.e., those in the two
retrieval practice groups; wake + retrieval practice group; sleep + retrieval practice group). All
participants returned 12 hours after their first session for a final recall test, following either a day
of wakefulness (wake groups) or after a night of sleep (sleep groups). For half of the participants,
it was their first time recalling the story (listen-only groups), while for the other half, it was their
second recall of the story (retrieval practice groups).

During each recall test, participants were encouraged to use the exact same words as the
ones heard in the story (veridical recall), and to write down as many facts and events as possible.

Participants were given 10min for each recall test and were encouraged to use the full time.
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Figure 1. Experimental design. During encoding, participants listened twice to an audio recording of The War
of the Ghosts. After a 15-minute distractor task, half of the participants were given a sheet of paper and were
asked to recall the story in as much detail as possible. The other half were dismissed after listening to the story.
After a 12-hour delay, all participants returned to the lab and were required to recall the story in as much detail
as possible. In half of the participants, the delay included a day of wakefulness. In the other half, the delay
included a night of sleep.

Scoring

The War of the Ghosts story was subdivided into 42 propositions following previously
established methods (Bergman & Roediger, 1999; Mandler & Johnson, 1977). Recalled material
was transcribed and divided into units of propositions. These transcripts were then scored by two
researchers who were blind to experimental condition. Sentences from the participant transcripts
were matched to the proposition or propositions in the story that were most similar in content.
We identified propositions from the recalled material that were fit into five categories: accuracy,
gist, omission, distortion, and importation. Distortions were further subdivided into three
subcategories; inference, normalization, and incorrect placement. The exact rule followed for
each proposition category, and an accompanying example, can be found in Table 1. Inter-rater
reliability between the primary and secondary scorer showed a Cohen’s kappa of .84. All data

reported below are those of the primary scorer.
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Table 1. Rules for scoring each proposition in the story

Proposition Rule Example

category

Accurate Propositions that were recalled Verbatim: “They escaped to the shore, and
verbatim, or verbatim with minor  hid behind some logs”
omission that did not resultina ~ With minor omission: “They escaped and
loss of detail hid behind some logs”

Gist Contained all elements of a “I will not go along. I might be killed. My
proposition but used distinctly relatives don’t know where I have gone”
different wording, but the changed to “But my family won’t know
meaning was essentially correct ~ where | have gone and | might die and

they’d never know”

Omission Omission of key details of the “now canoes came up, and they heard the
proposition sound of paddles” changed to “canoes were

approaching, and they started to hear noises”

Inference Wrote an event in a proposition ~ Writing that one of the boys got into the

that was not explicitly stated, but
could reasonably be assumed to
have occurred between two
events

Normalization Conventionalization of a story

element
Incorrect The proposition contained an
placement element from a different portion
of the story

Importation An entirely new element was
added to the story

canoe, when it is never explicitly stated that
he traveled with the warriors

Recalling that the two young men went on a
fishing trip, rather than going down to the
river to hunt seals

Referring to the warriors as ghosts at the
beginning of the story, when they are not
referred to as ghosts until the middle

Recalling that the warriors fought with guns
(the story only mentions bows and arrows)

Results

Ruling out time of day influences

First, we checked to see whether time of day affected recall by comparing memory

metrics (accuracy, gist, omission, distortion, and importation) between the sleep and the wake

group who engaged in retrieval practice. There were no differences in initial free recall

performance based on delay condition for any of the metrics (all p’s > .08, all d’s < 0.50; Table
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S1). Similarly, there was no difference between the sleep and wake groups in terms of total
number of propositions produced at the initial (t (54.80) =0.96, p = .34, d = 0.26) test. At the
delayed test, a 2 (delay group; sleep, wake) x 2 (study condition; retrieval practice, listen-only)
ANOVA found a significant main effect of delay group on total number of propositions
produced (F (1, 110) = 9.43, p = .003, np? = .08), with a higher number of propositions in the
sleep groups (M =29.13, SD =4.11) compared to the wake groups (M = 26.51, SD = 5.06). The
main effect of study condition, and the interaction, were both non-significant (ps > .07).

There were no group differences on the Stanford Sleepiness Scale, at either the initial (t
(56) = 0.62, p =.54,d = 0.16) or final (t (89) = 0.60, p = .55, d = 0.12) recall test. As such, time
of day did not influence memory performance, and participants were equally alert (subjectively)
in the morning and in the evening.
Effects of sleep and retrieval practice on recall performance

A series of 2 (delay group; wake, sleep) x 2 (study condition; retrieval practice, listen-
only) ANOVAs examined the effects of sleep and retrieval practice on accuracy, gist, omission,
distortion, and importations during story recollection at the delayed test (Table 2; Figure 2).

Table 2. Percentage of propositions exhibiting each memory category at the final recall test

Wake Sleep Wake + Sleep +

listen-only listen-only retrieval retrieval

practice practice

M (SD) M (SD) M (SD) M (SD)
Accuracy 516 (5.32) 10.24 (6.32) 9.71 (6.49) 9.57 (6.51)
Gist 32.20 (10.63) 30.74 (8.06) 33.04 (11.39) 31.30(9.07)
Omission 17.69 (6.10) 16.66 (7.04) 16.86 (7.08) 16.49 (5.68)
Distortion (inference) 7.70 (6.16) 11.91(6.04) 11.85(6.72) 11.99 (7.95)
Distortion (normalization) 6.40 (4.08) 6.45(4.21) 6.27 (4.78) 4.37 (3.79)
Distortion (incorrect placement) 1.85(2.54) 2.52(2.49) 2.14 (2.51) 2.97 (2.58)
Importation 29.00 (11.48) 21.48(8.89) 20.13(11.63) 23.30(9.39)

Note. M = mean, SD = standard deviation

For accuracy, there was a significant main effect of delay group (sleep/wake) (F (1, 110)
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= 4.55, p = .035, np? = .04), with higher accuracy after sleep (M = 9.91%, SD = 6.36%)
compared to wake (M = 7.47%, SD = 6.33%). There was no main effect of study condition
(retrieval practice/listen-only) (F (1, 110) = 3.07, p = .08, np® = .03), but there was a significant
delay group (sleep/wake) * study condition (retrieval practice/listen-only) interaction (F (1, 110)
=5.07, p =.026, np? = .04). Follow-up tests revealed that accuracy was significantly higher after
sleep compared to wake only for those participants who did not engage in retrieval practice (t
(52.79) = 3.28, p =.002, d = 0.87). When participants engaged in retrieval practice, there was no
difference in accuracy between the sleep and the wake groups (t (54.33) =-0.08, p=.94,d =
0.02). This effect was driven by the presence of a post-learning retrieval practice session
significantly improving accuracy across a day of wake (t (55.54) = 2.95, p =.005, d = 0.77),
without changing accuracy across a night of sleep (t (52.76) =-0.39, p =.70, d = 0.11). We note
that the interaction remained significant after removal of an outlier (> 1.5 * inter-quartile range)
in the sleep, listen-only group (F (1, 109) = 4.07, p = .046, np? = .04). There were no main
effects or interactions between delay group and study condition on the proportion of gist
propositions or omissions (all p > .38).

With regards to distortion, the main effects of both delay group (sleep/wake) and study
condition (retrieval practice, listen-only) were non-significant (p > .17). There was, however, a
significant interaction between delay group (sleep/wake) and study condition (retrieval practice,
listen-only) (F (1, 110) = 4.08, p = .046, np? = .04). This interaction was driven by significantly
more distortions in the sleep group compared to the wake group when there was no post-learning
retrieval practice session (t (52.89) = 2.98, p = .004, d = 0.79). We probed this finding further by
comparing the three subtypes of distortion between the sleep and wake groups (Figure 3). The

delay groups differed only in the proportion of inferences (t (54.98) = 2.61, p =.012, d = 0.69),
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Figure 2. Percentage of propositions for each memory category at the delayed test. Dots represent individual
data points, and error bars display the standard error. ** = p < .01.

with sleep participants making more inferences than wake participants. The proportion of
inferences made by the sleep group did not differ depending upon whether participants engaged
in retrieval practice or not (t (48.53) = 0.04, p = .97, d = 0.01); however, wake participants made
significantly more inferences in the retrieval practice condition, compared to the listen-only
condition (t (56.84) = 2.48, p =.016, d = 0.65). There were no delay group (sleep/wake)
differences for normalizations (t (54.76) = 0.05, p = .96, d = 0.01) or incorrect placements (t
(54.99) =1, p=.32,d =0.27).
For importations, the main effect of delay group (sleep/wake) was not significant (F (1,

110) = 1.23, p = .27, np? = .01), and the main effect of study condition (retrieval practice/listen-
only) was marginal (F (1, 110) = 3.60, p = .06, np? = .03), showing numerically more
importations in listen-only groups (M = 25.31%, SD = 10.88%) compared to retrieval practice

groups (M = 21.63%, SD = 10.65%). There was, however, a significant interaction between
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delay group (sleep/wake) and study condition (retrieval practice, listen-only) (F (1, 110) = 7.44,
p =.007, np? = .06). Follow-up tests revealed there to be significantly fewer importations in the
sleep group compared to the wake group when participants did not engage in retrieval practice (t
(52.56) =-2.77, p =.008, d = 0.73). On the other hand, when participants engaged in retrieval
practice, the difference in importations between the wake and sleep group disappeared (t (54.39)
=1.14, p = .26, d = 0.30). Mirroring the results for accuracy, this effect was driven by the
proportion of importations reducing across a wake delay for those in the retrieval practice
condition, compared to those in the listen-only condition (t (55.54) = -2.95, p =.005, d = 0.77),
whereas importations rates were equivalent across sleep, regardless of whether a post-learning
retrieval practice session was present or not (t (52.76) = 0.39, p =.70, d = 0.11). The interaction
remained significant when an outlier was removed from the wake, listen-only group (> 1.5*inter

quartile range; F (1, 109) = 6.39, p = .013, np?= .06).
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Figure 3. Percentage of propositions showing each distortion subtype at the delayed test. Dots represent
individual data points, and error bars display the standard error. * = p <.05.
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These results suggest an effect of sleep on increasing accuracy and inference, while
reducing importations, compared to wake. However, this was only true in the absence of retrieval
practice. We next sought to quantify the relative effects of sleep and retrieval practice on
memory performance (Figure 4). Using the wake, listen-only group as a baseline (i.e., the group
with neither sleep nor retrieval practice), we compared the size of improvements gained via
either sleep (sleep, listen-only group), retrieval practice (wake, retrieval practice group) or both
(sleep, retrieval practice group) by subtracting the average wake, listen-only final recall test
score from each participant’s score in the other three groups. (See elsewhere for examples of this
approach: Denis et al., 2020; Talamini et al., 2008). Compared to the wake, listen-only group,
both sleep and retrieval practice led to a significant improvement in accuracy (all p's <.001, all
d's > 0.69) and significantly more inferences (p's < .003, d's > 0.60), while significantly reducing
the proportion of importations (p's < .001, d's > 0.75). The size of these effects was equivalent,
with sleep and retrieval practice providing nearly identical changes in memory (accuracy
increase: sleep M (SD) = 5.07% (6.32%), retrieval practice M (SD) = 4.55% (6.49%); inference
increase: sleep M (SD) = 4.21% (6.04%), retrieval practice: M (SD) = 4.15% (6.72%);
importation decrease: sleep M (SD) = -7.52% (8.89%), retrieval practice: M (SD) = -8.88%
(11.63%), all p > .60, all d < 0.14). The influences of sleep and retrieval practice were not
additive, with the sleep + retrieval practice group not showing any differences compared to the
sleep, listen-only or wake + retrieval practice groups (all p's > .25, all d's < 0.31).

As a final analysis, we examined how memory changed between the initial and delayed
test in the retrieval practice groups (Figures S1 & S2). We performed these analyses using a

series of 2 (session: initial recall, delayed recall) X 2 (delay period: sleep, wake) mixed



THE INFLUENCE OF SLEEP AND RETRIEVAL ON MEMORY CONSOLIDATION 16

Accuracy Inference Importation
2 Cooe T B -
s nf P - . :
= H L 0
2 4 L 2 . “ .
2 -rli.--IIE- s A - .
2 o [ ™) ~ ) ¥ .
a . : * 4 €
-g L ] - L 1] . - . _"_ —I._
@ -101 -~ L s
c a o g
< LI T
= -20- 3 .
D L]
[ ]
-30 A °
Sleep Wake Sleep+ Sleep Wake Sleep+ Sleep Wake Sleep+
retrieval retrieval retrieval retrieval retrieval retrieval

Figure 4. Relative effects of sleep and wake + retrieval practice on delayed memory performance. Difference
scores were calculated by subtracting mean accuracy/inference/importation from the wake, listen-only group
from each participant's score in the other three groups. As such, a positive value indicates a relative increase
with sleep and/or retrieval practice, and a negative value indicates a relative decrease. Error bars show the
standard error.

ANOVAs. Compared to initial test, there was a significant reduction in the percentage of gist
propositions (F (1, 55) = 15.53, p <.001, np? = .22) and omissions (F (1, 55) = 5.85, p = .019,
np? = .10) at the delayed test. Conversely, there was a significant increase in the percentage of
propositions scored as either distortion (F (1, 55) = 17.05, p <.001, np? = .24) or importation (F
(1,55) = 17.51, p <.001, np? = .24) at delayed test, compared to initial test. The effect of delay
period (sleep or wake), and the interaction between session and delay period, were all non-
significant (all p > .26).

When we examined the different distortion subtypes separately, we found significantly
more inferences at the delayed test compared to the initial test (F (1, 55) = 11.29, p = .001, np? =

.17). We also found a significant session * delay period interaction for the change in
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normalizations (F (1, 55) = 4.27, p = .044, np? = .07; Figure S2). This interaction was driven by
a significant increase in normalizations from initial to delayed test in the wake delay group (t
(29) = 2.16, p = .04, d = 0.39), with no change between sessions in the sleep delay group (t (26)
=0.95, p =.35, d = 0.18). No other effects were significant (all p > .06).
Discussion

Bartlett’s War of the Ghosts paradigm is probably the most famous historical example of
a scientific study of how memory can be transformed and distorted over time. Here, we studied
how two key processes, namely overnight sleep and post learning retrieval practice, impacted
memory for the War of the Ghosts story over a 12-hour delay. Our key findings were that,
compared to a day of wake without retrieval practice, both sleep and retrieval practice
independently resulted in more accurate propositions being produced at the delayed test, but at
the same time, led significantly more inferences and significantly fewer importations. This
finding adds further evidence that the testing effect can be as powerful as sleep (Abel et al.,
2019; Antony & Paller, 2018; Bauml et al., 2014), and extends the literature to show testing also
induces distortions of memory, again in a manner similar to sleep. Although such
transformations can be beneficial in terms of memory flexibility and generalization, there are
also times that such distortions of the original event is unwanted (e.g. eyewitness testimony).
This is also an important consideration for educators, when considering the impacts of testing
and sleep on the retention and accurate recall of educational materials.

Our finding that sleep resulted in improved accuracy compared to wake fits with the large
body of evidence that sleep strengthens memories for facts and events (Ellenbogen et al., 2006).
For example, memory for word pairs is significantly better after a period of sleep compared to an

equivalent period of wakefulness (e.g. Denis, Schapiro, et al., 2020; Feld et al., 2016; Payne et
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al., 2012; Plihal & Born, 1997). The present work shows that this benefit extends to a story-
based task, similar to other work (Aly & Moscovitch, 2010; Tilley & Empson, 1978). This
finding is important, as it provides evidence that sleep’s benefit to memory translates to a more
ecologically valid test of memory.

We also found that participants who slept made more inferences than participants who
stayed awake. As well as being strengthened, memories undergo transformation processes during
sleep. One of these transformations involves improvements in relational memory, the ability to
generalize new information across existing stores of knowledge. Prior experimental work has
suggested that making new inferences about the relationships between abstract visual stimuli
benefits from time, and especially sleep (Alger & Payne, 2016; Ellenbogen et al., 2007; Huguet
et al., 2019; Werchan & Gomez, 2013). In the present study, we defined an inference as a
proposition that contained an event not explicitly stated in the story but that conceivably could
have occurred between two explicitly described events. The fact that these occurred more
frequently after sleep may reflect the sleeping brain’s ability to generalize aspects of the story
and utilize existing knowledge structures to form gist-consistent inferences regarding how events
in the story likely linked together.

This increase in proportion of inferences after sleep coincided with a reduction in
importations. A proposition was scored as an importation when the proposition inserted a new
event that was not clearly related to the events in the story — a type of error akin to a flagrant
false memory as opposed to a gist-based one. The increased inferences and decreased
importations following sleep may indicate a role of sleep in adaptively differentiating different
networks of interrelated memories, and reducing their overlap (Doxey et al., 2018; Hanert et al.,

2017). Such a process would ensure that generalizations and integration occur within existing
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related knowledge schema, while potential interference from unrelated schemas can be reduced.

These effects were not unique to sleep. Post-learning retrieval practice, followed by a day
of wake, produced the same effects on memory as a night of sleep, when compared to the wake,
listen-only control group (i.e., retrieval practice increased accuracy and inferences, while
reducing importations). There was no additive effect of sleep and retrieval practice, as the group
that engaged in both retrieval practice and a night of sleep did not differ in delayed recall
performance from the groups that received one or the other. One interpretation is that the
changes in memory induced by retrieval practice altered the underlying memory representation
to such a degree that sleep could not act on that representation further. A growing body of work
has demonstrated other instances in which pre-sleep retrieval practice precludes any benefit of
sleep, compared to a restudy condition (Abel et al., 2019; Antony & Paller, 2018; Bauml et al.,
2014). The findings of the present study illustrate that retrieval practice can induce similar
memory transformations as a night of sleep. This fits with recent neuroimaging work suggesting
that the neural changes induced by retrieval practice may be similar to those induced by sleep
(Antony et al., 2017; Brodt et al., 2018).

Within the retrieval-practice groups, we were able to examine how memory changed
between the initial and delayed test, when the delay period was filled with either a night of sleep
or a day awake. In general, changes in memory between the initial and delayed test were similar
across sleep and wake delays. Whether this effect of retrieval practice lowers interference that
occurs across wake, reduces the need for sleep-associated consolidation mechanisms to further
process the memory, or both, remains to be seen. The exception to this pattern was the change in
normalizations made. Following retrieval practice, the wake delay group made significantly

more normalizations at the delayed test, whereas there was no change across a night of sleep
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(with a trend towards fewer normalizations). This leaves open the possibility then that some
types of memory distortion may be more likely occur across a wake delay compared to a sleep
delay, and future work should seek to explore this further.

We did not collect any objective measurements regarding participants’ sleep. As such, we
do not know if any sleep stage or feature was specifically associated with any of the observed
memory transformations. At a neural level, sleep promotes consolidation via large-scale changes
to the neural networks associated with long-term memory (Klinzing et al., 2019; Payne &
Kensinger, 2011; Takashima et al., 2009). It has been proposed that retrieval practice may
initiate a more rapid consolidation process, leading to similar structural and functional changes
as a night of sleep (Antony et al., 2017; Brodt et al., 2018). Future research using functional
imaging and event-related electroencephalography will be able to shed further light on how sleep
and retrieval practice reshape the neural underpinnings of memory. In addition, we contrasted
retrieval practice with a no retrieval, listen-only condition, which differs from other studies of the
testing effect that compare retrieval practice to restudy (Bduml et al., 2014). This design feature
makes it harder to directly compare our results to previous work investigating the interaction
between sleep and retrieval practice.

Although our sample size is consistent with many other sleep and memory studies (e.g.
(Denis et al., 2020; Klinzing et al., 2021; Noack et al., 2021; Payne, Stickgold, et al., 2008;
Scullin & McDaniel, 2010), we did not perform an a priori power analysis due to the lack of a
known effect size for this paradigm. Although this is a limitation of the present work, the
reported data provides an important baseline for which future high-powered studies can estimate
expected effect sizes from.

Bartlett’s War of the Ghosts remains a classic demonstration of how memories are
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transformed and become distorted over time. Here, we investigated the specific roles of sleep and
retrieval practice on these processes. We found that both sleep and retrieval practice strengthened
accurate recall of the story, while also inducing an increase in story-related inferences. These
findings illustrate the importance of both processes in memory strengthening and transformation,
as well as highlighting the importance for future work to further examine when these two

processes confer similar effects on memory, and under what conditions they may differ.
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Supplementary Materials

Table S1. Percentage of propositions exhibiting each memory category at the initial memory test

Wake Sleep

M (SD) M (SD)
Accuracy 1157 (8.54) 10.30(7.12)
Gist 36.92 (10.39) 36.40 (8.67)
Omission 19.35(7.27)  18.60 (7.61)
Distortion (inference) 9.66 (6.73) 9.08 (6.49)
Distortion (normalization) 4.93 (4.30) 5.19 (4.77)
Distortion (incorrect placement) 1.28 (2.33) 2.53 (2.75)
Importation 16.30 (11.70) 17.90 (8.28)

Note. M = mean, SD = standard deviation
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Figure S1. Change in memory between the initial and delayed tests within the two retrieval
practice groups. Error bars display the standard error.
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Figure S2. Change in distortion subtypes between the initial and delayed tests within the two
retrieval practice groups. Errors bars display the standard error.



