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Abstract 

Human memory is known to be supported by sleep. However, less is known about the 

effect of sleep on false memory, where people incorrectly remember events that never 

occurred. In the laboratory, false memories are often induced via the Deese-Roediger-

McDermott (DRM) paradigm where participants are presented with wordlists comprising 

semantically related words such as nurse, hospital, and sick (studied words). Subsequently, 

participants are likely to falsely remember that a related lure word such as doctor was 

presented. Multiple studies have examined whether these false memories are influenced 

by sleep, with contradictory results. A recent meta-analysis suggests that sleep may 

increase DRM false memory when short lists are used. We tested this in a registered report 

(N=488) with a 2 (Interval: Immediate vs. 12-hr Delay) x 2 (Test Time: 9AM vs. 9PM) 

between-participant DRM experiment, using short DRM lists (N = 8 words/list) and free 

recall as the memory test. We found an unexpected time-of-day effect such that 

completing free recall in the evening led to more intrusions (neither studied nor lure 

words). Above and beyond this time-of-day effect, the Sleep participants produced fewer 

intrusions than their Wake counterparts. When this was statistically controlled for, the 

Sleep participants falsely produced more critical lures. They also correctly recalled more 

studied words (regardless of intrusions). Exploratory analysis showed that these findings 

cannot be attributed to differences in output bias, as indexed by the number of total 

responses. Our overall results cannot be fully captured by existing sleep-specific theories of 

false memory, but help to define the role of sleep in two more general theories (Fuzzy-

Trace and Activation/Monitoring theories) and suggest that sleep may benefit gist 

abstraction/spreading activation on one hand and memory suppression/source monitoring 

on the other.  

 

 

Keywords: Sleep, False Memory, DRM, Recall, Gist Abstraction, Spreading Activation 
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Introduction 

Newly acquired episodic memory is usually better remembered after a period of sleep than 

after an equivalent period of wakefulness. For instance, one of the most robust findings in 

the memory literature is that word pairs encoded before sleep (vs. wakefulness) are usually 

recalled with greater accuracy (e.g., Ashton & Cairney, 2021; Backhaus et al., 2008; Lo et al., 

2014; Mak et al., 2023a; Payne et al., 2012; Plihal & Born, 1997; Potkin & Bunney, 2012). 

Some theories attribute this benefit to sleep-related consolidation, during which the newly 

acquired memory may be reactivated via hippocampal replay, facilitating its integration into 

long-term neocortical stores (e.g., Davis & Gaskell, 2009; Lewis & Durrant, 2011; Klinzing et 

al., 2019; McClelland, 2013; Paller et al., 2021; Rasch & Born, 2013; Stickgold, 2005). 

Alternatively, sleep may protect newly encoded memories from external interference, 

resulting in less forgetting (Jenkins & Dallenbach, 1924; Yonelinas et al., 2019).  

 

Over the last 20 years, a growing body of evidence suggests that sleep may play a broader 

role in human memory than just consolidating or protecting previously encoded materials 

(e.g., Horváth et al., 2016; Lewis & Durrant, 2011; Lutz et al., 2017). One strand of research 

in this area is how sleep influences false memory, in which people remember events or 

items that never occurred (e.g., Calvillo et al., 2016; Darsaud et al., 2011; van Rijn et al., 

2017). The Deese-Roediger-McDermott (DRM) paradigm is perhaps the most widely used 

paradigm for eliciting false memories in the laboratory (Deese, 1959; Roediger & 

McDermott, 1995). Here, participants study lists of related words (“studied words”, e.g., 

nurse, hospital, sick). Not presented, however, is a “critical lure”, which represents the gist 

of each list (e.g., doctor). In a subsequent memory test, participants are likely to 

erroneously recall the critical lures or identify the lures as previously seen, despite not 

having been exposed to them. This DRM false memory effect has been widely studied and 

replicated across age groups (e.g., Colombel et al., 2016; Sugrue & Hayne, 2006), speakers 

of different languages (e.g., Bialystok et al., 2020; Dehon et al., 2011), presentation 

modalities (e.g., Cleary & Greene, 2002; Smith & Hunt, 1998), and various delay intervals 

between wordlist presentation and the subsequent memory test (e.g., from a few minutes 

to 60 days later; McDermott, 1996; Seamon et al., 2002). Of these, several studies have 

tested whether a delay interval containing a period of sleep (vs. wakefulness) influences the 

incidence of false memory in the DRM paradigm (e.g., Fenn et al., 2009; Payne et al., 2009; 
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McKeon et al., 2012). However, these studies have produced conflicting results, and the 

role of sleep remains elusive. Before going into the details of the inconsistencies in the 

existing ‘Sleep x DRM’ literature, we first consider how DRM false memory arises and how 

sleep may influence this process. 

 

How does DRM false memory arise? 

Two theoretical accounts dominate the DRM literature: Fuzzy-Trace Theory (Brainerd & 

Reyna, 1998) and Activation/Monitoring Framework (Roediger et al., 2001). Below, we 

briefly consider how each of them accounts for the emergence of DRM false memory (for a 

comprehensive review, see Gallo, 2010). 

 

According to Fuzzy-Trace Theory, encoding a DRM wordlist creates two types of memory 

representations: (i) a verbatim trace that captures the surface forms of the experienced 

items (e.g., font, colour, voice) and (ii) a gist trace that captures the items’ semantic content 

and their relationships. These traces are stored in parallel, but forgetting rates are generally 

higher for verbatim than for gist traces. At the subsequent memory test, an individual can 

retrieve the verbatim and/or the gist traces, depending on factors such as their availability 

and contextual cues. Verbatim retrieval leads to a vivid recollection, supporting recall and 

recognition of the studied list words and simultaneously suppressing false memories (i.e., 

the unpresented critical lures). On the other hand, while the retrieval of the gist traces also 

supports veridical recall, it may trigger DRM false memory because list words (e.g., nurse, 

hospital) and the lures (e.g., doctor) share overlapping semantic content.  

 

The Activation/Monitoring Framework is also a dual-process theory but the two processes 

are cognitive operations, instead of memory representations. The first process, activation, 

is built upon the notion of spreading activation in associative networks, where words are 

interconnected based on semantic relatedness (Anderson & Pirolli, 1984; Collins & Loftus, 

1975; Mak, 2019). It posits that when a DRM wordlist is encoded (or retrieved), activation 

from these list words will spread to the unpresented critical lures since they were 

semantically related, potentially resulting in DRM false memories. However, at the point of 

retrieval, activation of the lures could be suppressed by the second process, known as 

monitoring. It assumes that since many words were previously activated, an individual will 
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need to use source monitoring (Johnson et al., 1993) to separate out items that lack 

diagnostic features of prior presentations, such as the sensory details or cognitive processes 

at encoding. While monitoring can suppress false memories, it can also suppress veridical 

memories when the studied list words lack such diagnostic features.  

 

Both theories can account for nearly all findings in the existing DRM literature (see Chang 

and Brainerd, 2021 for a review); less clear, though, is how they may explain a potential 

role of sleep in the emergence of DRM false memory. Below, we first consider both theories 

before turning to other theories that are primarily concerned with the effect of sleep on 

memory consolidation. 

 

Sleep and DRM false memory 

DRM false memories can emerge at any point of memory formation: encoding, 

consolidation, and retrieval (Straube, 2012). If sleep has an effect on DRM false memories, 

it is likely to reside in the consolidation stage where the memory traces are stabilised and 

strengthened. Consolidation occurs in both waking and sleep, but sleep may be particularly 

conducive to consolidation due to (i) its unique physiological and neurochemical properties, 

and/or (ii) the fact that there is limited incoming sensory information during sleep. Our 

study is not intended to tease these apart and any potential sleep-related effects can be 

attributed to either or both (interested readers can refer to Dastgheib et al. (2022) and 

Paller et al. (2021) for in-depth discussions). 

 

We begin by considering how Fuzzy-Trace Theory may predict an effect of sleep on DRM 

false memory. At present, it is difficult to generate a clear prediction from it, because there 

are multiple possibilities: Sleep-related consolidation, relative to wakefulness, may boost 

(1) both the verbatim and gist traces equally(2) both traces but with varied strengths (3). 

selectively the verbatim traces, or (4) selectively the gist traces. Each of these possibilities 

leads to a different behavioural prediction. For instance, if sleep selectively boosts the 

verbatim trace, it should increase vivid recollection and memories for the list words, which 

may, in turn, help suppress the gist trace, reducing the instance of DRM false memory. On 

the other hand, if sleep selectively boosts the gist trace, it may lead to an increase in DRM 

false memories. In short, how Fuzzy-Trace Theory may predict the effect of sleep on DRM 
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false memory remains an open question. In contrast, the Activation/Monitoring Framework 

seems to make a clearer prediction such that DRM false memory may increase after sleep 

(vs. wake; Landmann et al., 2014; Newbury & Monaghan, 2019). Some existing evidence 

suggests that a period of sleep (vs. wakefulness) may be more conducive to spreading 

activation (Cai et al., 2009; Sio et al., 2013), potentially because incoming sensory 

information is limited (Landmann et al., 2014) and/or because a particular sleep stage plays 

a key role in promoting spreading activation (Cai et al., 2009; Stickgold et al., 1999; but see 

Beijamini et al., 2014). If spreading activation is more effective during sleep (vs. wake), this 

should increase the chance of activation circulating into or being maintained within the 

critical lures, resulting in more DRM false memories. 

 

Similarly, the information Overlap to Abstract (iOtA) model also makes the same 

behavioural prediction. Specifically, it proposes that sleep selectively strengthens the 

overlapping element of a set of related memories (Lewis & Durrant, 2011), which in the 

case of a DRM wordlist would be the critical lure. The iOtA model, therefore, makes an 

explicit prediction that post-encoding sleep (vs. wakefulness) will increase the likelihood of 

the lures being falsely remembered. While the iOtA and Activation/Monitoring models may 

make the same behavioural prediction, their underlying cognitive mechanisms are 

somewhat different. For iOtA, it is posited that memory is reactivated during sleep-related 

consolidation such that elements unique to each memory (e.g., list words) and elements 

that are shared (e.g., critical lures) would be reactivated. These shared elements are 

hypothesised to be selectively strengthened over sleep. As for the Activation/Monitoring 

Framework, it may assume that sleep increases spreading activation to not only the lures 

but also the non-shared elements, albeit to a lesser extent (e.g., gentle is not a medical 

word, but it may be falsely remembered because it is associated with nurse). In sum, the 

iOtA and Activation/Monitoring models arrive at the same behavioural prediction via 

different cognitive mechanisms, with the former focussing solely on the shared elements 

and the latter less so. 

 

Interestingly, however, a post-sleep reduction in DRM false memory has also been 

predicted. If sleep soon follows DRM encoding, the verbatim trace and/or activation for the 

list words may be stabilised and strengthened by sleep-related consolidation, enhancing 
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retention of the studied list words (e.g., Lahl et al., 2008; McKeon et al,. 2012). In turn, this 

may help suppress the gist-trace/lure activation, leading to fewer DRM false memories at 

retrieval. Lo et al. (2014) argued that this view is in line with the synaptic homeostasis 

hypothesis (Tononi & Cirelli, 2006; 2014), which posits that peripheral aspects of an 

encoded memory, such as the sensory details of a studied list word (Mather et al. 1997; 

Norman & Schacter 1997), would be pruned during sleep. Lo et al. (2014) further 

hypothesised that pruning of the contextual details will improve accessibility for the list 

words, subsequently aiding the suppression of the critical lures at test. In contrast to the 

synaptic homeostasis hypothesis, Fenn et al. (2009) appealed to a standard active 

consolidation theory and proposed that the sensory details associated with a list word, 

instead of being pruned, may be better consolidated (or preserved) over sleep (vs. 

wakefulness). In turn, these item-specific sensory details would make the list words more 

distinctive from the lures, facilitating the recall of the verbatim trace and/or source 

monitoring. This may then aid the suppression of false memories at test. Currently, it is 

unclear whether sleep prunes or boosts sensory details associated with list words, and this 

would require more than a behavioural study to tease apart (e.g., Paz-Alonso et al., 2008). 

Regardless, these theories predict that post-encoding sleep (vs. wakefulness) will lead to a 

reduction in DRM false memories, potentially via an increase in veridical memories that 

will, in turn, boost a participant’s ability to suppress the lures. 

 

Finally, while it is possible to generate from some theories a predicted direction of effect, 

other theories are oftentimes not well-specified enough to make this possible. One 

example is Yonelinas et al.’s (2019) contextual binding theory, which attributes sleep-

related benefits in declarative memories to reduced forgetting of an item’s contextual 

information. At present, their definition of “contextual information” was very extensive, 

encompassing any “aspect of the study episode…that links the test item to the specific 

study event” (p. 1). This means that it is possible to conceive “contextual information” as 

the sensory details of the studied words and/or as the gist trace of a list (see Jano et al., 

2021). This underspecification makes it difficult to derive from the theory a clear 

behavioural prediction in the DRM paradigm, highlighting a need for further tightening.  
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Now, having considered the disparate behavioural predictions from established theories 

regarding the effect of sleep on DRM false memory, we turn to the studied list words. The 

theories outlined above differ somewhat in terms of their prediction. On one hand, the 

synaptic homeostasis hypothesis may suggest that signal-to-noise ratio for the list words 

would be improved after sleep, thereby boosting veridical memory (e.g., Lo et al., 2014). 

Similarly, the contextual binding theory also predicts that sleep (vs. wake) will benefit the 

retention of list words as it may reduce forgetting of the list words’ contextual information. 

On the other hand, the iOtA framework takes a more agnostic view. It argues that sleep 

selectively strengthens the shared elements of related memories; less clear is how sleep 

might simultaneously influence the non-overlapping elements themselves (i.e., the list 

words). As for the Activation/Monitoring Framework, different predictions are possible, 

depending on what assumptions are in place. First, if we assume that sleep (vs. wake) 

increases spreading activation by increasing the amount of activation available in an 

associative network, it would be reasonable to predict that studied list words would receive 

more activation and hence be better remembered post-sleep. However, if sleep simply 

makes existing activation spread more widely, activations would become more diffuse, 

resulting in the studied list words being less activated (see Mak et al., 2021a). This may 

potentially lead to poorer veridical memories post-sleep or at least at the same level as 

post-wake. In short, the Activation/Monitoring Framework is perhaps underspecified 

regarding how sleep may simultaneously affect veridical and false memory in the DRM 

paradigm.  

 

The question of whether sleep (vs. wake) affects both DRM false and veridical memory 

parallels the literature on regularity extraction and generalisation. Some have argued that 

generalisation, like gist extraction, is selectively facilitated by sleep consolidation 

(Nieuwenhuis et al., 2013, but see also Mirković & Gaskell, 2016; Tamminen et al., 2012). 

However, retrieval-based models of generalisation would show sleep benefits on 

generalisation only if sleep also strengthened the individual memories on which the 

generalisation operated (Cockcroft et al., 2022; Kumaran & McClelland, 2012). Given these 

theoretical discrepancies, a feature of our planned experiment was to assess the effect of 

sleep versus wake on both studied words and critical lures, although our focus is on the 
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latter given the critical lures have been the primary focus of previous DRM studies reporting 

sleep effects. 

 

Empirical evidence regarding the effect of sleep in DRM false memory 

To the best of our knowledge, there are about 10 published DRM studies to date that have 

compared the effects of overnight sleep vs. daytime wakefulness. Some of them 

demonstrated an increase in false memory after sleep (McKeon et al., 2012; Payne et al., 

2009; Shaw & Monaghan, 2017), consistent with the iOtA and Activation/Monitoring 

models. However, other studies reported no overall effect (Diekelmann et al., 2010) and 

some a reduction in DRM false memories following sleep (e.g., Fenn et al., 2009; Lo et al., 

2014). Complicating the picture further, a few DRM studies suggest that the effect of sleep 

may be affected by a participant’s level of memory performance (indexed by the number of 

correctly recalled list words minus intrusion; Diekelmann et al., 2010)1, the emotional 

content of the studied words (Newbury & Monaghan, unpublished), and a participant’s age 

(Huan et al., 2021). Turning to veridical memories (i.e., studied list words), the evidence is 

also somewhat inconsistent. Some reported greater veridical memories after sleep 

(McKeon et al., 2012; Payne et al. 2009; Experiment 1) while others reported null results 

(e.g., Payne et al., 2009; Experiment 3). In sum, despite prior efforts in examining the effect 

of sleep in the DRM paradigm, the evidence base is weak and somewhat contradictory. This 

highlights a clear need for research aimed at reconciling the existing literature. 

 

Motivated by the inconsistent evidence, Newbury and Monaghan (2019) conducted a meta-

analysis on 12 DRM experiments that compared the effects of sleep vs. wakefulness (see 

Chatburn et al., 2014 for a meta-analysis on fewer studies). They reported that while sleep 

did not have a consistent effect on either false or veridical memories, the effect of sleep 

was moderated by a key factor: the number of related words in a DRM list. Specifically, they 

found a consistent post-sleep increase in DRM false memories when a study used short 

wordlists (N = 10 words/list), but no consistent sleep effect among studies that used longer 

lists (N = 12 or 15 words/list). To explain this finding, Newbury and Monaghan (2019) 

appealed to the level of initial encoding. First of all, wordlists containing fewer related 

 
1 We explored this potential moderator in an exploratory analysis (available on OSF). 
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words are known to reduce the incidence of DRM false memory (Robinson & Roediger, 

1997). Potentially, this is because the gist trace is less prominent. Or, since a short list 

necessarily activates few list words, the amount of activation in an associative network 

should be relatively low, in turn reducing the likelihood of activation spreading to the lures. 

In other words, false memory for the lures may be fairly weak at study, leaving more room 

for post-encoding sleep to exert an influence, which as described, may promote gist 

extraction (Lewis & Durrant, 2011) and/or spreading activation (Cai et al., 2009; Sio et al., 

2013). The possibility that a sleep effect may be more consistent when the lures are weakly 

encoded/activated at study is compatible with prior findings that declarative memories 

encoded with a lower strength (but not at floor) are more likely to benefit from sleep-

related consolidation, as these memories may be prioritised for consolidation due to them 

having a greater need of being stabilised (e.g., Denis et al., 2021; Payne et al., 2012; 

Schapiro et al., 2017).  

 

If sleep indeed increases DRM false memories in short lists, this will pose a challenge to 

theories that predict a post-sleep reduction in DRM false memories (e.g., Fenn et al., 2009); 

in contrast, this will provide support for theories that predict the opposite (e.g., iOtA, 

spreading activation). Therefore, examining the effect of sleep in short wordlists provides 

us with an opportunity to evaluate competing theories. Furthermore, although Newbury 

and Monaghan’s (2019) meta-analysis provided evidence that can potentially reconcile the 

existing evidence base and pointed us towards the most conducive parameter for detecting 

a sleep effect in the DRM paradigm (i.e., short list length), the literature lacks a well-

powered empirical study that tests the validity of this parameter. This is especially 

important when most prior ‘Sleep x DRM’ studies had relatively small sample sizes. For 

instance, across nine studies (representing 12 separate experiments) included in Newbury 

and Monaghan’s (2019) meta-analysis, the median number of participants/group was 27.6 

(SD = 17.5). Small sample sizes per se are not an issue if the comparison of interest  has a 

large effect size; however, this is unlikely to be the case for the effect of sleep in DRM false 

memory, which seems to have an effect size smaller than Cohen’s d = 0.5 (at least when 

longer lists are used; Newbury & Monaghan, 2019). It is estimated that in order to achieve 

>80% statistical power (alpha = 0.05) to detect such an effect size, at least 65 participants 

per group are needed (Brysbaert, 2019). We, therefore, have reasons to hold a slightly 
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sceptical view of prior findings, which leads us to propose a well-powered DRM experiment 

to evaluate the effect of sleep in short DRM lists. By doing so, we will be able to build a 

more sound empirical base for existing and future theories to exploit. 
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Experiment 

1. Overview 

It is possible to index DRM false memory via free recall or recognition (e.g., Stadler et al., 

1999). In this experiment, we used free recall only, because recall tends to be more prone 

to sleep-related memory effects than recognition (Newbury & Monaghan, 2019; see also 

Berres & Erdfelder, 2021; Diekelmann et al., 2009; Lipinska et al., 2019). Our experiment 

comprised a study and a test phase. In the study phase, a participant encoded 20 short 

DRM wordlists, with each containing 8 words. Short lists were chosen because Newbury 

and Monaghan’s (2019) meta-analysis pinpointed a clear sleep effect in these lists. In the 

test phase, participants recalled the wordlists in a free recall procedure.  

 

Participants were randomly assigned to one of the four groups: AM-control, PM-control, 

Sleep, or Wake. Those assigned to the control (aka Immediate) groups carried out the test 

phase immediately after the study phase, with those in the AM group starting at 9AM (± 

1hr) and those in the PM group starting at 9PM (± 1hr). No difference in false or veridical 

recall was expected between these groups, as prior DRM studies (e.g., Fenn et al., 2009; 

Monaghan et al., 2017; Payne et al., 2009) have consistently demonstrated that immediate 

recall was equivalent between morning and evening. The inclusion of these control groups 

helped rule out potential circadian effects on encoding and retrieval (and relatedly, 

monitoring in the Activation/Monitoring Framework). Finally, participants assigned to the 

Sleep and Wake groups (collectively referred to as the Delay groups) started the test phase 

approximately 12 hours after the study phase. Those in the Wake group studied the DRM 

wordlists in the morning (9AM ± 1hr) and completed the test phase in the evening (9PM ± 

1hr) on the same day. Those in the Sleep group encoded the wordlists in the evening (9PM 

± 1hr) and completed the test phase in the morning (9AM ± 1hr) the next day.  

 

2. Research questions and corresponding predictions 

This experiment set out to address a key question (see Appendix A for details): 

#1 Does overnight sleep (vs. daytime wakefulness) influence DRM false recall? 

Our prediction was based on the meta-analysis by Newbury and Monaghan (2019), who 

reported that when a study used short lists, sleep consistently increased DRM false 
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memory. We, therefore, predicted a post-sleep (vs. post-wake) increase in DRM false recall, 

whereas there would be no such difference between the AM- and PM-control groups. 

 

Our study also addressed a peripheral question: 

#2 Does overnight sleep (vs. daytime wakefulness) increase veridical recall of the 

studied list words?  

Again, our prediction was based on Newbury and Monaghan (2019), who found that sleep 

benefits veridical memory in short lists. We therefore predict that veridical recall would be 

greater post-sleep than post-wake, whereas there would be no such difference between 

the AM- and PM-control groups. 

 

3. Design 

#1 Does overnight sleep (vs. daytime wakefulness) influence DRM false recall? 

For this question, the dependent variable was whether a critical lure is recalled or not (i.e., 

binary). There were two independent variables: Interval (Immediate vs. Delay) and Test 

Time (9AM vs. 9PM)2, both of which were manipulated between-participants. In other 

words, the four groups were coded as in Table 1: 

 

Table 1 

How the four groups were coded using Interval and Test Time 

Groups  Interval  Test Time 

AM-control = Immediate + 9AM 

PM-control = Immediate + 9PM 

Sleep = Delay + 9AM 

Wake = Delay + 9PM 

 

To address Research Question #1, we first tested if any difference between the Sleep and 

Wake groups was significantly different from that between the AM- and PM-control groups 

 
2 In our Stage-1 proposal, we proposed that the study and test phases would start at 9:30AM/PM (±1hr). However, due to an 

oversight, both phases started half an hour earlier, at 9:00AM/PM (±1hr) instead.  
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(i.e., an interaction between Interval and Test Time). This is important because it allows us 

to rule out time-of-day effects. Then, we tested for the simple effect of Test Time (9AM vs. 

9PM) within the Immediate and Delay groups. If there is (1) a significant Interval x Test Time 

interaction and (2) a significant Test Time effect within the Delay groups (Sleep > Wake), we 

will be able conclude that sleep (but not time-of-day) increases false recall. 3 

 

#2 Does overnight sleep (vs. daytime wakefulness) increase veridical recall of the 

studied list words?  

For this research question, the dependent variable was whether a studied list word was 

recalled or not (i.e., binary). As per Question #1, there were two between-participant 

manipulations: Interval (Immediate vs. Delay) and Test Time (9AM vs. 9PM). We first tested 

if there was an interaction between Interval and Test Time. Then, we tested for the simple 

effect of Test Time within the Immediate and Delay groups. Note that this research 

question is secondary to the first. 

 

4. Target sample size and stopping rules 

Our target sample size was 120 participants/group (i.e., 480 participants in total), defined 

as those who remained in the sample after applying the exclusion criteria outlined in 

section 9. This sample size gives us >=90% power to detect all the desired effects for our 

Research Questions (See Appendix B for a detailed power analysis). 

 

5. Recruitment 

5.1. Online recruitment. Participants were recruited online via Prolific 

(https://www.prolific.co/). All participants completed the experiment unsupervised and at a 

location of their own choosing. We chose online testing, as opposed to lab-based testing, 

for at least two reasons. First, given the unpredictability of the COVID-19 pandemic, we did 

not want to risk the possibility of data collection being disrupted. Second, given the time 

 
3 Prior studies in the ‘Sleep x DRM’ literature (e.g., Fenn et al., 2009; Payne et al., 2009) conducted two separate statistical tests, one 

comparing Sleep vs. Wake, another comparing AM- vs. PM- controls. They then concluded that Sleep had an effect on DRM false memory 

beyond time-of-day effects when Test Time was significant in the Sleep vs. Wake comparison (p < 0.05) but not in the AM vs. PM 

comparison (p > 0.05). Unfortunately, however, this is not sufficient (Nieuwenhuis et al., 2011), as “the difference between ‘significant’ 

and ‘not significant’ is not itself statistically significant” (Gelman & Stern, 2006). Therefore, in order to rule out time-of-day effects, one 

needs to show that Sleep vs. Wake is significantly different from AM vs. PM-control. This can be captured by an Interval x Test Time 

interaction. 



15 

 

limit on the funding for this work, it would have been logistically difficult to reach the target 

sample size were the study conducted in person. 

 

One key concern associated with online testing is data quality. This stems from the fact that 

researchers cannot monitor participants during an online experiment. However, it has been 

repeatedly demonstrated that as long as appropriate measures are taken (e.g., Rodd, 2019; 

Curtis et al., 2022), data quality from online experiments is no different from lab-based 

experiments (e.g., Anwyl-Irvine et al., 2020; Barnhoorn et al., 2015; Mak & Twitchell, 2020; 

Mak et al., 2021b). Furthermore, two recent online studies using the same experimental 

design (Ashton & Cairney, 2021; Mak et al., 2023a) found clear evidence of a sleep benefit 

in the classic paired-associate learning paradigm, replicating well-established evidence from 

lab-based experiments (e.g., Lo et al., 2014; Plihal & Born, 1997). Importantly, the effect 

sizes for sleep from these online studies were roughly equivalent to those reported by lab-

based studies. Together, these suggest that it is possible to detect sleep-related memory 

effects in online experiments, as long as the appropriate measures are put in place. These 

are detailed in the Procedures section (#8) below. 

 

5.2 Recruitment method. Following two previous sleep studies conducted via Prolific (Mak 

et al., 2023a; 2023b), we put a short survey on the platform to recruit a pool of participants 

(N = 2296). This survey is available in Appendix C and was hosted on Qualtrics. The first half 

of the survey asked for basic demographic information: gender identity, age, current 

country of residence, first language, ethnicity, highest education attainment, and history of 

developmental/sleep disorders (if any). The survey then provided a brief outline of the 

main study. It stated that if enrolled, participants would be randomly allocated to one of 

the four groups and that no preferences would be accommodated. Participants then 

indicated whether they would like to enroll in the main study. Of the 2296 respondents, 

1940 expressed interest in taking part, who were then screened for their eligibility (see 

inclusion criteria below). Those who fitted our inclusion criteria were then randomly 

allocated to one of the four experimental groups. A private message was sent to each 

participant, notifying them of their group allocation. In the end, 534 participants completed 

both the study and test phases. These participants were reimbursed at a rate of ~£9.5/hr.  
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6. Inclusion criteria 

We applied these inclusion criteria to ensure comparability with prior studies (e.g., Fenn et 

al., 2009; McKeon et al., 2012; Payne et al., 2009; Shaw & Monaghan, 2017): 

1. Aged 18-25 

2. Speaks English as (one of) their first language(s) 

3. No known history of any psychiatric (e.g., schizophrenia), developmental (e.g., 

dyslexia) or sleep (e.g., insomnia) disorders 

4. Currently resides in the UK, indexed by their IP address (since this experiment 

requires participants to complete each phase at a certain time of day, it is necessary 

to restrict the location to prevent participants from taking the study in different 

time zones) 

5. Normal vision or corrected-to-normal vision 

6. Normal hearing 

7. Able to complete the study using a laptop or a desktop PC 

8. Able to complete both the study and test phases 

9. Has an approval rate of >96% on Prolific. This helps ensure that a participant has a 

tendency to take online studies seriously. 

 

7. Materials 

Prior studies in the DRM literature typically showed 8 to 15 words per list (e.g., Fenn et al., 

2009; Shaw & Monaghan, 2017; Swannell & Dewhurst, 2013). Generally, within this range, 

showing fewer words reduces false recall rates (Robinson & Roediger, 1997; Swannell & 

Dewhurst, 2013; see also Alakbarova et al., 2021). However, showing even fewer words per 

list (e.g., 3) results in floor or near-floor rates (Robinson & Roediger, 1997). Given that sleep 

seems to have a larger effect on false memory when the gist trace or lure is encoded at a 

medium level during study (Newbury & Monaghan, 2019), we opted for 8 words per list. 

 

We  made use of 20 DRM wordlists (see Table 2), taken from Roediger et al. (2001). Each list 

contained 8 semantically related words, and as per the standard DRM paradigm, they were 

arranged in a descending order of associative strength to the critical lures. A participant 

studied all 20 lists. We note that the original DRM lists by Roediger et al. (2001) were 

tailored for American participants, and two words (e.g., trash, Mississippi) were not 
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immediately relatable to people in the UK. We, therefore, changed these words (e.g., trash 

→ rubbish), as noted in Table 2.  

 

We acknowledge that previous studies in the ‘Sleep x DRM’ literature typically showed 

participants 8 to 16 lists (e.g., Payne et al., 2009; McKeon et al., 2012), so our participants 

studied more wordlists (i.e., 20). However, since we showed relatively few words per list, 

the total number of studied words was comparable to prior studies (i.e., 160 in the current 

vs. 96 to 225 in prior studies). Furthermore, an advantage of showing more wordlists is that 

more critical lures could be recalled (i.e., 20 lists = 20 lures), potentially increasing 

variability between participants and hence our ability to detect sleep-related effects. 
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Table 2 

The 20 DRM wordlists used in the experiment 

 
Critical lure of 

each list 

False recall probability 

(Roediger et al., 2001) List items (arranged in the order of presentation in study) 

Window 65 door, glass, pane, shade, ledge, sill, house, open 

Sleep 61 bed, rest, awake, tired, dream, wake, snooze, blanket 

Doctor 60 nurse, sick, lawyer, medicine, health, hospital, dentist, physician 

Smell 60 nose, breathe, sniff, aroma, hear, see, nostril, whiff 

Chair 54 table, sit, legs, seat, couch, desk, recliner, sofa 

Smoke 54 cigarette, puff, blaze, billows, pollution, ashes, cigar, chimney 

Sweet 54 sour, candy, sugar, bitter, good, taste, tooth, nice 

Rough 53 smooth, bumpy, road, tough, sandpaper, jagged, ready, coarse 

Needle 52 thread, pin, eye, sewing, sharp, point, prick, thimble 

Rubbish  49 garbage, waste, can, refuse, sewage, bag, junk, trash (Note 1) 

Anger 49 mad, fear, hate, rage, temper, fury, ire, wrath 

Soft 46 hard, light, pillow, plush, loud, cotton, fur, touch 

City 46 town, crowded, state, capital, streets, subway, country, New York 

Cup 45 mug, saucer, tea, measuring, coaster, lid, handle, coffee 

Cold 44 hot, snow, warm, winter, ice, wet, frigid, chilly 

Mountain 42 hill, valley, climb, summit, top, molehill, peak, plain 

Slow 42 fast, lethargic, stop, listless, snail, cautious, delay, traffic 

River  42 water, stream, lake, Thames (Note 2), boat, tide, swim, flow 

Spider 37 web, insect, bug, fright, fly, arachnid, crawl, tarantula 

Foot 35 shoe, hand, toe, kick, sandals, soccer, yard, walk 

Note 1. In Roediger et al. (2001), the critical lure for this list was trash, with rubbish being one of the list items. We used 

rubbish as the critical lure and trash as a list item because the former is the preferred term in British English.  

Note 2. The original word in Roediger et al. was Mississippi. We replaced it with Thames.   
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8. Procedures 

The procedure of the study is summarised in Figure 1. The study was hosted on Gorilla 

(www.gorilla.sc; Anwyl-Irvine et al., 2020). A study phase took approximately 11 minutes. 

Here, participants first gave informed consent, completed a language/attention check, 

rated their level of sleepiness on the Stanford Sleepiness Scale (SSS; Hoddes et al., 1973), 

and viewed 20 DRM wordlists. 

 

Immediately afterwards, participants in the AM/PM-control groups carried out the test 

phase. For those in the Delay groups, the test phase took place approximately 12 hours 

later. Here, both the Immediate and Delay participants rated their level of sleepiness on SSS 

and completed a short survey concerned with, for example, morningness/eveningness 

preference (rMEQ; Adan & Almirall, 1991) and sleep duration/quality the night before (see 

Appendix D for the full survey). This survey helped determine whether the four groups 

were matched in terms of time-of-day preference and whether data from a participant 

needed to be discarded as a result of meeting the exclusion criteria described in section 9. 

Finally, the test phase concluded with a 10-minute free recall task where participants 

recalled as many of the words as they could from the previously seen wordlists. 

 

Figure 1 

Experimental procedure 



20 

 

8.1. Exposure to the DRM wordlists.  On the instruction page, participants were told 

that they would see some English words presented one after the other on the computer 

screen. They were asked to pay close attention to the words because they would be tested 

on them later on. No specific instruction was given regarding the subsequent test format.  

 

During presentation, words in each DRM list were presented visually, 4 in a fixed order and 

arranged in descending associative strength to the unpresented critical lure (see Table 2 for 

order). Each list began with a fixation for 1 s, followed by the first word in a list. Each word 

was shown for 1 s, in a lowercase black font (Arial, size 26) on a white background, and 

separated by a 500-ms interstimulus interval. After presentation of the final word in a list 

was 5 s of blank screen. List order was randomised, and each list was seen once.  

 

There was a surprise attention check after the 4th, 9th, 13th, 18th lists, where participants 

saw an erroneous maths equation such as “3 + 3 = 11”. It was presented for 1 s, in the same 

font and style as the list words (Thomas & Clifford, 2017). Immediately afterwards, 

participants were asked to report what 3 + 3 was according to what was just shown.  

 

8.2. Free Recall.  Participants had 10 mins to type out all the words they could 

remember from the study phase in a textbox. When there was 2 min left, a timer appeared. 

Participants could not proceed before the time was up.  

To maximise the likelihood that participants paid full attention instead of doing 

something else (e.g., playing with their phone) during recall, there was an attention check 

throughout: On the same page as the response textbox, there was a white square that 

turned red every 2 to 3 mins. The change in colour lasted for 10 s, during which a single 

digit was shown. Participants had to enter the digit into a separate textbox to show that 

they were paying attention. Throughout the 10-min recall task, the square turned red four 

times, so participants needed to enter four digits as they attempted the recall task. 

 

 
4 Newbury and Monaghan (2019) found no evidence in their meta-analysis that the modality of presentation modulated the effect of 

sleep. However, in a set of three experiments, Fenn et al. (2009) used auditory presentation in one of them and visual in the other two. As 

far as we are aware, this is the only study in the ‘Sleep x DRM’ literature that had used both modalities in the same set of experiments. 

Sleep appeared to have a larger effect on false memory when visual (vs. auditory) presentation was used. Given this, we opted for visual 

presentation in the current experiment.  
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8.3. Additional measures to ensure data quality. At the start of the study phase, 

participants were encouraged to take the experiment seriously and were informed that 

their participation would contribute to science. After rating their level of sleepiness, 

participants must pass a language/attention check. This involved the auditory presentation 

of a short story. Replay and pausing were not permitted. Participants then answered two 

simple comprehension questions based on the story. Failure to answer both questions 

correctly led to their data being excluded from further analysis. These questions helped to 

ensure that participants could indeed understand English and were in a reasonably quiet 

environment. Next, to prevent participants from multitasking on the computer, both the 

study and test phases required participants to enter full-screen mode. Participants were 

told that exit from full-screen mode during the study may lead to no payment. This was 

made possible by Gorilla, which recorded the browser’s and the monitor’s sizes. At the end 

of the study phase, participants were asked to describe how they learnt the words in a 

sentence. Participants who said they wrote down or similarly recorded the words were 

excluded from further analysis. 

 

9. Exclusion criteria  

Exclusion was applied on the participant level. A participant’s dataset was excluded from 

further analysis and replaced, if  

1. they exited full-screen mode in any of the phases. 

2. they failed the language/attention check at the start of the study. 

3. they reported to have written down or recorded the wordlists during the study 

phase. 

4. (Sleep and Wake groups only) they reported consuming any alcoholic drinks 

between study and test. 

5. (Sleep group only) they reported to have had fewer than 6 hours of overnight sleep 

prior to test or rated their sleep quality as poor or extremely poor.  

6. (Wake group only) they reported to have had a nap between study and test. (N = 11) 

7. they failed more than one of the four attention checks (i.e., 3 + 3 = 11) at study.  

8. they failed to report more than one of the four digits in the attention check of free 

recall. (N = 12) 

9. they submitted a blank response in free recall.  
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10. Their number of correctly recalled words is 3 standard deviations above or below 

the mean number of correct recalls of the first 480 participants who completed the 

study (see Footnote5 for an explanation of why this criterion was not followed). 

11. their completion time for either the study or test phase was 3 standard deviations 

above or below their respective mean completion time of the first 480 participants 

who completed the study. 

 

10. Participants 

Of the 534 participants who completed both the study and test phases, 46 were excluded 

for meeting one or more of the exclusion criteria. The full list of excluded participants and 

their respective reason for exclusion is available on OSF (see exclusion_OSF.csv). Our final 

sample size comprised 488 participants, with 124 in each of the Immediate groups, and 120 

in each of the Delay groups. Group characteristics are summarised in Table 3.  

 

Table 3 

Group characteristics 

Characteristics Immediate- 

AM 

Immediate- 

PM 

Sleep  

(aka Delay-AM) 

Wake 

(aka Delay-PM) 

N before exclusion 130 127 134 143 

N after exclusion 124 124 120 120 

Mean age (SD) 22.24 (2.18) 22.34 (2.03) 22.18 (1.93) 22.25 (1.93) 

Gender 

(Female:Male: 

Other) 

64 : 54 : 2 77 : 46 : 1 62 : 57 : 1 58 : 61 : 1 

% participants 

identified as 

ethnically white 

78.2% 73.4% 81.7% 80% 

 
5 Contrary to our a priori prediction, the distribution of veridical recall had a clear positive skew (Range = 1-104; Median = 16; Mean = 

19.13; Shapiro-test: p <.001), making standard deviation an undesirable measure of variability. Instead of standard deviation, we could 

use e.g., interquartile range. However, our pre-registration did not specify a threshold when an alternative is to be used (e.g., 1.5 or 3 

IQR), so we were reluctant to go down the route of setting an arbitrary threshold post hoc. Furthermore, the intended purpose of this 

exclusion criterion was to exclude participants who might have cheated by writing down all the words (e.g., achieving near-ceiling 

accuracy). However, even the best performer only recalled 104 (or 65%) of the studied list words, so we are inclined to believe that no 

cheating had occurred. We, therefore, decided to remove this exclusion criterion and not to replace it.  
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Mean SSS rating 

at study (SD) 

2.58 (0.98) 2.64 (1.12) 2.66 (0.96) 2.58 (0.98) 

Mean SSS rating 

at test (SD) 

2.73 (1.04) 2.95 (1.29) 2.63 (1.21) 2.67 (1.18) 

Mean rMEQ 

score (SD) 

15.89 (1.67) 15.59 (1.91) 15.72 (1.83) 15.53 (1.99) 

Mean N of 

intervening hr 

between study 

& test (SD) 

NA NA 12.22 (0.74) 12.14 (0.81) 

Notes. (1) SSS stands for Stanford Sleepiness Scale and ranges from 1 to 6, with higher 

values indicating greater sleepiness. (2) rMEQ stands for reduced Morningness/Eveningness 

Questionnaire; it ranges from 5 to 25, with higher values indicating greater morningness 

preference. 

 

Prior to the confirmatory analyses, we first checked if the four groups were matched on 

their morningness/eveningness preference and degree of sleepiness at study/test (as 

indexed by the Stanford Sleepiness Scale). These are summarised in Table 3. We compared 

the four groups on each of the measures using one-way ANOVAs, which showed no 

significant differences (SSS at study: F = 0.21, p = .888; SSS at test: F = 1.63, p = .183; rMEQ: 

F = 0.97, p = .408). We also compared the Sleep and Wake groups on the number of 

intervening hours between study and test using a between-participant t-test, which 

revealed no significant difference [t(236.16) = 0.86, p = .389]. In sum, our four groups were 

well-matched on these potentially confounding factors. 

 

11. Data pre-processing 

The free recall data were pre-processed. The first step was to remove any duplicate 

responses. The second was to correct all obvious spelling and typing errors to the nearest 

English words, defined as Levenshtein distance ≤ 2 (e.g., *cigerette → cigarette). 6 

Responses with added or dropped inflectional suffixes (i.e., -s, -ed, -ing, adjectival -er) were 

corrected. Responses with derivational changes were considered as intrusions. For 

 
6 If a misspelt response has more than one nearest word, the response was considered as an intrusion. 
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instance, one of the studied words is pollution; if a participant recalled pollutions, the plural 

suffix was dropped; however, if a participant recalled pollutant, this was considered as an 

intrusion.  

 

12. Results of Pre-registered Analyses 

Following prior studies in the ‘Sleep x DRM’ literature, we adopted a frequentist approach 

for all our analyses. The alpha level was set at 0.05. All analyses were conducted in R (R 

Core Team, 2022), and all the graphs were created using the “ggplot2” (Wickham, 2016) 

and “ggdist” (Kay, 2022) packages. 

 

12.1. Positive control.  We checked if our paradigm consistently elicited the well-

established DRM effect across participants. Given free recall, the chance level of a critical 

lure being produced is 0. We submitted the number of critical lures produced by all 

participants (Range: 0 to 20) to a one-sample t-test, with the chance level being 0.  It 

showed that participants were susceptible to false recall [t(487) = 26.96, p < .001], 

providing evidence for the classic DRM false memory effect. 

 

12.2 Control analysis.  Payne et al. (2009) found that participants falsely recalled 

more critical lures post-sleep (vs. post-wake). However, it is possible that participants 

simply had a greater tendency to put down more unseen words after sleep, not because 

sleep increases DRM false recall per se. Therefore, before addressing our key research 

questions, we checked if participants across groups were comparable in terms of their bias 

in producing unseen items. In Payne et al. (2009), this bias was indexed via the number of 

intrusions (i.e., neither the studied nor the lure items), which was roughly equivalent 

between their Sleep and Wake groups (MSleep = 5.6 vs. MWake = 6.2; p = .60) as well as 

between their AM and PM-control groups (MAM = 4.1 vs. MPM = 4.1; p = .99). To check if this 

is the case in our data, we used a 2 (Interval: Immediate vs. Delay) x 2 (Test Time: AM vs. 

PM) Poisson regression. We chose Poisson regression, as opposed to ANOVA, because the 

intrusion data were count data, meaning that data distribution was right-skewed and hence 

unsuitable for ANOVA.  Figure 2 summarises the number of intrusions in each group.  
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Figure 2 

Mean number of intrusions produced, summarised across the four groups. Each dot 

represents an individual participant, and the error bars represent 95% confidence intervals. 

 

 

 

 

 

 

 

 

 

 

 

A 2 x 2 Poisson regression revealed significant effects of Interval (β = 0.372, SE = 0.054, z = 

6.845, p < .001) and Test Time (β = 0.185, SE = 0.056, z = 3.299, p < .001), which were 

qualified by a significant interaction (β = 0.214, SE = 0.072, z = 2.96, p = .003). Given this, we 

tested the simple effects of Test Time within the Immediate and Delay groups using the 

“emmeans” package (Lenth, 2021). Within the Immediate groups, the evening participants 

(M = 5.62, SD = 6.63) produced more intrusions than the morning participants (M = 4.67, SD 

= 5.97) (z = -3.299, p = .001). Likewise, in the Delay groups, the Wake participants, who 

completed free recall in the evening (M = 10.1, SD = 13.65), produced more intrusions than 

the Sleep participants, who completed recall in the morning (M = 6.78, SD = 8.71) (z = -

8.808, p = <.001). Together, our data indicate that participants who attempted free recall in 

the evening (vs. morning) were more prone to intrusions, and this effect was greater in the 

Delay than in the Immediate groups.  

These unexpected findings prompted us to explore whether the number of total 

responses (i.e., studied + lures + intrusions) differed between morning and evening test 

time. Interestingly, this exploratory analysis (see section 13.1) showed no effect of Test 

Time. Together, these suggest that attempting free recall in the evening led to a selective 

increase in intrusions, but not necessarily a global increase in output bias. Finally, given that 

Test Time had a significant effect on intrusions, we followed our pre-registered analysis 
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plan by adding the number of intrusions as a numeric covariate in the 2 x 2 mixed-effects 

models below.  

 

12.3. Confirmatory analysis 1.  This analysis addresses our key research question:  

#1 Does overnight sleep (vs. daytime wakefulness) influence DRM false recall? 

The number of critical lures falsely recalled is summarised across groups in Figure 3. 

 

Figure 3 

Mean number of critical lures falsely generated, summarised across the four groups. Each 

dot represents an individual participant, and the error bars represent 95% confidence 

intervals. 

 

 

 

 

 

 

 

 

 

 

 

A generalised linear mixed-effect model (GLMM) was fitted to the critical lure data on the 

item level (N of observations = 488 participants x 20 critical lures).7 The dependent variable 

was binary: whether a critical lure was recalled or not (1 vs. 0). The fixed effects were the 

number of intrusions a participant produced, Interval (Immediate vs. Delay), Test Time (AM 

vs. PM), and an Interval by Test Time interaction. Interval and Test Time were coded using 

sum contrasts (Barr, 2019). The random-effect structure was determined by the “buildmer” 

package (Voeten, 2021), which automatically found the maximal model that was capable of 

 
7 The use of GLMM is a clear departure from prior ‘Sleep x DRM’ studies, the majority of which addressed the same research question 

using an independent t-test or ANOVA (e.g., Diekelmann et al., 2010; Monaghan et al., 2017; Payne et al., 2009). We explained in 

Appendix E why these statistical tests are usually not appropriate in the context of DRM recall and why GLMM are more advantageous. 
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converging using backward elimination (with the “bobyqa” optimiser). This means that 

model selection started from the maximal model, as justified by the experimental design 

(Barr et al., 2013). The model we reported and based our interpretation on was the most 

maximal model that was capable of converging (see the upper half of Table 4 for the final 

random-effect structure and model output).  

 

Table 4 

Outputs from confirmatory GLMMs examining the effects of Intrusions, Interval, and Test 

Time in false (upper) and veridical (lower) recall. 

False (lure) recall 

Random-effect structure: (Intrusions | Participant.ID) + (1 | Lure) 

 Estimate SE z p 

Intercept -2.328   0.110 -21.253 <.001* 

Intrusions  0.034 0.006 5.487 <.001* 

Interval 
(Immediate vs. Delay) 

0.039 0.042 0.943 .346 

Test Time 

(AM vs. PM) 

0.035 0.041 0.850 .395 

Interval x  

Test Time 

-0.084 0.041 -2.046 .041* 

Veridical (studied word) recall 

Random-effect structure: (Intrusions | Participant.ID) + (Interval | Studied.Item) 

 Estimate SE z p 

Intercept -2.373 0.075 -31.705 <.001* 

Intrusions -0.007 0.005 -1.372 .170 

Interval 
(Immediate vs. Delay) 

0.307 0.040 7.721 <.001* 

Test Time 
(AM vs. PM) 

0.026 0.037 0.691 .489 

Interval x  

Test Time 

-0.124 0.037 -3.324 <.001* 

 

The number of intrusions had a significant effect on lure recall, such that participants who 

produced more intrusions tended to recall more critical lures (z = 5.487, p < .001). There 

were no main effects of Interval or Test Time (zs < 0.95, ps > .34), but there was a 

significant Interval by Test Time interaction (z = -2.046, p = .041). Following our pre-
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registered analysis plan, we proceeded to test the simple effects of Test Time within the 

Immediate and Delay groups, using the “emmeans” package (Lenth, 2021) in R. Among the 

Immediate groups, there was no significant difference in lure recall between the AM-

control and PM-control participants (β = -0.098, SE = 0.114, z = -0.859, p = .390). However, 

among the Delay groups, there was a significant difference (β = 0.239, SE = 0.119, z = 2.00, 

p = .045) such that the Sleep participants (M = 2.73, SD = 2.30) produced more critical lures 

than the Wake participants (M = 2.51, SD = 2.32). 

 

Box 1 

R codes for Confirmatory Analysis 1 

> contrasts(FalseRecall$Interval) <- contr.sum(2)  #sum contrast for interval 

> contrasts(FalseRecall$Test_Time) <- contr.sum(2) #sum contrast for test time 

> library(lme4)  

> library(buildmer)  

> # 2 x 2 GLMM 

> FalseRecallModel <- buildmer(Recalled ~ Interval * Test_Time + (1 | Participant) + (Interval * Test_Time | Item), data = FalseRecall, 

family = "binomial",buildmerControl = buildmerControl(direction='backward', args = list(control=glmerControl(optimizer="bobyqa")))) 

> # Obtain the simple-effects of Test Test within the Immediate and Delay groups 

> library(emmeans) 

> emmeans(FalseRecallModel, pairwise ~ Test_Time | Interval) 

Note. Due to an oversight in our Stage-1 proposal, there was a discrepancy between the proposed R 

code and the verbal description of how the random-effect structures in our mixed-effect models would 

be simplified. In the verbal description, we wrote that the random-effect structures would be simplified 

using backward elimination in the R package “buildmer”, while the R code prescribed ordered 

elimination. We tested both elimination methods on all our confirmatory models, and fortunately, they 

resulted in essentially the same model outputs, so we stuck with backward elimination throughout our 

analysis. 
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12.4. Confirmatory analysis 2.  This analysis addresses the secondary question:  

#2 Does overnight sleep (vs. daytime wakefulness) increase veridical recall of the 

studied list words?  

Figure 4 summarises the number of studied list words correctly recalled across groups. 

 

Figure 4 

Mean number of studied list words correctly recalled, summarised across the four groups. 

Each dot represents an individual participant, and the error bars represent 95% confidence 

intervals. 

 

 

 

 

 

 

 

 

 

 

 

We fitted a GLMM to the veridical recall dataset (N of observations = 488 participants x 160 

studied words). The dependent variable was whether a studied word was recalled or not. 

The fixed effects were the number of intrusions a participant produced, Interval (Immediate 

vs. Delay), Test Time (AM vs. PM), and an Interval by Test Time interaction. The coding 

scheme and computation procedure were the same as in the previous analysis. The model 

output and its random-effect structure are available in the lower half of Table 4. There were 

no significant effects of intrusions (z = -1.372, p = .170) or Test Time (z = -0.691, p = .489). 

However, there was a main effect of Interval (z = 7.721, p < .001) such that participants in 

the Delay groups recalled significantly fewer studied words (M = 15.37, SD = 14.97) than 

those in the Immediate groups (M = 22.77, SD = 13.59), indicating time-dependent memory 

decay. Importantly, there was a significant Interval by Test Time interaction (z = -3.324, p < 

.001), which we broke down with the “emmeans” package as pre-registered. Within the 
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Immediate groups, the evening participants (M = 24.36, SD = 14.60) recalled more studied 

words than the morning participants (M = 21.18, SD = 12.36), although this was not 

statistically significant (β = -0.196, SE = 0.104, z = -1.881, p = .060). Within the Delay groups, 

there was a main effect of Test Time (β = 0.299, SE = 0.107, z = 2.797, p = .005), such that 

the Sleep participants (M = 17.33, SD = 16.59) outperformed their Wake counterparts (M = 

13.41, SD = 12.93). Together, these results support the well-established finding that sleep is 

beneficial to the retention of newly encoded declarative memories. 

 

12.5 Complementary Bayesian analysis Although our inference was based on a 

frequentist approach, we pre-registered to use a Bayesian analysis to complement and test 

the strength of our results (e.g., Dienes, 2014). Bayes Factors were computed for (1) the 

Interval by Test Time interaction in the false and veridical mixed-effect models above, and 

for the simple effects of Test Time within the (2) Immediate and (3) Delay groups. Following 

the procedures in Gilbert et al. (2018), a Bayes Factor was computed using the Bayesian 

Information Criterion (BIC) approximation from two competing GLMMs. For instance, in 

computing the Bayes Factor for the Interval x Test Time interaction, two models were 

needed: An alternative model containing the full fixed-effects structure (Intrusions + 

Interval + Test Time + Interval:Test Time), and a null model lacking the interaction.8 To 

estimate the Bayes Factor, we used the formula e ΔBIC
10

/2, where ΔBIC
10 is the BIC for the null 

model minus the BIC for the alternative model (Masson, 2011; Lindeløv, 2018; 

Wagenmakers, 2007). This produces a Bayes Factor10, which was interpreted with reference 

to Lee and Wagenmakers’ (2014) heuristics. The current BIC approximation method has the 

advantage of being a straightforward solution for mixed-effects models; however, its usage 

remains controversial as it is known to favour the simpler model (i.e., the null hypothesis; 

Lindeløv, 2018; Vandekerckhove et al., 2014; Weakliem, 1999). Table 5 summarises the 

Bayes Factors derived from our mixed-effects models. 

 

 

 

 

 
8 To obtain the Bayes Factor for the simple effects of Test Time, the alternative model will contain Test Time as the sole fixed effect while 

the null model will contain no fixed effects. 
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Table 5 

Bayes Factors for the Interval x Test Time interactions and the simple effects of Test Time in 

the lure and veridical recall data. 

Effects BF10 

False (lure) recall 

Interval x Test Time 0.077 

Test Time in Immediate groups 0.00010 

Test Time in Delay groups 0.00193 

Veridical (studied word) recall 

Interval x Test Time 0.820 

Test Time in Immediate groups 0.00038 

Test Time in Delay groups 0.01763 

Surprisingly, all the Bayes Factors, except for the Interval x Test Time interaction in the 

studied word model, were below 0.1. These, according to Lee and Wagenmakers (2014), 

can be taken as strong evidence for the null hypotheses. In other words, there is a 

discrepancy between our frequentist and Bayesian analyses. We stress that this Bayesian 

analysis is complementary in nature and our primary test of significance remains the 

frequentist test, as pre-registered.   

 

13. Results of Exploratory Analyses 

In this section, we present the results of four exploratory analyses, which explored (1) the 

number of total responses (i.e., studied + lure + intrusions) across groups, (2) the effect of 

dropping intrusions as a covariate from the confirmatory models, (3) the likelihood with 

which a lure being produced is predicted by its corresponding list items being recalled, and 

(4) the semantic distance between intrusions and critical lures. Additional analyses (not 

reported here but available on the OSF) examined, (5) whether veridical recall exhibited the 
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classic U-shaped serial position curve (e.g., Nipher, 1878) 9, (6) whether the effect of sleep 

on lure recall is modulated by veridical recall, as suggested by Diekelmann et al. (2010)10. 

 

13.1 Number of total responses In light of the finding that participants who completed 

free recall in the evening (vs. morning) produced more intrusions, we asked whether this 

was driven by these participants having a greater tendency to put down more responses 

generally. To test this, we calculated the number of total responses by each participant (i.e., 

studied + lures + intrusions), which is summarised across groups in Figure 5.  

 

Figure 5 

Mean number of total responses (i.e., studied + lure + intrusions), summarised across the 

four groups. Each dot represents an individual participant, and the error bars represent 95% 

confidence intervals. 

 

 

 

 

 

 

 

 

 

 

Unlike the intrusion data which had an overall mean of 6.7 and a minimum of 0, the 

number of total responses had a mean of 28.5 and a minimum of 2, suggesting that it is 

better to consider total responses as continuous, as opposed to count, data. As such, we 

used a 2 x 2 between-participant ANOVA to test for the effects of Interval and Test Time on 

the number of total responses, which was log-transformed to give a more normal 

 
9 Outcome: Our free recall data demonstrated a clear U-shaped serial position effect such that the first (1st) and last (8th) items in the DRM 

wordlists were better recalled than those in the middle.  

 
10 Outcome: Inconsistent with Diekelmann et al. (2010), we found no evidence that the effect of sleep on false recall was modulated by 

adjusted veridical recall. 

 



33 

 

distribution. The ANOVA revealed a main effect of Interval [F(1, 484) = 21.35, p < .001], such 

that participants in the Immediate groups (M = 30.5, SD = 15.0) gave more responses than 

those in the Delay groups (M = 26.4, SD = 20.1). However, importantly, there was no 

significant effect of Test Time [F(1, 484) = 1.68, p = .196], and the Interval by Test Time 

interaction was also non-significant [F(1, 484) = 2.39, p = .123]. Together with the intrusion 

data, this exploratory analysis suggests that completing free recall in the evening led to a 

selective increase in intrusions but not necessarily an increase in global response bias. 

 

13.2 Dropping intrusions from confirmatory models As pre-registered, our 

confirmatory analyses included the number of intrusions as a covariate. Here, to better 

understand its influence on the overall results, we explored its removal from our 

confirmatory mixed-effect models.  

For false recall, removing intrusions resulted in a non-significant Interval x Test Time 

interaction (β = -0.061, SE = 0.043, z = -1.41, p = .160). A follow-up emmeans comparison 

also indicated no significant Sleep-Wake difference (β = 0.134, SE = 0.128, z = 1.05, p = 

.293). This suggests that the absolute number of lures being generated did not significantly 

differ between the two groups. To further probe the role of intrusions in lure recall, we 

conducted an exploratory Mann-Whitney U test comparing the Sleep and Wake 

participants on their lure-to-intrusion ratios11; it showed that this ratio was significantly 

greater in the Sleep (Mdn = 0.61 : 1) than in the Wake (Mdn = 0.30 : 1) group (z = -2.82, p = 

.002). In other words, our confirmatory finding of greater lure recall in the Sleep (vs. Wake) 

group is relative in nature and in part reflects a greater lure-to-intrusion ratio after sleep.  

For veridical recall, even without considering intrusions, the Interval x Test Time 

interaction remained statistically significant (β = -0.125, SE = 0.037, z = -3.36, p < .001). A 

further pairwise comparison revealed a significant difference between the Sleep and Wake 

groups (β = 0.281, SE = 0.11, z = 2.55, p = .011), with the Sleep group outperforming the 

Wake group. This suggests that the effect of sleep on veridical recall did not depend on 

whether intrusions were taken into account. 

 

 
11 Since some participants produced 0 lures/intrusions, we added a constant of 0.1 to all values before 

computing the lure-to-intrusion ratios. 
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13.3 Dependency between lure and veridical recall on a list level  Here, we asked 

whether recall probability of a lure (e.g., doctor) is predicted by the number of 

corresponding list items being recalled (e.g., nurse, hospital, sick), and if it does, whether it 

differs between the Sleep and Wake groups. These questions may help shed light on the 

degree to which sleep increases lure recall via processes such as retrieval-induced 

generalisation13 or gist abstraction14, as these processes may predict a different degree of 

interdependence between lure and veridical recall. If sleep (vs. wake) promotes retrieval-

induced generalisation, lure and veridical recall should become more strongly correlated 

with each other after sleep, because better veridical recall for a set of studied words may 

generalise to the corresponding critical lure (or vice versa). On the other hand, we propose 

that if sleep (vs. wake) promotes gist abstraction, lure recall may become less related to or 

dependent on memories for the corresponding list items. This proposal is derived from 

iOtA’s (Lewis & Durrant, 2011) prediction that sleep would selectively boost the overlapping 

gist memory (i.e., the lure) but not necessarily the studied words.  

In this exploratory analysis, we first calculated a participant’s number of correct 

recalls per DRM wordlist (Range = 0 - 8) and used this to predict recall of the corresponding 

critical lure in a generalised mixed-effect model, which had Number of intrusions, Number 

of correct recall per list, Interval (Immediate vs. Delay), Test Time (AM vs. PM), and 

interactions of the latter three variables as the fixed effects (see Appendix F for model 

output). There was a significant three-way interaction (β = 0.062, z = 2.80, p = .005), so we 

broke it down by computing two additional GLMMs, one within the Immediate and another 

within the Delay groups. These models had Number of intrusions, Number of correct recall 

per list, Test Time (AM vs. PM), and an interaction of the latter two as the fixed effects. 

Table 6 summarises the model outputs. 

 

 

 

 

 

 

 
13 Retrieval-induced generalisation:  Retrieval of one word cueing retrieval of a related word (e.g., Berens & Bird, 2017) 
14 Gist abstraction:    Extraction of the central or essential meaning of learned information 
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Table 6 

Outputs from the exploratory generalised mixed-effect models examining the effects of 

intrusions, correct recall per list, and Test Time in false recall. 

 Immediate Delay 

Fixed effects Estimate SE z p Estimate SE z p 

Intercept -3.681 0.153 -24.101   <.001* -3.593 0.154 -23.325  <.001* 

Intrusions 0.070 0.010 6.854 <.001* 0.023 0.007 3.257 .001* 

Correct 

recall/list 

0.656 0.030 22.033   <.001* 0.955 0.042 22.694 <.001* 

Test Time 0.0219 0.0897 0.245     .807     0.165 0.105 1.575 .115 

Correct 

recall/list x 

Test Time 

-0.001 0.026 -0.037     .971 

 

-0.127 0.036 -3.504 <.001* 

 

Across the Immediate and Delay groups, the number of intrusions and correct recall per list 

both had a main effect (ps ≤ .001) such that they were positively correlated with lure recall. 

However, the effect of Test Time was not significant for either group (ps > .11). Finally, the 

Correct recall per list x Test Time interaction was significant for the Delay (z = -3.504, p < 

.001) but not the Immediate groups (z = -0.037, p = .971). To interpret the former, we used 

the R package, “effects” (Fox & Weisberg, 2019), to visualise it (see Figure 6A) and plotted a 

participant’s lure recall probability against their veridical recall rates (see Figure 6B).  
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Figure 6 

(A) Prediction from generalised mixed-effect model on the combined effects of correct 

recall/list and group (Sleep vs. Wake) on false recall (B) Correlation between lure and 

studied word recall rates in the Sleep and Wake groups. Each dot represents an individual 

participant. 

(A)       (B)  

 

        

 

 

 

 

 

 

 

 

Note. Dotted lines/shaded areas represent 95% confidence intervals. 

 

Firstly, the positive correlations indicate that when a participant recalled more studied 

items from a DRM wordlist, they were also more likely to recall the corresponding critical 

lure, suggesting some kind of retrieval-induced generalisation. Importantly, however, this 

effect was significantly weaker in the Sleep (vs. Wake) group. This is striking, especially in 

light of our confirmatory findings that overall, the Sleep participants produced more critical 

lures (with intrusions controlled for) and more studied list items than their Wake 

counterparts. What this exploratory analysis suggests is that after sleep (vs. wakefulness), 

whether a lure was recalled may be less reliant on the retrieval of its corresponding studied 

items (or vice versa). We contend that this provides preliminary evidence for our proposal 

that sleep may have impacted DRM false memory via gist abstraction processes, which 

make the lure more prominent and the studied list words less so. Note, however, that this 

did not rule out the possibility of other cognitive processes being at play. 

 



37 

 

13.4 Semantic distance between intrusions and critical lures As per the classic DRM 

literature, responses that were neither the studied list words nor the critical lures were 

classified as intrusions. For instance, our participants studied nurse, sick, lawyer, medicine, 

health, hospital, dentist, and physician, with doctor as the critical lure. Responses such as 

clinic and coconut would both be considered intrusions, but clearly, clinic is semantically 

more related to the list items. In other words, there is much diversity within the intrusion 

data (e.g., Toglia et al. 1999). Here, we explored whether our four groups differed in terms 

of the semantic distance between intrusions and critical lures, as indexed by pre-trained 

semantic spaces (ukWaC; Baroni et al., 2009) derived from word2vec (Mikolov et al., 

2013).15 We reasoned that since lure recall was greater in our Sleep (vs. Wake) participants, 

their intrusions could potentially be more related to the lures in semantic space (e.g., Mak 

et al., 2023a). To test this, we computed the cosine similarities between each intrusion and 

each of the 20 critical lures (see Table 7 for an illustration). The intrusion-lure pair with the 

highest cosine similarity (i.e., the nearest neighbour) was used for this analysis.  

 

Table 7 

Procedure for the exploratory analysis on semantic distance between intrusions and lures. 

Participant ID Intrusion produced by a participant Lure cosine (in a descending order) 

1 
 

ear 

 

smell 0.405 

1 sleep 0.302 

1 doctor 0.239 

1 window 0.129 
. 

. 

. 

  

Participant ID Intrusion 

produced by a 

participant 

Closest lure cosine Number of 

intrusions 

produced 

Average 

cosine per 

participant 

1 ear smell 0.405  

4 

 

0.347 1 metro city 0.351 

1 heavy slow 0.413 

1 clear slow 0.219 

2 clinic doctor 0.494  

2 

 

0.489 2 beach mountain 0.484 

 

 
15 We additionally used semantic spaces derived from Latent Semantic Analysis (Günther et al., 2015), and the results are essentially the 

same as those reported here (i.e., using word2vec). 
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Since the number of intrusions varied greatly across participants, we averaged the lure-

intrusion cosines on a participant level and used this as the dependent variable. A 2 

(Interval) x 2 (Test Time) between-participant ANOVA revealed no effects of Interval (z = 

2.541, p = .112) or Test Time (z = 0.085, p = .771), and their interaction was also non-

significant (z = .886, p = .347). We explored further by comparing the cosines between the 

Sleep and Wake groups. While this comparison is in the predicted direction (MSleep = 0.381, 

SDSleep = 0.072 vs. MWake = 0.370, SDWake = 0.085), it was not statistically significant according to 

an emmeans pairwise comparison (z = 0.874, p = .383). In sum, while the Sleep (vs. Wake) 

groups produced fewer intrusions overall, we found no evidence that their intrusions 

differed in the degree of semantic relatedness. 

 

14. Results summary 

To help the reader gain a better understanding of the overall picture, Table 8 summarises 

our key findings. 

 

Table 8 

Summary of key findings 

Dependent Variable Interval x  

Test Time  

MAM MPM Pairwise 

comparison 

MSleep  

 

MWake Pairwise 

comparison 

Interpretation 

Confirmatory         

Intrusions  ** 4.67 5.62 *** 6.78 

 

10.10 *** (a) Clear time-of-day effect such 

that evening testing resulted in 

more intrusions  

(b) Above and beyond this 

effect, there were fewer 

intrusions after sleep 

Critical lures  

(Max = 20) 

* 

 

2.41 2.69 NS 2.73  

 

2.51 * Greater false recall in the Sleep 

group, partly reflecting a greater 

lure-to-intrusion ratio after 

sleep 

Studied list words 

(Max = 160) 

*** 

 

21.18 24.36 NS 17.33 

 

13.41 *** Greater veridical recall after 

sleep 

Exploratory         

Total responses NS 

 

28.25 32.67 NA 26.83 26.01 NA Sleep and Wake groups were 

well-matched 

Note. NS = Not significant, * = p < .05, ** = p < .01, *** = p ≤ .001, NA = not applicable (not tested). 
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15. General Discussion 

To-date, about ten published studies (e.g., Fenn et al., 2010; Diekelmann et al., 2010; Payne 

et al., 2009) have asked how overnight sleep (vs. daytime wakefulness) may influence false 

and veridical memories in the DRM paradigm. Despite these prior attempts, the existing 

evidence base was contradictory. A recent meta-analysis (Newbury & Monaghan, 2019) 

attempted to reconcile the literature and identified list length as a potential moderator 

such that sleep may increase false memory when a DRM list contains fewer related words. 

Motivated by this finding, our registered report tested 488 participants, who studied short 

DRM lists (i.e., 8 words/list) and completed free recall either shortly afterwards (AM-

Control & PM-Control) or after a 12-hour delay containing overnight sleep or daytime 

wakefulness. Our registered report represents the most highly powered study to-date to 

examine how sleep (vs. wake) influences DRM false (and veridical) memories, providing a 

firm empirical base for theoretical development.  

Our confirmatory frequentist analyses found evidence of the Sleep (vs. Wake) 

participants producing fewer intrusions, above and beyond any time-of-day effects. They 

also recalled more studied list words. Importantly, when the number of intrusions was 

statistically controlled for, the Sleep participants falsely produced more critical lures. An 

exploratory analysis showed that this partly reflects a greater lure-to-intrusion ratio after 

sleep. Thus, our overall findings suggest that sleep may have had the effect of increasing 

both veridical and DRM false memories while reducing intrusions. Another way of 

describing this pattern is that sleep appears to benefit both (i) the accuracy of participants’ 

memory for the word lists (correct veridical recall), plus (ii) the gist-like nature of the errors 

(fewer arbitrary intrusions and more critical lures). These effects were seen in the context 

of no difference between the sleep and wake groups in the number of total responses. We 

interpret these as potentially suggesting that sleep may have boosted two inter-related 

mechanisms: (1) gist abstraction/spreading activation and (2) memory suppression/source 

monitoring. We expand on this interpretation in the following sections.  

 Surprisingly, our complementary Bayesian analyses revealed moderate-to-strong 

evidence for the null hypotheses in both veridical and false recall, rendering interpretation 

of our findings less straightforward than expected. However, it is worth noting that while 

the current study met the power requirements for our frequentist analyses, it is unclear if it 

met those for a properly powered Bayesian analysis (e.g., Brysbaert, 2019). Therefore, in 
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keeping with our pre-registration, we base our interpretation on the outcomes of our 

frequentist analyses while adopting a cautious stance. 

 

15.1 How do our findings of sleep increasing false and veridical recall but reducing 

intrusions sit with extant theories? 

Lo et al./Fenn et al.’s theories. Our finding of greater false recall post-sleep (with 

intrusions controlled for) seems to contradict Lo et al.’s (2014) theory, which is argued to 

be an extension of the synaptic homeostasis hypothesis (Tononi & Cirelli, 2006; 2014). 

Specifically, Lo and colleagues proposed that peripheral aspects of an encoded memory 

(e.g., sensory details of a studied list word) would be pruned during sleep-related 

consolidation, improving accessibility for the list words, and in turn, aiding suppression of 

the critical lures at test. Lo et al.’s interpretation argues for a post-sleep reduction in DRM 

false memories, which is at odds with our false recall data. Similarly, our finding also argues 

against Fenn et al.’s (2009) interpretation of a standard active consolidation theory, who 

proposed that sensory details associated with a studied list word may be better 

consolidated over sleep (vs. wake), which may, in turn, facilitate suppression of the lures. 

Again, our results do not support this proposal.  

While our false recall data do not support a key prediction from Fenn et al. and Lo et 

al.’s theories, our data cannot dismiss them entirely. This is because our Sleep group 

produced significantly fewer intrusions than the Wake group. This finding has some 

conceptual fit with Fenn et al. and Lo et al.’s theories that sleep may enhance source 

monitoring/memory suppression and hence reduce the incidence of incorrect information 

(including both lures and intrusions).16 Therefore, these theories do have some validity in 

the context of our intrusion (and veridical recall) data, despite not being able to explain our 

greater lure-to-intrusion ratio after sleep. Potentially, as discussed in greater detail below, 

while sleep may benefit source monitoring/memory suppression, the effect of sleep may 

extend to other processes such as gist abstraction and spreading activation, providing a 

plausible explanation to our overall findings. 

Returning to the evidence base on critical lures, we should note that our results 

(using recall) are at odds with some previous studies finding that sleep (vs. wake) reduced 

 
16 We thank Dr Michael Scullin for pointing this out. 
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false recognition of the critical lures (e.g., Fenn et al., 2009). Could recall and recognition 

tests lead to opposite effect of sleep? We think that this is unlikely. First, it is worth 

pointing out that both Monaghan et al. (2017) and Shaw and Monaghan (2017) found that 

post-encoding sleep (vs. wakefulness) enhanced false recognition in young adults. 

Moreover, a study (Wernette & Fenn, 2023) that came out during the preparation of this 

manuscript again showed that sleep increased DRM false recognition (although participants 

encoded the wordlists under a more incidental condition). These later results suggest that 

the evidence for sleep reducing false recognition is rather mixed. Second, while sleep-

related memory effects are known to be larger in recall than in recognition (see Berres & 

Erdfelder, 2021 for a review), the effects of sleep in these memory tests rarely, if ever, 

pattern in opposite directions. Relatedly, a wealth of ‘standard’ DRM studies that did not 

manipulate sleep (e.g., Seamon et al., 2002; Robinson & Roediger, 1997; Smith & Hunt, 

2020; Thapar & McDermott, 2001) investigated how false recall and recognition may be 

modulated by various variables, from list length to personality. To the best of our 

knowledge, the effect of these variables always patterned in the same direction across 

recall and recognition. Given these different strands of evidence, we hold reservations over 

early empirical findings of sleep (vs. wake) reducing false recognition, at least in young 

adults (see Scullin and Bliwise (2015) for a review on older adults). 

 

Fuzzy-Trace Theory This theory argues that studying a DRM wordlist results in two 

memory traces: a verbatim and a gist trace. It is not a sleep theory per se and has no clear 

prediction for how sleep may affect these traces. As outlined in the introduction, we see 

multiple possibilities: Sleep (vs. Wake) may boost both the verbatim and gist traces (1) 

equally, or (2) at varied strength, (3) selectively the verbatim trace, or (4) selectively the gist 

trace. Below, we consider these possibilities in turn. 

We found moderate evidence that the Sleep (vs. Wake) participants had better 

veridical recall, greater lure recall (with intrusion controlled for), and produced fewer 

intrusions. This overall pattern appears consistent with the possibility that both the gist and 

verbatim traces were enhanced by sleep-related memory processes. On one hand, sleep 

(vs. wake) may have benefitted gist abstraction, increasing the relative incidence of lure 

recall. On the other hand, sleep may have facilitated the retention and consolidation of 

studied list words, resulting in enhanced veridical recall and greater suppression of 
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intrusions. Currently, we cannot determine whether the verbatim and gist traces were 

equally enhanced or if one was influenced more strongly by sleep. However, exploratory 

analysis #2 revealed that when the number of intrusions was removed from our 

confirmatory analyses, the sleep vs. wake pairwise comparison remained statistically 

significant for veridical recall, but not for lure recall. Potentially, this suggests that the effect 

of sleep may have been more direct and/or stronger for the verbatim than for the gist 

trace. 

Moving on, our overall findings seem to rule out possibility (3) (i.e., verbatim trace 

being selectively enhanced), because if verbatim traces were selectively enhanced during 

sleep-related processes, the critical lures should have been better suppressed via some 

suppression/monitoring mechanisms (e.g., Kensinger & Schacter, 1999; Lampinen & 

Odegard, 2006), leading to a post-sleep reduction in lure recall (e.g., Fenn et al. 2009), 

which we did not find.  

 Our final possibility was that sleep leads to the gist trace being selectively 

strengthened. According to Fuzzy-Trace Theory, false and veridical recall can be based on 

the same gist representations (Chang & Brainerd, 2021). Therefore, it is plausible that 

sleep-related processes selectively enhanced the gist trace, simultaneously increasing lure 

and veridical recall. However, if sleep selectively enhanced the gist trace, there should be a 

post-sleep increase in intrusions as well, especially thematically related ones (e.g., clinic for 

the doctor-list), because gist traces are more error-prone than verbatim traces (Brainerd & 

Reyna, 2005). Contrary to this, our sleep (vs. wake) participants produced fewer intrusions, 

and we found no evidence that their intrusions were more thematically related to the lures 

(see exploratory analysis #4). These make it hard to argue that sleep selectively benefitted 

the gist trace and had no influence on the verbatim trace. 

 

Activation/Monitoring Framework This Framework, which is also not a sleep-specific 

theory, assumes two cognitive processes: spreading activation within associative networks 

and source monitoring that aids memory suppressions. Some prior evidence suggests that 

post-encoding sleep (vs. wakefulness) may benefit spreading activation (Cai et al., 2009; Sio 

et al., 2013; but see Beijamini et al., 2014), and in line with this, there was moderate 

evidence of greater lure recall post-sleep (with intrusion controlled for), suggesting that 

sleep may have increased activation spreading into (or being maintained within) the critical 
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lures. Interestingly, however, if sleep solely promoted spreading activation, more unseen 

(but related) words would have been produced by the participants, increasing the number 

of intrusions. However, our sleep (vs. wake) group produced fewer intrusions, so 

potentially, in addition to promoting spreading activation, sleep may have also benefited 

source monitoring to a certain degree (e.g., Fenn et al., 2009), preventing activation from 

spreading too far away from the lures/studied list words.  

Finally, regarding veridical recall, the Activation/Monitoring framework may make 

different predictions, depending on the assumptions in place. Our findings of better 

veridical recall post-sleep argue that sleep (vs. wake) may have (i) increased the amount of 

activation circulating within an associative network, and/or (ii) enhanced monitoring 

processes, thereby preventing activation from diffusing beyond the network. This would 

explain why sleep enhanced veridical recall but reduced intrusion rates. 

 

iOtA Unlike the previous two theories, iOtA is a sleep theory that explicitly predicts a 

post-sleep increase in DRM false memory (Lewis & Durrant, 2011). It proposes that 

individual memories, such as the studied list words, would be reactivated during sleep, and 

their overlapping areas (i.e., the critical lure) would be selectively consolidated. We found 

moderate evidence of greater lure recall post-sleep (with intrusions controlled for), in 

alignment with iOtA’s overarching prediction. Furthermore, in exploratory analysis #3, we 

found a weaker correlation between veridical and lure recall after sleep (vs. wake). We 

propose that this is suggestive of sleep-related gist abstraction processes such that during 

sleep, a broader conceptual understanding of the DRM wordlists emerged or became more 

prominent, but at the same time, specific details of individual words became less 

important. This possibility, in our view, conceptually fits with the iOtA framework, which 

emphasises a role of sleep in strengthening the shared elements of individual memories. 

 There were, however, two aspects of our findings that do not readily align with the 

iOtA framework. First, it is not immediately clear how this framework accommodates the 

finding of our sleep (vs. wake) participants producing fewer intrusions. Potentially, 

combining iOtA with a source monitoring/suppression theory, as described in previous 

sections, could be a fruitful way forward. Second, the iOtA framework does not provide a 

straightforward explanation for our veridical recall data. As outlined in our introduction, 

iOtA predicts that sleep has limited effects on the non-overlapping elements themselves 
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(i.e., the studied list words), so it is not immediately clear how iOtA explains the increase in 

veridical recall post-sleep. Potentially, iOtA may appeal to the possibility that a night of 

sleep selectively benefitted the gist trace, leading to a concurrent boost in false and 

veridical recalls (Brainerd & Reyna, 2002). However, as explained in the section on Fuzzy-

Trace Theory earlier, our intrusion data suggest that sleep does have an effect on the 

verbatim trace. Therefore, to accommodate the simultaneous increase in false and veridical 

recalls post-sleep, iOtA needs further tightening and may consider the possibility that gist 

abstraction and veridical memory consolidation occur alongside each other, at least in the 

first post-encoding sleep. 

 

Interference theory One of the explanations for how sleep benefits declarative memories 

involves the reduction of interference, such that sleep protects encoded memories from 

sensory/linguistic input during wakefulness (Jenkins & Dallenbach 1924; Paller et al., 2021; 

Yonelinas et al., 2019). Such an account struggles to explain our lure recall data, as it 

predicts that sleep should reduce interference and, therefore, lead to significantly fewer 

critical lures being produced. While an interference account falls short in addressing our 

lure recall data, it can easily explain our findings of reduced intrusions (see section 15.2) 

and enhanced veridical recall post-sleep. As such, there are some merits in an interference 

account, and it is likely that interference reduction contributes to some aspects of our 

findings. 

 

Summary In this section, we considered three sleep-specific theories: (1) Fenn et al.’s 

(2009), (2) Lo et al.’s (2014), and (3) the iOtA framework (Lewis & Durrant, 2011). Our false 

recall data are not consistent with a key prediction of theories (1) and (2) but are in line 

with that of (3). Interestingly, our post-sleep reduction in intrusions conceptually aligned 

with theories (1) and (2) but cannot be easily explained by theory (3). In short, while these 

sleep-specific theories have their strengths, we argue that they cannot fully capture our 

overall findings and that a combination of these theories may be a fruitful way forward. 

Beyond the three sleep-specific theories discussed, we also considered two general 

theories that are not sleep-specific: Fuzzy-Trace Theory and Activation/Monitoring 

Framework. Both display potential in accommodating all our findings. In the context of 

Fuzzy-Trace Theory, our findings may be explained if sleep benefits both the verbatim and 
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gist traces (but perhaps to a different degree). And for the Activation/Monitoring 

Framework, we argued that a combination of greater spreading activation and source 

monitoring could explain our findings. Therefore, our study provides a new and valuable 

test case for refining the contribution of sleep in these general theories. 

 

15.2 Time-of-day effects in intrusions Rather unexpectedly, and contrary to the null 

findings from prior ‘Sleep x DRM’ studies (e.g., Payne et al., 2009; McKeon et al., 2012), 

participants who completed free recall in the evening (i.e., the PM-control and Wake 

groups) produced more intrusions than those in the morning (i.e., the AM-control and Sleep 

groups). Remarkably, Test Time exhibited no significant and consistent effect on either total 

responses or lure/studied word recalls, implying a relatively specific effect. Also worth 

noting is that our four groups were well-matched on their degree of sleepiness and 

circadian preference (see Table 3), implying that the effect of Test Time on intrusions is 

unlikely to be due to differences in alertness, which can impact performance in some 

cognitive tasks (e.g., Hasher et al., 2002; Krishnan & Lyons, 2015; May et al., 2005). As to 

why evening (vs. morning) testing led to a selective increase in intrusions, we propose that 

it might be related to interference from sensory/linguistic input accumulated throughout 

the day. 

Participants in the PM and Wake groups should have accumulated a fair amount of 

sensory/linguistic input in the 10-12 hours leading up to free recall, while those tested in 

the morning (AM and Sleep groups) should have accumulated less due to sleep. These 

morning participants may also benefit from one of the proposed functions of sleep, which is 

to “reset” the brain by pruning (relatively unimportant) information accrued prior to sleep 

(Tononi & Cirelli, 2006; 2014). Therefore, it seems reasonable to infer that participants 

tested in the evening (vs. morning) may have experienced more interference from 

sensory/linguistic input, which may have, in turn, weakened source monitoring/memory 

suppression and thus increased in intrusions at retrieval.  

 

15.3 Advancing the evidence base for Sleep x DRM studies To test for a sleep effect 

in the DRM paradigm, some prior studies conducted two statistical tests (e.g., separate t-

tests), one comparing Sleep vs. Wake, another comparing AM- vs. PM- controls (e.g., Fenn 

et al., 2009; Payne et al., 2009). It was then concluded that sleep had a unique effect that 
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extends beyond time-of-day influences when the Sleep vs. Wake comparison was 

statistically significant (p < 0.05) but not the AM vs. PM comparison (p > 0.05). However, as 

cautioned by Gelman and Stern (2006) and Nieuwenhuis et al. (2011), this is not sufficient 

as the distinction between ‘significant’ and ‘not significant’ lacks statistical significance in 

itself. Our study advances the ‘Sleep x DRM’ literature by showing significant interactions 

between Interval and Test Time, providing compelling evidence against our sleep-related 

findings being primarily driven by time-of-day effects. This strengthens the robustness of 

our conclusions and emphasises the distinct influence of sleep in the DRM paradigm.  

In addition to demonstrating significant Interval by Test Time interactions, our study 

critically showed that participants in the Sleep and Wake conditions differed in their 

response quality even though they were matched on response quantity (as indexed by total 

responses) (see also Mak et al., 2023a for relevant findings). Specifically, the Sleep group 

produced fewer responses that were unlikely to be useful for future memory tests (i.e., 

intrusions) but more responses that can be seen as beneficial (i.e., studied list words & 

critical lures as they represent the gist). Potentially, these reflect the possibility that sleep 

may have boosted two interrelated mechanisms, gist abstraction/spreading activation on 

one hand and memory suppression/source monitoring on the other. Our findings are 

generally consistent with the view that sleep may serve a broader purpose beyond the 

protection of declarative memories. A small but growing literature has suggested that sleep 

may transform and reorganise memory, enabling the generation of insights and 

abstractions (Feld et al., 2022; Lutz et al., 2017; Verleger et al., 2013; Wagner et al., 2004), 

the formation of inferences (Ellenbogen et al., 2007), and their integration into pre-existing 

semantic networks (Dumay & Gaskell, 2007). However, it is clear from both our lure recall 

data and recent sleep studies (e.g., Jurewicz et al., 2016; Tandoc et al., 2021) that 

substantial transformation is unlikely over the course of a single night of sleep. It is more 

likely that gradual transformation takes place over the course of many periods of sleep 

(e.g., weeks or months). 

Finally, our exploratory analysis on the correlation between veridical and lure recall 

is also illuminating. As far as we are aware, we are the first to demonstrate a weaker 

correlation between veridical and lure recall post-sleep (vs. post-wakefulness). This finding 

suggests that after sleep, recall of the critical lures might have become less dependent on 

whether their respective list items were remembered. We propose that this potentially 
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reflects sleep-related gist abstraction processes such that sleep facilitates a gradual shift 

towards a broader conceptual understanding of the material, where the specific details of 

individual items matter less. This possibility warrants further research and holds promise to 

enhance our understanding of memory transformation during sleep.   

 

15.4 Limitations Despite the valuable insights provided by this research, it is essential 

to acknowledge several limitations inherent in our study.  

First, our experiment was conducted online, potentially introducing variations in 

participant engagement, distractions, and environmental conditions compared to in-person 

settings. To alleviate the potential issues this may bring, we requested participants to 

provide information on their surrounding environment in the test phase survey (see 

Appendix D), although we did not formally analyse these factors. Despite being conducted 

online, our study showed clear evidence for the classic DRM false memory effect and a 

sleep-related benefit in veridical recall. Furthermore, we observed a typical U-shaped serial 

position curve (e.g., Nipher, 1878; Mak et al., 2021b) in veridical recall (further info 

available on OSF). All these offer reassurance of our data quality. In fact, administering the 

experiment online, while losing control over some variables, provides potential advantages 

in other respects. For example, it mirrors how most participants typically encode 

information in real life. This enhances the ecological validity of our study. 

Second, to ensure comparability with prior ‘Sleep x DRM’ studies (e.g., Payne et al., 

2009), we recruited exclusively young adults (aged 18 to 25) for our study. However, this 

means that our findings may not be applicable to different age groups.  

Additionally, we used free recall as the sole outcome measure, so it is unclear 

whether our findings extend to recognition. However, as indicated by Newbury and 

Monaghan’s (2019) meta-analysis, sleep had an even smaller effect size on false recognition 

than on false recall. Considering the modest-to-moderate sleep effect we observed in false 

recall, it begs the question of how practically and theoretically meaningful it is to 

investigate the effect of sleep on DRM false recognition. 

Lastly, even though our participants were randomly assigned to the four 

experimental groups, there could still be inherent biases due to self-selection. For example, 

individuals with a morningness (vs. eveningness) preference might have been more inclined 

to participate in the Immediate-PM/Wake groups (e.g., Mak et al., 2023b; Experiment 1). 
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Fortunately, our analysis showed that the four experimental groups were well-matched in 

terms of sleepiness ratings and morningness/eveningness preferences (see Table 1), 

suggesting that self-selection had a minimal effect on our results. 

 

16. Conclusion 

Our registered report assessed free recall for short DRM wordlists in young adults who had 

an overnight sleep opportunity (vs. engaging in normal daytime activities) in the 12-hour 

interval between study and test. The results suggest an intriguing combination of effects. 

The Sleep and Wake groups were well matched in the number of total responses after the 

12-hour delay. Despite this, the Sleep participants were more accurate in their veridical 

memory of the studied list words as well as more gist-like in their incorrect responses (a 

greater lure-to-intrusion ratio). Sleep-specific theories such as the iOtA framework are able 

to explain some but not all of our findings, suggesting that theoretical tightening or an 

alternative approach is needed. In contrast, two more general theories, Fuzzy-Trace Theory 

(FTT) and Activation/Monitoring Framework (AMF), could conceivably provide a satisfactory 

explanation, but they are silent on the role of sleep (vs. wake). Considered in the light of 

these frameworks, our study provides a rich new body of evidence to help determine the 

contribution of sleep. Overall, our findings point to sleep potentially boosting (1) gist 

abstraction and memory suppression (FTT) and/or (2) spreading activation and source 

monitoring (AMF). Furthermore, an exploratory analysis showed, for the first time, that lure 

recall was less dependent on studied word recall after sleep. Speculatively, this may reflect 

a drive towards gist-like representations emerging or becoming more prominent after 

sleep. In summary, our registered report not only helps reconcile the existing ‘Sleep x DRM’ 

literature, but also stands as a significant stride towards understanding the role of sleep 

beyond memory retention. 
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Appendix A 

Hypotheses, sampling plan, analysis plan, and interpretation given each statistical outcome for each of the questions of theoretical interests 

 

Question 

 

Hypothesis 

 

Sampling plan 

 

Analysis Plan 

 

Rationale for 

deciding the 

sensitivity of the test 

for confirming or 

disconfirming the 

hypothesis 

Different outcomes + Interpretations Theory that could be 

shown wrong by the 

outcomes 

 

Does overnight 

sleep (vs. 

daytime 

wakefulness) 

influence DRM 

false recall? 

Sleep will 

increase DRM 

false recall. 

We simulated a 

dataset that 

approximated the data 

distribution of a prior 

study (Payne et al., 

2009; Experiment 1). 

We then manipulated 

the data so that it fits 

with our effect size 

assumptions. After 500 

Monte Carlo 

simulations, we found 

that 480 participants in 

total will give over 85% 

power to detect a 

significant interaction 

between Interval and 

Test Time as well as a 

simple effect of Sleep 

vs. Wake.  

A generalised linear mixed 

effect model will be fitted 

to the false recall data 

using the lme4 and 

buildmer packages. The 

dependent variable is 

binary: whether a critical 

lure is recalled or not (1 vs. 

0). The fixed effects will be 

Interval (Immediate vs. 

Delay), Test Time (9AM vs. 

9PM), and their 

interaction. Then, we will 

test the simple effects of 

Test Time within the 

Immediate and Delay 

groups using the emmeans 

package. 

Effect sizes were 

informed by a recent 

meta-analysis 

(Newbury & 

Monaghan, 2019). 

We opted for the 

lower-bound of the 

95% confidence 

intervals reported. 

Outcome 1: 

● A significant interaction between Interval and 

Test Time  

● A significant simple effect of Test Time within the 

Delay groups, where Sleep > Wake  

● With or without a simple effect of Test Time 

within the Immediate groups. 

 

→ Supports theories (e.g., iOtA and spreading 

activation) that predict a role of sleep in promoting 

gist abstraction and/or spreading activation.  

This will argue strongly 

against theories (e.g., 

synaptic homeostasis 

hypothesis) that 

predict greater 

suppression of false 

memory after sleep. 

Outcome 2: 

● A significant interaction between Interval and 

Test Time 

● A significant simple effect of Test Time within the 

Delay groups, where Sleep < Wake. 

● With or without a simple effect of Test Time 

within the Immediate groups. 

 

→ Supports theories that predict greater suppression 

of DRM false memory after sleep 

This will argue against 

theories (e.g., iOtA) 

that predict a specific 

role of sleep in 

promoting gist abstract 

and spreading 

activation. 

Outcome 3: 

● A significant OR non-significant Interval x Test 

Time interaction 

● A non-significant simple effect of Test Time 

within the Delay groups  

 

→ Sleep did not have a significant effect on DRM false 

recall. We cannot rule out the possibility that this null 

We will not be in a 

position to falsify any 

theories. 
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finding is due to our study being conducted online; 

however, this raises the question of how robust prior 

findings are, which were mostly based on small sample 

sizes and questionable statistical methods. 

Outcome 4: 

● A non-significant interaction between Interval 

and Test Time  

● A significant simple effect of Test Time within the 

Delay groups, where Sleep > Wake or Sleep < 

Wake 

● A significant or non-significant simple effect of 

Test Time within the Immediate groups 

 

� While false recall differed between the Sleep and 

Wake groups, we cannot rule out the possibility that 

this difference is due to time-of-day effects. Notably, 

almost all prior studies did not test for an interaction 

between Interval and Test Time, so this pattern of 

results would suggest that their findings might have 

been confounded by time-of-day effects.  

We will not be in a 

position to falsify any 

theories. 

Does overnight 

sleep (vs. 

daytime 

wakefulness) 

increase 

veridical recall 

of the studied 

list words? 

Sleep will 

increase veridical 

recall. 

Same as Q1 A generalised linear mixed 

effect model will be fitted 

to the veridical recall data 

using the lme4 and 

buildmer packages. The 

dependent variable is 

binary: whether a studied 

list word is recalled or not 

(1 vs. 0). The fixed effects 

will be Interval (Immediate 

vs. Delay), Test Time (9AM 

vs. 9PM), and their 

interaction. Then, we will 

test the simple effects of 

Test Time within the 

Immediate and Delay 

groups using the emmeans 

package. 

This was based on 

Q1. 

Outcome 5: 

● A significant interaction between Interval and 

Test Time  

● A significant simple effect of Test Time within the 

Delay groups, where Sleep > Wake. (note that 

Sleep < Wake is very improbable given a decade 

of prior evidence). 

 

→ Interpretations will depend on the outcome for the 

previous research question 

NA 

(a) In combination with Outcome 1 above (i.e., Sleep 

increases false recall) 

 

→ Sleep-related consolidation may have helped 

stabilise and strengthen both the verbatim and gist 

traces (or both list words and lure activation). 

Alternatively, sleep may have boosted the gist 

traces/lure activation, which in turn increased both 

veridical and false recall. Theories that predict a 

selective increase in false recall post-sleep (e.g., iOtA) 

will need adjustments. 
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(b) In combination with Outcome 2 above (i.e., Sleep 

reduces false recall) 

 

→ False memories may have been better suppressed 

after sleep because sleep boosted veridical memories. 

This will provide support for theories that proposed a 

role of sleep in influencing sensory details of list words 

(Fenn et al., 2009; Lo et al., 2014). 

(c) In combination with Outcome 3 or 4 above (i.e., 

Insufficient evidence for a sleep effect in false recall) 

 

� While there is no evidence that a night’s sleep 

influences false recall, sleep benefits veridical memory 

(e.g., Yonelinas et al., 2019).  

Outcome 6: 

● A non-significant interaction between Interval 

and Test Time + A significant simple effect of Test 

Time within the Delay groups  

OR 

● A non-significant simple effect of Test Time 

within the Delay groups, regardless of whether 

the Interval x Test Time interaction is significant 

 

→ Insufficient evidence for a role of sleep in veridical 

recall, but precise interpretations will depend on the 

outcome for the previous research question (see 

below). 

 

(a) In combination with Outcome 1 above (i.e., Sleep 

increases false recall) 

 

→ A sleep effect may be selective in the sense that 

sleep benefits gist abstraction/lure activation but not 

necessarily individual memories. This would support 

the iOtA model. 

(b) In combination with Outcome 2 above (i.e., Sleep 

reduces false recall) 

 

→ Reduction of false memory may not necessarily be a 

result of a post-sleep increase in veridical memories, 

which has been hypothesised to enhance suppression 
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of false memory (e.g., Fenn et al., 2009; Lo et al., 

2014). 

(c) In combination with Outcome 3 or 4 above (i.e., 

Insufficient evidence for a sleep effect in false recall) 

 

→ A night’s sleep has no significant effect on either 

veridical or false memories in the DRM paradigm. We 

cannot rule out the possibility that this null finding is 

due to our study being conducted online; however, 

this raises the question of how robust prior findings 

are, which were mostly based on small sample sizes 

and questionable statistical methods. 
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Appendix B 

A priori power analysis 

 

According to Newbury and Monaghan’s (2019) meta-analysis, the effect size for sleep in 

DRM false memory is Hedge’s g = +0.92 (95% CI: 0.54, 1.30; p < .001) when short lists (10 

words per list) were used. 17 However, due to certain biases in the psychology literature 

(e.g., publication bias), it has been argued that published effect sizes are generally inflated 

(e.g., Schäfer & Schwarz, 2019) and that power analysis should be based on the lowest 

meaningful estimate (Albers & Lakens, 2018; Cortex, 2013). Therefore, we opted for a more 

conservative (yet contextualised) effect size estimate and went for the lower-bound of the 

95% confidence interval reported by Newbury and Monaghan (2019), which is g = +0.54. 

 

On estimating power in GLMM, a recent guideline (Kumle et al., 2021) recommends using 

well-powered data from previous experiments. However, as far as we are aware, no prior 

‘Sleep x DRM’ studies to date have made their datasets publicly available. We, therefore, 

simulated a dataset for our power calculation (available on OSF). 

 

The first step is to determine a sample size. We have the financial resources to reach up to 

160 participants/group (i.e., 640 in total), so we began by fabricating a dataset containing 

120 participants/group. We made up 20 false recall observations for each participant. We 

then split the dataset by Interval, so one dataset for the Delay (Sleep + Wake) groups, 

another for the Immediate (AM + PM-control) groups, with each containing 4800 

observations from 240 participants. In the first dataset, we simulated the false recall data 

for the Delay groups such that they approximated the data distribution [MSleep = 45.9% (SD = 

20.6%) vs MWake = 36.3% (SD = 21.2%), p = .005] from a prior study (Payne et al., 2009; 

Experiment 1). Then, the data were manipulated to fit with our effect size assumption, such 

that the effect size for sleep is d = +0.54 [MSleep = 44.7% (SD = 12.6%) vs. MWake = 38.0% (SD = 

12.0%); t(237.4) = 4.20, p = .001]. Afterwards, we simulated the false recall data in the 

second dataset for the AM and PM-control groups such that they also approximated the 

data distribution in Payne et al. (2009; Experiment 1; MAM = 42.5% (SD = 19.6%) vs. MPM = 

 
17

 Hedge’s g and Cohen’s d are interchangeable when the sample size is larger than 30 (Kline, 2004; Lakens, 2013). 
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46.3% (SD = 23.5%), p = .57) and that they did not differ significantly from each other [MAM = 

42.9% (SD = 13.0%) vs. MPM= 43.5% (SD = 14%); t(233.3) = -0.37, p = .709, d = -0.05]. 18 

 

We then merged the two fabricated datasets together and fitted a GLMM to it, using the 

lme4 package (Bates et al., 2015). The dependent variable, fixed effects structure, coding 

scheme, and computation procedures were identical to those in our confirmatory analysis 

(see section 12.3). Table B1 shows the fixed-effects estimates from the converged model, 

which has a by-participant intercept only. 

 

Table B1 

Fixed-effects estimates from the converged maximal model examining the effects of Interval 

and Test Time in the fabricated dataset 

Fixed effects Estimate SE z p 

Intercept -0.316 0.024 -13.24 <.001 

Interval -0.039 0.024 -1.65 0.099 

Test Time 0.063 0.024 2.663 0.007 

Interval x Test Time  0.076 0.024 3.187 0.001 

Based on the fixed-effects estimates, we estimated the power a sample size of 480 (i.e., 

120/group) has for detecting an Interval and Test Time interaction. We conducted Monte 

Carlo simulation using the “simr” package (Green & MacLeod, 2016) in R (see Box 2 for R 

codes). After 500 simulations, it was estimated that a sample of this size gives 90.1% power 

(95% CI: 87.03, 92.49) to detect a significant interaction. Then, we estimated the power we 

have for detecting a simple effect of Test Time within the Delay groups (i.e., Sleep vs. 

Wake). Following the simulation procedures above, it was estimated that 120 

participants/group (i.e., 240 in the Delay groups) will give about 98.8% power (95% CI: 

97.41, 99.56). In sum, our power calculation showed that having 120 participants/groups 

will give ample power (>90%) to detect both an Interval x Test Time interaction and a simple 

effect of Sleep vs. Wake. Finally, we also estimated that we will have at least 80% power as 

 
18

 Notably, the standard deviations (SDs) from Payne et al. (2009; Experiment 1) are larger than those in our fabricated 

datasets. This is because Payne et al. showed only 8 wordlists (i.e., maximum lure recall = 8) while ours showed 20 (i.e., 

maximum lure recall = 20). To explain why this matters, a more concrete example is useful: In Payne et al, a participant 

falsely recalling 3 lures would have a false recall rate of 37.5% while another recalling 4 lures would have a rate of 50%. So 

there is a 12.5% difference between each successive number. In our fabricated data, recalling 3 lures has a false recall rate 

of 15% while 4 lures has a rate of 20%, so there is a 5% difference. Therefore, understandably, the SDs in our fabricated 

datasets are necessarily lower than theirs (by roughly a half). 
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long as we have >99 participants/group. Therefore, in case we fail to reach our target 

sample size of 120 participants/group before funding expires but manage to recruit 

>99/group, our proposed experiment will still have satisfactory power. 

 

We note that the focus of our proposed experiment is Research Question #1 [Does sleep (vs. 

wakefulness) influence DRM false recall?], so we based our power analysis on this question. 

Despite this, the estimate of 120 participants/group will also give over 90% power to detect 

the desired effects for Research Question #2 [Does sleep (vs. wake) increase veridical 

recall?], assuming the effect size for sleep is similar between Questions #1 and #2. 

Furthermore, since there are more studied list words than critical lures (160 vs. 20), the 

GLMM for addressing Question #2 will have substantially more observations than that for 

Question #1 (~76800 vs. ~9600), boosting power on the item level. In short, our target 

sample size of 120 participants/group will give us sufficient power for both Research 

Questions. 

 

Box 2 

R codes for Monte Carlo simulation 

> library(simr) 

> fixef(fabricated_model)["Interval1:Test_Time1"] <- 0.076 

> set.seed(99) 

> powerSim(fabricated_model, fixed("Interval1:Test_Time1"), nsim=500) 

Power for predictor 'Interval1:Test_Time1', (95% confidence interval):  

      90.00% (87.03, 92.49) 

Based on 500 simulations, (0 warnings, 0 errors) 

alpha = 0.05, nrow = 9600 
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Appendix C 

Screening Survey 

Page 1: Demographic information 

1) What is your gender identity? 

2) How old are you? 

3) In what country do you currently live? 

4) What is your first language(s)?  

5) What is your ethnicity? 

6) What is the highest level of education you have completed? 

7) Do you have any history of any psychiatric (e.g., schizophrenia), developmental (e.g., autism, 

dyslexia), or sleep disorders (e.g., insomnia)?  

8) If your answer to the above is Yes, please can you name the diagnosis/es? 

 

Page 2: Outline of the main study 

IMPORTANT: Please read carefully 

We are recruiting hundreds of participants for a simple memory study. We would like to see if you may be 

interested in taking part.  

In Task 1, participants will see and remember some English words. This will take about 10 mins.  

In Task 2, participants will complete a simple memory test based on the words they saw in Task 1. This 

requires about 12 mins. 

Participants will receive £3.5 (£9.5/hour) upon completion of the two tasks.  

Importantly, participants will be randomly allocated to one of the four groups: 

Group A (AM Group): You can start Task 1 and 2 any time between 8.30-10.30AM. 

Group B (PM Group): You can start Task 1 and 2 any time between 8.30-10.30PM. 

Group C (Delay Group 1): You can start Task 1 any time between 8.30-10.30AM and then Task 2 

between 8.30-10.30PM on the same day.  

Group D (Delay Group 2): You can start Session 1 any time between 8.30-10.30PM and then Task 2 

between 8.30-10.30AM the day after. 

Those in Groups C and D will receive a £0.2 bonus upon completion of the study. Unfortunately, we are 

NOT able to accommodate any preferences for group allocation. 

If you are happy to take part in our memory study, press Yes below. If not, press No. 

Yes / No 
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Appendix D 

Survey in the test phase 

1. (Sleep group only) Approximately what time did you go to bed last night? 

 

2. (Sleep group only) Approximately what time did you wake up this morning? 

 

3. (Sleep group only) How would you rate the quality of last night's sleep? 

Very Good, Good, Fair, Poor, Very Poor 

 

4. (Wake group only) Did you have a nap between Session 1 and now? 

Yes, No 

 

5. (Wake group only) If your answer to the above is Yes, how long was the nap? 

 

6. Did you consume any alcoholic drinks in the last 12 hours? If Yes, how much? 

Yes, No 

 

7. Did you consume any caffeinated drink in the last 6 hours? If Yes, how much? 

Yes, No 

 

8. How many people are in close proximity (< 3 meter) to you RIGHT NOW?  

 

9. How bright is your immediate environment RIGHT NOW? 

Too bright, Sufficiently bright, A bit dark, Very dark 

 

10. How noisy is the environment you are in RIGHT NOW?  

Very quiet, Quiet, Noisy, Very noisy. 

 

The following questions were taken from the reduced version of the Morningness/Evenningess 

questionnaire (Adan & Almirrall, 1991).  

 

11. Approximately what time would you get up if you were entirely free to plan your day? 

5am-6:30am, 6:30am-7:45am, 7:45am-9:45am, 9:45am-11am, 11am-12 noon 

 

12. On a regular day, during the first half hour after you wake up in the morning, how do you feel? 

Very tired, Fairly tired, Fairly refreshed, Very refreshed 

 

13. On a regular day, at approximately what time in the evening do you feel tired, and, as a result, 

in need of sleep? 

8-9pm, 9-10:15pm, 10:15pm-12:45am, 12:45-2am, 2-3am 

 

14. On a regular day, at approximately what time of day do you usually feel your best? 

5-8am, 8-10am, 10am-5pm, 5-10pm, 10pm-5am 

 

15. One hears about "morning types" and "evening types." Which one of these types do you 

consider yourself to be? 

Definitely an evening type, Rather more an evening type than a morning type, Rather more 

a morning type than an evening type, Definitely a morning type 
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Appendix E 

Justifications for using GLMM for false recall (as opposed to t-test/ANOVA) 

 

The number of critical lures falsely recalled by a participant is count data, ranging from 0 to anything 

from 8 to 20 (depending on how many DRM lists were shown). In Payne et al. (2009) for instance, 

the mean number of lure recalls was ~3.25 (out of 8). Count data with a low mean almost never 

approximates a normal distribution, because it is truncated at 0 (i.e., negative scores are impossible) 

and is skewed to the right (Herbison, n.d.). Parametric tests like t-test and ANOVA assume a normal 

distribution, so they are unlikely to be suitable for false recall data. GLMM, on the other hand, does 

not assume normal distribution (Lo & Andrews, 2015). In addition, GLMM has numerous advantages 

over a t-test or an ANOVA; for instance, it can take by-participant and by-item variance into account, 

giving researchers the ability to test whether the effect of an independent variable generalises 

across participants and items (e.g., Brysbaert & Stevens, 2018).  
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Appendix F 

Outputs from the exploratory generalised mixed-effect model examining the effects of 

intrusions, correct recall per list, Interval (Immediate vs. Delay), and Test Time (AM vs. PM) 

in false recall. 

Fixed effects Estimate SE z p 

Intercept -3.543 0.09 -38.60 <.001 

Intrusions 0.034 0.01 6.01 <.001 

Correct recall/list 0.799 0.03 31.85 <.001 

Test Time 0.092 0.07 1.32 .187 

Interval  0.039 0.07 0.55 .582 

Correct recall/list x Test Time -0.062 0.02 -2.78 .005 

Correct recall/list x Interval -0.127 0.02 -5.70 <.001 

Interval x Test Time -0.095 0.07 -1.37 .170 

Correct recall/list x Interval x Test Time 0.062 0.02 2.80 .005 

  

 

 

 


