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Abstract 

Sleep consolidation effects are well established in the cognitive domains of memory and 

language learning, however very little is known regarding sleep effects in social contexts. 

Across three experiments, we investigated whether sleep enhances the accuracy of socially 

formed memories and communicative efficiency, including the use of partner-specific 

common ground between interlocutors in conversation. Participants completed a 

computerised (Experiment 1) or face-to-face (Experiment 2) matcher-director task with two 

other people before and after 12 hours of sleep/wake. Both experiments showed more 

accurate item recognition and source memory after sleep vs. wake. The sleep group also used 

fewer words to describe old vs. new items in Experiment 2, suggesting an influence of sleep 

on communicative behaviour based on prior discourse, but this effect was not partner 

specific. In Experiment 3, the retention of item/source memory and common ground was 

measured across a two-hour, polysomnographically recorded nap. Results revealed no 

significant relationships between consolidation-linked sleep electrophysiology (e.g., slow 

oscillation-spindle coupling) and memory/common ground retention. Together, these findings 

indicate that sleep plays a key role in stabilising the social-cognitive foundations of 

communication but cannot elucidate the mechanism(s) underpinning this support. Regardless, 

by preserving conversational memories and the efficiency of shared understanding, sleep may 

help sustain smooth coordination in everyday interaction and social relationships. 

  

Keywords: sleep; social interaction; memory; common ground; sleep spindles; slow 

oscillations 
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Sleep consolidation of social memories and common ground 

 

Face-to-face communication differs fundamentally from written communication because it 

requires not only understanding of words and phrases, but also sensitivity to the beliefs and 

knowledge shared with one’s interlocutor. This process of adapting language to the listener is 

known as audience design (Clark & Murphy, 1982). According to the audience design 

hypothesis, speakers intentionally adapt their utterances to their conversational partners, for 

example by providing more detailed descriptions when a listener is unfamiliar with a referent.  

Through such coordination, interlocutors establish common ground (i.e. a representation of 

the knowledge, beliefs and experiences that they share; Clark & Brennan, 1991). Establishing 

common ground increases communication efficiency, for example by allowing speakers to 

use shorter or more specific descriptions once a referent has been mutually established (Clark 

& Wilkes-Gibbs, 1986; Hupet et al., 1993; Wilkes-Gibbs & Clark, 1992).  

 Common ground is not static; it can be partner-specific and adapts to the 

conversational context. If a new partner joins a dialogue, speakers often revert to more 

explicit, less efficient descriptions, reflecting absence of shared history with the new person 

(Horton & Gerrig, 2002; Isaacs & Clark, 1987; Schober & Clark, 1989; Yoon & Brown-

Schmidt, 2014). Evidence suggests that interlocutors effectively track which objects or labels 

are shared with which partners (Gorman et al., 2013), relying on episodic memory to link 

conversational content to specific social partners.  

 The role of memory in common ground is further supported by generation effects, 

whereby speakers recall items in a conversation more accurately than listeners, consistent 

with the mnemonic advantage of self-produced information (Brown‐Schmidt et al., 2023; 

Jacoby, 1978; Koriat et al., 1991; MacLeod et al., 2010; McKinley et al., 2017; Nault et al., 

2023; Riefer et al., 2007; Slamecka & Graf, 1978). However, findings on source memory 
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(i.e., who said what, or with whom it was discussed) are less consistent, with some studies 

reporting poorer source memory for speakers than listeners (Brown et al., 1995; Jurica & 

Shimamura, 1999; Koriat et al., 1991, Exp 2) and others reporting no difference (Ahn & 

Brown-Schmidt, 2020; Knutsen et al., 2020; McKinley et al., 2017; Nault et al., 2023). This 

variability suggests that source memory for conversational partners is fragile and dependent 

on task and encoding conditions. 

Episodic memory, traditionally distinguished from semantic memory by its role in 

encoding unique personal experiences (Dickerson & Eichenbaum, 2010), has been proposed 

as a key mechanism that supports partner-specific common ground (Brown-Schmidt et al., 

2015; Horton, 2007; Horton & Gerrig, 2005). In this framework, conversational partners 

serve as retrieval cues for associated utterances, enabling the re-use of common ground. 

Studies of amnesia provide some support for these claims, since amnesic patients can 

successfully entrain labels with partners (Duff et al., 2008; Yoon et al., 2017), but show 

subtle deficits such as increased use of indefinite references (e.g., ‘a mug’ rather than ‘the 

mug’; Duff et al., 2011; Yoon et al., 2017), which indicates uncertainty about shared 

knowledge, and impaired management of partner-specific common ground in multi-party 

settings (Yoon et al., 2024). These patterns suggest that non-declarative memory systems can 

support some aspects of common ground (Brown-Schmidt & Duff, 2016; Duff et al., 2008), 

but that episodic memory, and hippocampal function in particular, are critical for its 

maintenance (Duff & Brown-Schmidt, 2012). 

If common ground relies on episodic memory, then its formation and persistence 

should be shaped by factors known to modulate episodic memory. One such factor is sleep. 

Sleep is well established to protect newly formed episodic memories from interference 

(Berres & Erdfelder, 2021; Jenkins & Dallenbach, 1924; Yonelinas et al., 2019), and to 

actively consolidate them via hippocampal-cortical replay during non-rapid eye movement 
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(NREM) sleep (Born & Wilhelm, 2012; Diekelmann & Born, 2010; Klinzing et al., 2019; 

Rasch & Born, 2013). Coordinated interactions between slow oscillations, sleep spindles and 

hippocampal sharp-wave ripples are thought to facilitate this consolidation (Antony et al., 

2018; Fernandez & Lüthi, 2020; Neske, 2016), and polysomnography studies consistently 

link spindle density and spindle-SO coupling with subsequent memory performance (Denis et 

al., 2021; Gais et al., 2002; Helfrich et al., 2018; Muehlroth et al., 2019; Ng et al., 2025; 

Schabus et al., 2004). 

Despite this robust evidence for sleep’s role in episodic memory consolidation, little 

is known about whether sleep also benefits socially-grounded memories, such as common 

ground. Yet there are reasons to expect such an effect (Diekelmann et al., 2018). Sleep has 

been shown to support memory for linguistic context, for example in word-meaning priming 

with homonyms (Gaskell et al., 2019; Mak et al., 2023), where sleep preserves context-

specific meanings over time. More broadly, poor sleep has been linked to impairments in 

social cognition and relationships (Gordon & Chen, 2014; Maranges & McNulty, 2017; van 

der Helm et al., 2010; Zhang et al., 2019), which may be reflected in communication 

efficiency. Building on recent models of hippocampal involvement in language processing 

(Gaskell, 2024), one could argue that sleep enhances not only item memory but also the 

partner-specific contextual associations that are critical for common ground. In this paper, we 

directly test this hypothesis. 

 The current study uses a referential communication task to examine how sleep affects 

distinct memory processes underlying conversational behaviour. We do not consider common 

ground as a unitary episodic memory, but rather as a communicative outcome that is 

supported by multiple memory processes operating over different timescales. Specifically, 

item memory for the objects themselves indexes the retention of task content and may be 

supported by episodic encoding, however it is not inherently social. In contrast, source 
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memory (i.e. remembering who an item was discussed with) constitutes a partner-specific 

binding of content to social context, which more directly reflects episodic memory for a 

unique interaction. General reductions in description length for repeated items, and their 

maintenance over time, may reflect the abstraction of prior experiences into schema-like or 

item-specific representations rather than common ground. These are established within the 

conversation context of the task, but are not necessarily partner-specific. True partner-

specific common ground involves adapting language differently for different interlocutors, 

which requires reinstating socially-specific details of the episode and relies on hippocampal-

dependent episodic processes. 

 

The current study 

Across three experiments, we examined whether sleep enhances memory for conversational 

content and common ground, combining behavioural measures with polysomnography to 

assess the neural correlates of sleep-dependent consolidation. The general experimental 

design included two sessions and is illustrated in Figure 1. In Session 1, participants 

completed a referential communication task (McKinley et al., 2017), in which they took turns 

as “director” or “matcher” with two other participants to describe a set of images and 

establish common ground. Participants completed this task on adjacent computers in 

Experiment 1, and interacted face-to-face in Experiments 2 and 3. Next, participants 

completed a memory task assessing item and source memory from the referential 

communication task. This memory task was repeated at the start of Session 2 followed by a 

common ground production task. In Experiment 1, this was completed on a computer, and in 

Experiments 2 and 3, it was completed in a face-to-face referential communication task. The 

number of words used to describe items was used as a measure of common ground, and 

accuracy on the memory task was used as a measure of item and source memory. All 
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experiments included a battery of sleep measures to rule out any pre-existing differences 

between the wake and sleep groups. 

In Experiments 1 and 2, sessions 1 and 2 were separated by a 12 hour delay. 

Participants in the “sleep” group completed Session 1 in the evening and returned the 

following morning after a night of sleep for Session 2. Participants in the “wake” group 

completed Session 1 in the morning and returned the same evening for Session 2 after a day 

awake. Experiment 1 tested whether item and source memory, as well as common ground, 

are better retained across a 12-hour delay that includes sleep compared to a delay with 

wakefulness, using a computer-mediated referential communication task. Experiment 2 

extended Experiment 1 to face-to-face interactions, to examine whether the effects of sleep 

on memory and common ground generalise to a more naturalistic conversational setting.  

Experiment 3 tested whether a shorter, polysomnographically recorded nap is sufficient to 

produce sleep-dependent benefits for memory and common ground, and allowed us to link 

electrophysiological hallmarks of sleep (e.g., SO-spindle coupling) with memory 

performance. In this experiment, sessions 1 and 2 were separated by a 3-hour delay, and 

participants in the sleep group took a ~2 hour long, polysomnographically recorded nap in the 

lab in between sessions. 
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Figure 1. Schematic of the task procedure in Experiments 1-3. 

 

Experiment 1 

All hypotheses, methods and analysis plans were pre-registered on the Open Science 

Framework repository. The hypotheses for Experiment 1 and 2 were as follows 

(https://osf.io/ry4p7/overview?view_only=dd86d55d6d0e4d69b564a92971c1fbd0): 

1. In Session 1, we expected to replicate previous work (e.g., McKinley et al., 2017) by 

finding that interlocutors establish a common ground that enables the use of entrained 

descriptions for the images (i.e., the number of words the ‘director’ uses to describe each 

image reduces from the first to the third trial in a given block). 

2. In line with McKinley et al. (2017), we predicted that speakers (i.e., directors in the 

communication task) would have better item memory than listeners (i.e., matchers in the 

communication task), but their role in the original conversation would not impact source 

memory. In addition, we predicted that both item memory and source memory would be 

enhanced at Session 2 in the sleep group compared to the wake group. 

https://osf.io/ry4p7/overview?view_only=dd86d55d6d0e4d69b564a92971c1fbd0
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3. We predicted that memory of conversation common ground would lead to shorter verbal 

descriptions for old versus new items, and shorter verbal descriptions for old items that 

are entrained and tested for the same person versus a different person. We predicted that 

these effects of common ground would be enhanced after 12 hours of sleep versus wake, 

as the sleep period supports better memory retention of the conversation and hence 

common ground. 

 

Methods 

Participants 

The pre-registered sample size (N = 96) was based on that used in other sleep consolidation 

studies (e.g., Mak et al., 2024), and is comparable for each group to that used in McKinley et 

al. (2017, N = 55). To achieve this, a total of 108 participants were recruited from the 

University of [anonymised for peer-review] and completed the tasks in groups of four 

individuals. In case of participant no-shows at Session 1, a student research assistant filled in 

for the referential communication task, as in McKinley et al., 2017; their data did not 

contribute to any memory measures. Nine participants were excluded from the total sample 

because they failed to return for Session 2. The final sample therefore consisted of ninety-

seven1 participants (78 females and 19 males; Mage = 19.52 years; SD = 1.69; 48 in wake 

group, and 49 in sleep group) who took part in the study across 35 groups.  

Participants attended the experiment in the same group in two sessions, with a 12-

hour lag between sessions to create two consolidation conditions: wake (Session 1 at 8am and 

Session 2 at 8pm, i.e., no sleep between two sessions) and sleep (Session 1 at 8pm and 

 

1 As a multi-person study requiring four participants in each session, we slightly exceeded the 

target sample size in all three experiments. 
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Session 2 at 8am, i.e., overnight sleep between two sessions). All participants were aged over 

18, a native English speaker, and had normal or corrected-to-normal eyesight. Participants 

self-reported no neurological or developmental disorders (e.g., autism), no diagnosed sleep 

disorders, and were not taking any psychiatric or sleep-related medication during the time of 

the experiment. Participants were instructed not to consume any alcohol or take a nap (for 

Wake group) between the sessions; compliance was confirmed at the start of Session 2. 

Participants received course credits or a cash payment after completing the experiment. All 

participants read an information sheet and gave consent to participate. Ethics approval was 

obtained from the School of Psychology’s Ethics Committee at the University of 

[anonymised for peer-review] (202317030908018859). 

 

Sleep measures 

Sleep quality was measured using a battery of established self-report questionnaires. This 

included the Pittsburgh Sleep Quality Index (PSQI, Buysse et al., 1989), the Stanford 

Sleepiness Scale (SSS, Hoddes et al., 1972), the Epworth Sleepiness Scale (ESS, Johns, 

1991), and the reduced version of the Morningness-Eveningness Questionnaire (rMEQ, Adan 

& Almirall, 1991). The PSQI provides both quantitative and qualitative information about 

sleep over the past month and allows the calculation of component scores as well as a single 

global score. The SSS is a 7-point scale that assess subjective alertness throughout the day, 

while the ESS asks about the likelihood of dozing in specific situations. In other words, the 

SSS emphasizes general feelings of sleepiness, while the ESS focuses on situational 

sleepiness. The rMEQ is a shortened version of the MEQ (Horne & Ostberg, 1976) and 

assesses an individual’s chronotype. Because the PSQI, ESS and rMEQ measure trait-like, 

long-term sleep behaviour, they were administered in Session 1 only. The SSS measures 
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state-like sleepiness, which can fluctuate over time, and was therefore administered in both 

sessions. 

 

Referential communication task 

The referential communication task aimed to establish common ground between 

interlocutors, and replicated the general procedure adopted in McKinley et al. (2017). 

Participants completed this task in pairs on adjacent computers in a shared lab and were 

matched with two different partners across four blocks. They sat approximately two metres 

apart, so that they would not see each other’s screens but could still communicate with each 

other. Within each block/pairing, one participant was assigned the role of “director” and the 

other as “matcher” (see Figure 2). 
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Figure 2. Layouts of Referential Communication Task (in Experiments 1-3). 

  

The director viewed a 5 × 4 grid consisting of 20 different images depicting everyday 

objects and animals, and the matcher viewed an empty 5 × 4 grid with the same items located 

as clickable objects around the perimeter of the grid. The director’s task was to provide 

verbal descriptions of each item to allow the matcher to identify the same item and place it in 

the corresponding (empty) square on their grid (using the mouse to click and drag). The 

conversations between directors and matchers were recorded using a microphone. Each block 

was made up of three trials involving the same 20 items but with a different spatial 

arrangement of items across trials (80 different items were therefore presented across the 
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whole task). The 20 items within a block were made up of ten different categories (leaves, 

fish, butterflies, drinking containers, flowers, frogs, cats, hats, rabbits and birds), with each 

category represented by two different exemplars. This meant that the director’s description of 

each item had to provide enough detail to distinguish it from the other category member (see 

McKinley et al., 2017). To counterbalance the images across conditions (old vs. new), two 

lists of 160 images were used, with a different set of 80 images shown in the referential 

communication task across lists. These two lists were further counterbalanced to test a 

different set of 40 old/new images in Session 1 and 2 memory tasks. 

Across the four blocks, participants completed each role twice, once with each 

partner. This enabled the development of partner-specific common ground. Common ground 

was measured in this task as the total number of words used by the director to enable the 

matcher to identify each item for each role/pair combination. Audio recordings of the 

conversations during the referential communication task were automatically transcribed using 

Qualtrics built-in transcription tool and then manually checked (and corrected for errors if 

necessary) by research assistants. As in McKinley et al. (2017), the transcripts were used to 

count the total number of words used to identify each item, including all descriptive words 

and phrases as well as any lexical disfluencies (e.g., “um”, “uh”) and location information 

(e.g., “on the top right is”). Total word count did not include feedback from the matcher (e.g., 

“yes”, “OK”) or task-irrelevant words (e.g., “Are you ready?”). 

 

Memory task 

Participants completed this task individually on a computer. On each trial, participants 

viewed an image of an item and judged whether it was old or new (i.e., whether they 

recognised the item from the referential communication task or not). They then judged who 

they saw the item with (i.e., partner B or C; real first names were used), or to guess who they 
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might have seen the item with if they reported the item as new. This is to prevent introducing 

any incentive for participants to respond “new” to every item and has been an established 

procedure in memory research. This task was completed in both Session 1 and 2. The task 

included 80 images in total (40 old/40 new), with a different set of 80 old/new images shown 

in each session. 

 

Common ground production task 

Participants completed this task individually on a computer. On each trial, participants 

viewed an image of an item and were instructed to type into a box how they would describe 

this item to partner B or C (real partner names were used). This task was completed in session 

2 only. The task included 80 images in total (40 old/40 new). Of the old images, 20 were 

discussed with partner B in the referential communication task in Session 1, and 20 were 

discussed with partner C, and half of each were probed by a cue to the same partner as the 

earlier task (source matching) and half were probed with the other partner (source 

mismatching). Common ground in this task was indexed by the total number of words used to 

describe each item in each condition.  

 

Procedure 

In Session 1, participants completed a questionnaire hosted on Qualtrics, which included 

demographic information (gender, age, and ethnicity) and the sleep quality battery (PSQI, 

ESS, SSS, and rMEQ). Then, participants were randomly paired up and rotated around two 

adjacent labs to complete the referential communication task, as described above. Following 

the referential communication task, they returned to individual computers to complete the 

memory task, which was programmed in PsychoPy. Twelve hours later, the same participants 

returned to the lab to complete Session 2, either after overnight sleep or daytime wake. In 
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Session 2, participants first completed the SSS questionnaire, then the memory task, and the 

common ground production task. Across all of our three experiments, participants were not 

explicitly informed that their memory would be tested at any stage. 

 

Results 

Sleep measures and manipulation check 

The average sleep time reported by participants (over the last month, in the PSQI) was 1:10 

AM, and the average wake time was 9:40 AM.  A series of linear mixed-effect models were 

used to examine whether there were any differences in sleep quality measures between two 

groups. Participant was included as a random intercept. No significant group differences were 

found on any sleep measure (PSQI: β = -0.76, SE = 0.71, t = -1.15, p = .252; ESS: β = -0.11, 

SE = 0.71, t = -0.16, p = .874; rMEQ: β = -0.43, SE = 0.65, t = -0.67, p = .506; SSS, Session 

1: β = 0.35, SE = 0.27, t = 1.32, p = .189; SSS, Session 2: β = 0.12, SE = 0.27, t = 0.44, p 

= .659). This showed that the sleep patterns did not differ between groups. 

 

Referential communication task 

The extent to which pairs of participants established common ground was indexed by the 

change in description length of the images from the first to the third trial (McKinley et al., 

2017; Nault et al., 2023). To assess this in our experiment, we constructed a linear mixed-

effect model in R using the lme4 package (Bates et al., 2015). The dependent variable was the 

number of words used to describe each image, centred. Trial order was centred and entered as 

a fixed effect (Trial 1: -1, Trial 2: 0, and Trial 3: 1). Random effects included participant, 

item, and list (1/2). The random effects structure was constructed following Barr et al.’s 

(2013) recommendation, starting with a full model that contained by-participant, by-item and 

by-list random intercepts, as well as random slopes for the effect of Trial order for all three 
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random intercepts. We then used the ‘buildmer’ package in R (2.11, Voeten, 2023) to identify 

the maximal model, which was revealed to include random intercepts of subject and item. A 

BOBYQA optimizer with a set maximum of 200,000 iterations was used to increase chances 

of convergence. This model building procedure was applied to all mixed-effect models in this 

paper. 

This analysis revealed a negative effect of trial centred, suggesting a linear decrease 

of utterance length from Trial 1 to Trial 3 (β = -2.58, SE = 0.04, t = -66.93, p < .001). In other 

words, utterance length decreased successively across trials, with directors using 5.16 fewer 

words to describe the same image from Trial 1 to 3 (see Table 1). 

 

Table 1. Summary of the average number of words used to describe each item in trials 1, 2 

and 3 of the referential communication tasks across Experiments 1-3. Standard deviations are 

in parentheses. Note that Experiment 3 data is from the sleep group only (n = 39). 

 Experiment 1 Experiment 2 Experiment 3 

Trial 1 12.14 (7.22) 13.01 (5.99) 13.10 (6.61) 

Trial 2 8.20 (4.94) 8.40 (3.96) 9.24 (4.46) 

Trial 3 6.98 (4.15) 7.02 (3.36) 7.90 (3.88) 

 

Memory task 

Our pre-registered analysis of the memory task analysed trial-level data using a logit mixed-

effect model. This allowed us to test for effects of group and role on memory whilst 

remaining consistent with the analytic approaches in related memory and common ground 

research (e.g. McKinley et al., 2017; Nault et al., 2023). The first dependent variable was 

item memory accuracy in Session 2, coded as 1 (correct) or 0 (incorrect). The fixed effects 

were sum-coded group (sleep: -0.5, wake: 0.5) and role (director: -0.5, matcher: 0.5). 
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Random effects were participant, item and list (1/2). The sum score of Session 1 recall 

accuracy was included as a covariate, which controlled for baseline individual differences, as 

used in the sleep literature (Berres & Erdfelder, 2021). Common ground formation in the 

referential communication task, reflected by the change in description length from Trial 1 to 

3 in relation to the total number of words used in Trial 1 and 3 ( Ὕρ ὝσȾὝρ Ὕσ , was 

calculated separately for each participant, centred and then included as a covariate. Buildmer 

simulations were used to identify the maximal random effects structure. Results revealed 

significant effects of group (β = -0.32, SE = 0.16, z = -1.97, p = .049), role (β = -0.92, SE = 

0.15, z = -6.00, p < .001), and Session 1 recall accuracy (β = 4.25, SE = 0.84, z = 5.03, p 

< .001). As shown in Figure 3, accuracy of recognising old items was higher in the sleep (vs. 

wake) group, for items encoded in the director (vs. matcher) role, and when Session 1 recall 

accuracy was high. The interaction between group and role was not significant (p = .530). 
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Figure 3. Item memory accuracy (proportion of correctly recognised items; 1 = all items 

correctly recognised) by group and role across Experiments 1-3. Note: Behavioural results for 

Experiment 3 include only N=39 in the Sleep group and N=19 in the Wake group given its 

focus on the neural predictors of sleep effects. 

 

Source memory, remembering with whom a particular object was discussed with, was 

analysed with a comparable logit mixed-effect model. The dependent variable was the 

accuracy of source memory in Session 2, coded as 1 (correct) or 0 (incorrect). The fixed 

effects, covariates and random effects structure determined from Buildmer simulations were 
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identical to those described for the analysis of item memory. Results revealed significant 

effects of group (β = -0.22, SE = 0.11, z = -2.04, p = .041) and Session 1 source accuracy (β = 

2.83, SE = 0.39, z = 7.21, p < .001). As shown in Figure 4, accuracy of recalling the source of 

old items was higher in the sleep (vs. wake) group and when Session 1 source accuracy was 

high. None of the remaining effects or interactions reached significance (ps > .528). 
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Figure 4. Source memory accuracy (proportion of correctly recalled source; 1 = all sources 

correctly identified) by group and role across Experiments 1-3. Note: Behavioural results for 

Experiment 3 include only N=39 in the Sleep group and N=19 in the Wake group given its 

focus on the neural predictors of sleep effects. 

 

As suggested by an anonymous reviewer, we supplemented our pre-registered mixed-

effect modelling analysis with exploratory multinomial processing tree (MPT) models. MPT 

models are a class of cognitive models that quantify and delineate distinct cognitive processes 

underlying responding in a behavioural task. For a task measuring item and source memory, 
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as in the current study, Bayen et al. (1996) developed the two-high threshold model of source 

monitoring to quantify item (D: The probability of recognising an old/new item) and source 

memory capacity (d: Having recognised an old item, the conditional probability of recalling 

its source) delineated from guessing and other non-memory processes. 

MPT modelling supplemented our mixed-effects models by providing additional 

insight into group differences in memory after separating out guessing/non-memory 

processes. However, our core conclusions remain derived from the mixed modelling analyses 

for the following reasons. First, mixed-effect modelling was the pre-registered analysis to 

investigate our hypotheses as this technique has been used in related memory and common 

ground research (McKinley et al., 2017; Nault et al., 2023). Second, and relatedly, our sample 

size was based on the expected group effect on item/source memory responses analysed in a 

mixed-effect model. MPT models were therefore not considered in our power analyses which 

require additional a-prior assumptions about every estimated parameter (e.g., guessing) in the 

model (Schnuerch et al., 2020). Therefore, it is unclear if our sample size lends itself to an 

appropriately-powered MPT model, warranting some caution to their findings on the basis of 

statistical power. 

We configured Bayen et al.’s (1996) source monitoring model to analyse the memory 

data in Session 2, using a partial-pooling approach in a Bayesian framework (Heck et al., 

2018). Separate models were built for each group to compare group-level memory parameters 

across groups, then we sampled the mean parameter difference and assumed a statistically 

reliable effect if the Bayesian credibility interval did not pass zero. For the sake of brevity, 

we only present the key findings from these analyses here and direct the reader to the 

Supplementary Materials for a full overview of the model pathways and parameters. In 

contrast to the mixed-effect modelling analysis, MPT analysis revealed no reliable group 
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differences in item (Sleep group D = .80 [.77 .84], Wake group D = .77 [.74 .79], ΔD = .04 

[-.01 .08]) or source memory (Sleep group d = .61 [.53 .69], Wake group d = .48 [.38 .58], Δd 

= .13 [-.004 .25]). 

 

Common ground production task 

The common ground production task in Session 2 indicated whether participants maintained 

common ground ~12 hours after encoding. Two analyses were conducted on these data. The 

first compared the length of descriptions between old and new images and whether this 

differed across groups. We refer to this as item-specific conversation memory because it 

captures memory for shared referents overall, without considering whether the conversation 

partner was the same or different between sessions. The second considered only old items 

and compared the length of descriptions across groups and roles when the item was 

encoded/probed with a matching versus mismatching source. We refer to this as partner-

specific common ground because it reflects knowledge tied to the shared conversational 

history with a specific individual. 

 First, a linear mixed-effect model was used to analyse the length of descriptions 

produced for old and new items, with fixed effects of group (sleep: -0.5, wake: 0.5) and 

condition (new: -0.5, old: 0.5). Session 1 item-specific conversation memory (i.e., the 

normalised difference in total word count between Trial 1 and 3 of the referential 

communication task Ὕρ ὝσȾὝρ Ὕσ) was centred and included as a covariate. 

Buildmer simulations revealed the maximal random effects structure for participants, items, 

and list. Analysis revealed a significant effect of condition (β = -0.35, SE = 0.06, t = -5.94, p 

< .001) and a significant interaction between group and condition (β = 0.35, SE = 0.12, t = 

2.95, p = .003). As shown in Figure 5, participants used fewer words to describe old 

compared to new items, and this difference between old vs. new items was larger in the sleep 
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group (β = 0.53, SE = 0.08, t = 6.38, p < .001) than the wake group (β = 0.18, SE = 0.09, t = 

2.09, p = .037). The effect of group was not significant (p = .215). 
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Figure 5. Item-specific conversation memory: the average number of words used to describe 

items in the common ground production task by group and condition across Experiments 1-3. 

Note 1: The common ground production task in Experiment 1 was computerised and 

participants typed descriptions item-by-item, whereas common ground production in 

Experiments 2 and 3 was assessed in face-to-face interactions with participants giving verbal 

descriptions for each item in a 5 × 4 grid (meaning they included lexical disfluencies and 

location information). Note 2: Behavioural results for Experiment 3 include only N=39 in the 

Sleep group and N=19 in the Wake group given its focus on the neural predictors of sleep 

effects. 
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Second, a linear mixed-effect model was used to analyse the length of descriptions 

produced for old items in this task, with fixed effects of group (sleep: -0.5, wake: 0.5), role 

(director: -0.5, matcher: 0.5), and source match (match: -0.5, mismatch: 0.5). Session 1 

common ground (i.e., the normalised difference in total word count between Trial 1 and 3: 

Ὕρ ὝσȾὝρ Ὕσ) was centred and included as a covariate, and Buildmer simulations 

were used to identify the maximal random effects structure. Results showed no significant 

effects or interactions (all ps > .094). A summary of results can be found in Figure 6. 
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Figure 6. Partner-specific common ground: the average number of words used to describe 

old items in the common ground production task by group, role and source match across 

Experiments 1-3. Note: Behavioural results for Experiment 3 include only N=39 in the Sleep 

group and N=19 in the Wake group given its focus on the neural predictors of sleep effects. 
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Discussion 

The results from our pre-registered mixed-effect modelling analyses provided evidence that 

several aspects of conversational memory were enhanced in the Sleep relative to the Wake 

group. Participants who slept were more likely to recognise old items after 12 hours, 

suggesting a better memory of what was discussed in conversation, and were also more 

accurate in recalling source information (i.e., which partner an item had been discussed with). 

These results align with the broader literature showing that sleep strengthens episodic 

memory for content and social context. Numerically speaking, the Sleep group also displayed 

enhanced memory in the exploratory MPT models, however this did not reach reliability on 

either item or source memory. 

After 12 hours, the use of item-specific conversation memory (the relative reduction 

in description length for old compared to new items) was larger in the Sleep than the Wake 

group, consistent with overnight sleep having an enhancing impact on memory. However, we 

did not observe a significant effect of partner-specific common ground; description lengths 

did not differ when items were described for the original versus a new partner. This contrasts 

with prior work showing that speakers typically elaborate more with new partners who lack a 

shared history (Horton & Gerrig, 2002; Isaacs & Clark, 1987; Schober & Clark, 1989; Yoon 

& Brown-Schmidt, 2014). One likely reason for this is that our paradigm provided only 

minimal cues to partner identity in the common ground production task (i.e., names on a 

screen) and no face-to-face interaction, conditions under which partner-specific common 

ground is often attenuated (Brown-Schmidt, 2009; Brown-Schmidt et al., 2015). 

 The absence of partner-specific effects on common ground raises questions about the 

ecological validity of this paradigm, as its non-interactive elements may have hindered 

encoding and retrieval of partner-specific representations. To address this, Experiment 2 

introduced live, in-person communication during both the referential communication and 
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common ground production tasks. In addition, analysis of Experiment 1 PSQI responses 

revealed that the average reported bedtime was 1:10 AM and the average getting up time was 

9:40 AM. Therefore, we adjusted the session start times for Experiment 2 so that the wake 

group completed Session 1 at 9 AM and Session 2 at 9 PM the same day and the sleep group 

completed Session 1 at 9 PM and Session 2 at 9 AM the next day. 

 

Experiment 2 

Methods 

Participants 

Our pre-registered target sample size was identical to Experiment 1 (96 participants). To 

achieve this, a total of 114 participants were recruited from the University of [anonymised for 

peer-review]. Sixteen participants were excluded because they or one of their partners failed 

to return for Session 2. The final sample was ninety-eight (86 females and 12 males; Mage = 

19.08 years; SD = 1.25; 48 in Wake group, and 50 in Sleep group), who took part in the study 

across 32 groups. Eligibility criteria, consent and payment was the same as in Experiment 1.  

 

Sleep measures 

The PSQI, ESS, rMEQ and SSS were administered as detailed in Experiment 1. 

 

Referential communication task 

This task and image stimuli were identical to those described in Experiment 1, except that 

participants completed the referential communication task live, in a face-to-face context 

rather than on adjacent computers. The director and matcher sat on opposite sides of a table, 

with a screen divider placed in the middle to prevent participants seeing each other’s grid and 

images (see Figure 2). The director described the arrangement of images from printed and 
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laminated grids, and the matcher followed the director’s instructions to physically arrange 

their set of images (20 on each trial, individually printed and laminated) into a printed and 

laminated blank grid.  

 

Memory task 

The procedure for this task was identical to Experiment 1. 

 

Common ground production task 

Common ground production was measured in Session 2 by a live, face-to-face referential 

communication task, with the same instructions as in the referential communication task 

completed in Session 1 (i.e., to either describe images to the other person (as a director) or to 

identify described images and place them in an empty grid (matcher)). Across eight blocks, 

participants worked as the director four times and as the matcher four times, of which half 

were with partner B and half with partner C (i.e., two blocks in each role/partner 

combination). Each block consisted of one grid with 20 images, and all 160 images were 

encountered across the eight blocks. Half of the images were old and half were new. Of the 

old images, 40 were seen in the same role as in the Session 1 referential communication task 

and 40 were seen in a different role; half of each was seen with the same partner as in the 

Session 1 referential communication task (source match) and half was seen with a different 

partner (source mismatch). 

 The number of words used to describe each image was calculated following the same 

process of transcription and coding as in Session 1. 

 

Procedure 

The sequence of tasks was the same as that described in Experiment 1. 
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Results 

Sleep measures and manipulation check 

Over the last month, the average sleep time reported by participants in the PSQI was 0:48 

AM, and the average wake time was 9:01 AM. Linear mixed-effects models showed no 

significant differences between groups on any sleep measure (PSQI: β = 0.32, SE = 0.77, t = 

0.42, p = .679; ESS: β = 0.36, SE = 0.98, t = 0.37, p = .713; rMEQ: β = 1.19, SE = 0.72, t = 

1.66, p = .101; SSS, Session 1: β = 0.32, SE = 0.22, t = 1.48, p = .144; SSS, Session 2: β = -

0.04, SE = 0.31, t = -0.13, p = .895). 

 

Referential communication task 

A linear mixed-effect model (following the same structure detailed in Experiment 1) showed 

a negative effect of trial centred, indicating a linear decrease across the three trials (β = -2.30, 

SE = 0.03, t = -88.87, p < .001). Thus, replicating Experiment 1, participants used 

significantly fewer words to describe the same image from Trial 1 to 3 (see Table 1). 

 

Memory task 

A logit mixed-effect model was used to analyse item memory accuracy (see Experiment 1 for 

model structure). This showed significant effects of group (β = -0.53, SE = 0.22, z = -2.39, p 

= .017), role (β = -1.08, SE = 0.18, z = -6.14, p < .001) and Session 1 item accuracy (β = 3.56, 

SE = 0.73, z = 4.87, p < .001). Replicating Experiment 1, accuracy was higher in the sleep vs. 

wake group, when they encoded the item as a director vs. matcher, and when Session 1 item 

accuracy was high. The interaction between group and role was not significant (p = .990, see 

Figure 3). 
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 Analysis of source memory accuracy (see Experiment 1 for model structure) revealed 

significant effects of group (β = -0.45, SE = 0.14, z = -3.27, p = .001), role (β = -0.19, SE = 

0.09, z = -2.15, p = .032) and Session 1 source accuracy (β = 2.54, SE = 0.38, z = 6.67, p 

< .001). Participants were more likely to recall which partner they saw an item with when 

they slept between sessions 1 and 2, when they had encoded that item as the director, and 

when Session 1 source memory accuracy was high. The interaction between group and role 

was not significant (p = .879, see Figure 4). 

 As in Experiment 1, exploratory MPT modelling analyses revealed no reliable group 

differences in item memory (Sleep group D = .78 [.73 .83], Wake group D = .77 [.73 .81], 

ΔD = .01 [-.05 .07]). However, consistent with the mixed-effect modelling analysis, there 

was a reliable group difference in source memory (Δd = .19 [.06 .32]), with enhanced source 

memory in the Sleep (d = .66 [.56 .76]) relative to the Wake group (d = .47 [.39 .56]; see 

Supplementary materials for full results). 

 

Common ground production task 

The number of words that participants used to describe each image was analysed using two 

linear mixed-effect models, as described in Experiment 1. Analysis of descriptions for old 

versus new items revealed a significant effect of condition (β = -1.18, SE = 0.11, t = -10.53, p 

< .001) and a significant interaction between group and condition (β = 0.53, SE = 0.22, t = 

2.38, p = .018). Consistent with Experiment 1, participants used more words to describe a 

new vs. old item, and this difference was larger in the sleep group (β = 1.44, SE = 0.16, t = 

9.22, p < .001) than the wake group (β = 0.91, SE = 0.16, t = 5.70, p < .001). The effect of 

group was not significant (p = .432, see Figure 5). 

 Analysis of group, role and source match on the production of common ground for 

old items showed no significant effects or interactions (all ps > .086).  
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Discussion 

Consistent with Experiment 1, our pre-registered mixed-effect modelling analysis found that 

both item and source memory were enhanced after overnight sleep compared to daytime 

wakefulness, as was the use of item-specific conversation memory (the MPT modelling 

results also revealed enhanced source memory in the Sleep group). Participants produced 

shorter descriptions for old than new items, indicating that previously established 

conversation memory facilitated more efficient referring expressions. This old-new reduction 

was larger in the Sleep group than in the Wake group, suggesting that sleep strengthened the 

accessibility and use of item-specific knowledge, maintaining efficient communication 

strategies over a 12-hour delay. Experiment 2 did not show any evidence that participants 

encoded a partner-specific representation of common ground in memory, and this was not 

modulated by sleep. 

 Taken together, Experiments 1 and 2 provide converging evidence that conversational 

memory and pragmatic efficiency is enhanced after a period of overnight sleep. Overnight 

sleep strengthened item and source memory, with stronger and more consistent sleep effects 

emerging on source memory. In addition, overnight sleep maintained more efficient use of 

common ground, specifically enhancing the accessibility of previously shared (old vs. new) 

information, over a 12-hour interval. These findings suggest that sleep benefits not only the 

retention of conversational content but also the communicative deployment of that 

knowledge in social interaction. 

 Nevertheless, the mechanisms underlying these sleep-related effects remain to be 

determined. Sleep could act passively, by protecting memories from interference (Yonelinas 

et al., 2019), or actively, via offline consolidation during non-REM sleep (Born & Wilhelm, 

2012; Klinzing et al., 2019; Rasch & Born, 2013). Experiment 3 therefore examined 
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oscillatory activity during NREM sleep to test whether neural markers of active consolidation 

predict the retention of conversational memory and common ground. 

 

Experiment 3 

Sleep-based memory reactivation is hypothesised to facilitate the transfer of newly encoded, 

labile episodic memories into stable long-term representations. This process involves the 

redistribution of memory traces from the hippocampus to neocortical networks that support 

long-term knowledge (Born & Wilhelm, 2012; Denis & Cairney, 2023). Growing evidence 

suggests that such consolidation is supported by the finely tuned interplay of distinct neuronal 

oscillations during non-REM (NREM) sleep, including cortical slow oscillations (~1 Hz), 

sleep spindles (~11 - 16 Hz) and hippocampal sharp-wave ripples (80 - 150 Hz). Sharp-wave 

ripples reflect transient reactivation events that are nested in the troughs of sleep spindles, 

which are thought to reinstate memory-related neural activity (Antony et al., 2018) and 

promote synaptic plasticity (Fernandez & Lüthi, 2020). In turn, spindles preferentially couple 

with the depolarising up-phase/peak of slow oscillations (SO), corresponding to periods of 

heightened cortical excitability (Neske, 2016). This precise coordination is thought to enable 

the integration of hippocampal reactivations into long-term, cortical memory traces.  

Consistent with this account, polysomnography studies have reported positive 

associations between spindle activity and subsequent memory retention (Denis et al., 2021; 

Gais et al., 2002; Schabus et al., 2004; Schmidig et al., 2024). Moreover, the coupling 

between spindles and slow-oscillations (SO-spindle coupling) appears particularly important 

for memory consolidation (Ng et al., 2025). Specifically, the degree to which spindle peaks 

are aligned with the SO up-phase, as well as the overall number of SO-spindle coupling 

events, both correlate positively with post-sleep memory performance (Denis et al., 2021; 

Halonen et al., 2021; Helfrich et al., 2018; Mikutta et al., 2019; Muehlroth et al., 2019; Ng et 
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al., 2025). Together, these findings support the view that sleep-related memory benefits are at 

least partially sourced by active neural processes that coordinate hippocampal reactivation 

and neocortical integration during NREM sleep. Experiment 3 directly tested this hypothesis, 

examining whether oscillatory markers of sleep-based memory consolidation predict 

retention of conversational memories and common ground. 

Experiment 3 used near-identical procedures to Experiment 2. The key difference was 

that the delay between sessions 1 and 2 was reduced from 12 hours to ~4 hours, and 

participants in the sleep group took a ~2 hour long, polysomnographically-recorded nap in 

the lab in between sessions (see Figure 1; participants in the wake group spent an afternoon 

awake). Because this experiment was primarily focused on uncovering possible correlations 

between sleep electrophysiology and memory/common ground retention, we prioritised 

participant recruitment in favour of the Sleep group to satisfy statistical power for such 

correlational effects (see the Participants section for details of our sample size). Therefore, 

the overall sample size of Experiment 3 (N = 58) was not only smaller than the previous two 

experiments, but was also imbalanced in favour of the Sleep group (Sleep N = 39, Wake N = 

19). Between-group comparisons of behavioural responses were therefore viewed as 

exploratory and are reported in the Supplementary Materials. 

The Sleep group’s EEG data was used to extract measures of oscillatory activity 

during NREM sleep that have been linked to sleep-related memory consolidation processes 

(Denis & Cairney, 2023). If sleep is actively involved in consolidating memories for 

conversation and common ground, then the retention of memory/common ground should 

correlate with some of these measures. The specific measures of oscillatory activity were 

sleep spindle density (number of spindles per minute), the percentage of spindles coupled to 

slow oscillations, and the preferred phase of slow oscillations to which spindles preferentially 

coupled. We define retention here as the difference in performance from Session 1 to Session 
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2. To enable a comparable retention measure for common ground in Experiment 3, we 

therefore introduced a common ground production task in Session 1. The experiment was 

pre-registered ahead of data collection with the following hypotheses:  

1. Replicating previous findings (McKinley et al., 2017; Nault et al., 2023; Experiments 

1 and 2 above), we predicted that pairs of interlocutors would develop common 

ground in the referential communication task, indicated by a significant reduction in 

the number of words used to describe a given image from the first to the third time it 

is discussed.  

2. Spindle density (number of spindles/minute) would be positively correlated with 

retention of item and source memory and the retention of item-specific conversation 

memory and partner-specific common ground. 

3. The percentage of coupled sleep spindles (spindles that occur within a detected slow 

oscillation, out of all detected sleep spindles) would be positively correlated with the 

retention of item and source memory and the retention of item-specific conversation 

memory and partner-specific common ground. 

4. The extent to which spindles couple towards the up-phase/peak of the SO would be 

positively correlated to the retention of item and source memory and retention of 

item-specific conversation memory and partner-specific common ground (Halonen et 

al., 2021; Helfrich et al., 2018; Mikutta et al., 2019; Muehlroth et al., 2019; Ng et al., 

2025). 

 

Methods 

Participants 

Sixty participants were recruited in total from a participation scheme at the University of 

[anonymised for peer-review]. Forty-one of these participated in the sleep group. The data 
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from two participants in the sleep group were excluded from analyses, one for failing to 

achieve >10 minutes of NREM sleep during the 2-hour nap (pre-registered criteria), and a 

second due to data loss in the memory tasks. This left a final sample of 39 in the sleep group 

who contributed data to the analyses (30 females and 9 males; Mage = 20.03 years; SD = 

2.53). Whilst our primary focus related to behaviour and EEG responses in this sleep group, 

laboratory and time restrictions meant that only two participants (out of the four participating 

in a particular session) could take part in the sleep group. Therefore, we classified these 

remaining participants as wake participants because they went about their daily activities in 

between sessions while the sleep participants slept in the laboratory. Nineteen participants 

took part in the wake group (18 females and 1 male; Mage = 19.74 years; SD = 2.58). 

Eligibility criteria were the same as in Experiments 1 and 2. 

 Pre-registration stated that data collection would stop after reaching 40 usable data 

sets/participants in the sleep group. This was based on an a-priori power analysis performed 

in GPower (version 3.1), which calculated the minimum number of participants required to 

detect a correlation of r = .40 with 80% statistical power, which revealed the necessity for 37 

participants in the sleep group. We based our estimate on a correlational effect since the 

majority of our hypotheses concern relationships between memory and oscillatory activity 

during sleep. We selected a correlation of r = .40 as similar sleep EEG studies with 

comparable measures (e.g., spindle density) have reported similar correlations (e.g., Denis et 

al., 2021; Gais et al., 2002). Our pre-registration increased the target sample to 40 to make it 

a multiple of four, since our design permitted a maximum of four participants in a single 

session. 
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Materials and procedure 

Upon arrival to the lab, participants were informed of their group allocation2. All participants 

provided consent before completing the Qualtrics survey assessing sleep habits and 

behaviours (PSQI, ESS, rMEQ). Participants in the sleep group were then set up with EEG 

(see EEG acquisition). Once EEG set up was complete, all participants completed the SSS for 

the first time. 

 Session 1 began with the referential communication task at around 12 PM, adopting 

the same face-to-face procedures as Experiment 2. Each participant encountered 80 different 

items, and discussed these with one of two partners, either in the role of director or matcher. 

Participants then completed the memory task on an individual computer, before completing 

the first common ground production task (again, with the same procedures as Experiment 2). 

Participants completed four blocks of this task, involving 40 old and 40 new items. 

Session 1 was completed by around 1 PM. At this point, participants in the Sleep 

group got into bed and were left to sleep for ~2 hours. Participants in the Wake group were 

asked to go about their daily activities before returning to the lab around 2.5 hours later to 

complete Session 2. Session 2 began around 4 PM, approximately 45 minutes after 

participants in the sleep group had woken up to accommodate removal of the EEG electrodes 

and to alleviate the effects of sleep inertia. All participants completed the SSS for a second 

time, before completing the second memory task and the second common ground production 

task. Each task involved the 40 old and 40 new images that were not tested in the 

corresponding tasks in Session 1). Thus, the additional common ground production task 

 

2 Participants in the sleep group were asked to arrive 1 hour earlier than wake group 

participants (this provided extra time for setting up the EEG). 
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introduced in Experiment 3 involved a different subset of items, meaning that it could not 

directly influence the depth of encoding for the images tested in Session 2. 

 

EEG acquisition and pre-processing 

Sleep EEG was measured and recorded using a Natus Embla NDx recording system with 

RemLogic 4.0 recording software. Scalp EEG electrodes were positioned according to the 10-

20 system over frontal (F3 and F4), central (C3 and C4), parietal (P3 and P4), occipital (O1 

andO2), and mastoid (M1 and M2) sites, referenced online to Cz with a ground electrode 

positioned on the forehead, and a sampling rate of 256 Hz. Bilateral electrooculography 

electrodes were positioned ~1 cm from each eye, and electromyography electrodes were 

positioned on the thementalis and submentalis (bilaterally). Electrode impedances were kept 

<5 Ω. 

 Offline, EEG electrodes were band-pass filtered at 0.5 - 35 Hz, downsampled to 200 

Hz, and re-referenced to the contralateral mastoid. Sleep scoring took place in the 

CountingSheepPSG toolbox in Matlab (Ray et al., 2024) and followed standard criteria (Iber 

et al., 2007). Sleep stages were scored in 30 seconds epochs, and epochs containing body 

movements/muscle artefacts were tagged and removed from subsequent analyses. 

 

Sleep spindle detection 

Analysis of sleep spindle and slow oscillation detection/coupling included only epochs scored 

as N2 or N3/SWS (NREM sleep). Sleep spindles were automatically detected using a 

wavelet-based decomposition method (Denis et al., 2021). First, for each participant, we 

determined the peak spindle frequency as the most prominent frequency peak between 11 - 

16 Hz across all electrodes. The raw EEG signal was then subjected to a time-frequency 

decomposition using a wavelet-based detector, with the peak frequency determined as the 
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individual’s spindle peak (defined above) with a band-width of 3 Hz. Spindle detection was 

performed on the squared wavelet coefficients after being smoothed with a 100 ms moving 

average. A spindle was detected whenever the wavelet signal exceeds a threshold of six times 

the median signal amplitude of NREM sleep for at least 400 ms, therefore accounting for 

individual variability in spindle amplitude. 

 

Slow oscillation (SO) detection 

First, the EEG data was bandpass filtered between 0.5 - 4Hz and all positive-to-negative zero 

crossings identified. Candidate SOs were tagged if two such consecutive zero crossings fell 

0.8 - 2 seconds apart, corresponding to 0.5 - 1.25 Hz. SOs in the top quartile of peak-to-peak 

amplitude were retained (i.e., those with the highest amplitudes). 

 

SO-spindle coupling 

To identify SO-spindle coupling events, the EEG data was bandpass filtered in each 

participant’s peak spindle frequency range. Then, a Hilbert transform was applied to extract 

the instantaneous phase of the delta (0.5 - 4Hz) filtered signal and the instantaneous 

amplitude of the spindle filtered signal. For each detected spindle, the peak amplitude of the 

spindle was determined. It was then determined whether the spindle peak occurred within the 

time course (i.e., between two consecutive positive-to-negative zero crossings) of any 

detected SO. If the spindle peak was found to occur during a SO, the phase angle of the SO at 

the peak of the spindle was determined. Circular-linear correlations involving phase angle 

were carried out using radians. To ease interpretation, we present the data in degrees, with a 

phase angle of 0° corresponding to the peak of the SO. 
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Results 

Referential communication task 

The average reported sleep onset time in the month before the experiment was 00:40 AM, 

with an average wake up time 08:09 AM. Before investigating the relationship between sleep 

oscillatory activity and behaviour, we first verified that common ground was established in 

the Session 1 referential communication task. This was achieved using a linear mixed-effect 

model, as in Experiments 1 and 2. The results showed a negative effect of trial centred, 

suggesting a linear decrease across the trials (β = -2.60, SE = 0.07, t = -36.23, p < .001). 

Hence, participants used fewer words to describe each image from trial 1 to trial 3, indexing 

the formation of common ground (see Table 1). 

 

EEG results 

Macro-level sleep physiology is summarised in Table 2. On average, participant’s total sleep 

time was around 90 minutes. 

 

Table 2. Mean time and percentage spent in different sleep stages. Standard deviations are 

presented in parentheses.  

Wake 

time 

(min) 

N1 time 

(min) 

N2 time 

(min) 

SWS 

time 

(min) 

REM 

time 

(min) 

Total 

sleep 

time 

(min) 

N1 % N2 % SWS % REM % 

31.74 

(24.52) 

13.15 

(9.25) 

51.17 

(15.60) 

10.06 

(14.09) 

12.60 

(11.96) 

86.99 

(24.19) 

15.60 

(9.95) 

60.71 

(16.11) 

10.78 

(15.15) 

12.92 

(11.60) 

Note: N1 = Stage 1 sleep; N2 = Stage 2 sleep; SWS = Slow-wave sleep; REM = Rapid eye 

movement. 
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Concerning SO-spindle coupling, a Rayleigh’s test of non-uniformity revealed that 

the distribution of spindle peaks around SOs was significantly non-uniform (adjusted alpha 

level of p = .0063) across participants at all eight electrodes (z’s > 7.56; p’s < .000382). 

Although we detected coupling events over the whole scalp, our analyses involving SO-

spindle coupling focused on averaged data across the two frontal electrodes (F3 and F4), 

based on recent evidence highlighting a particular affinity between frontal coupling events 

and memory (Ng et al., 2025). This analysis revealed that most participants displayed 

significant non-uniformity (32/39; 82%), with a mean coupling phase of 25.94° (+/- 50.79°). 

This corresponds to just past the positive peak of the SO (see Figure 7) and is consistent with 

prior work indicating a preference for spindles to couple to this part of the SO (Denis et al., 

2021, 2025; Muehlroth et al., 2019; Ng et al., 2025). See Table S6 in the Supplementary 

Materials for descriptive statistics on micro-level sleep physiology. 

 

Figure 7. A) Top) The time frequency representation of all SOs coupled to a sleep spindle (-

1500 - 1500 ms, centred on the trough of the SO), averaged to the two frontal electrodes. The 

averaged time-domain SO is superimposed. Bottom) A peri-event histogram displaying the 

distribution of coupled spindles relative to the average SO, in 100 ms time bins. The 
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combined sum of percentages across all bars is equal to100%. B) A circular phase plot 

displaying the proportional distribution of participant spindle phase coupling, averaged to the 

two frontal electrodes. The group mean is represented by the blue arrow. A phase angle of 0° 

corresponds to the peak of the SO. 

 

Three pre-registered measures of NREM sleep-related oscillatory activity were tested 

for correlations with behaviour: 1) sleep spindle density (number of spindles per minute), 

averaged across the whole scalp; 2) the percentage of spindles coupled to slow oscillations, 

and 3) the preferred phase of slow oscillations to which spindles coupled. The latter two 

measures were averaged over frontal electrodes (F3, F4). These measures were correlated 

with four behavioural measures of memory/common ground retention, calculated for each 

participant: item memory, source memory, item-specific conversation memory, and partner-

specific common ground. These retention measures aimed to capture the relative change in 

memory and common ground across the sleep period, which are often more sensitive in 

revealing correlations with sleep physiology than absolute memory performance(e.g., 

Schabus et al., 2004). Item and source memory were quantified by subtracting item/source 

memory accuracy in Session 1 from Session 2, with positive values indicating superior 

performance in Session 2. The retention of item-specific conversation memory was calculated 

by first calculating the difference in description length between new and old items (new - old 

items) within each session and then subtracting this difference score in Session 1 from 

Session 2 (i.e., (Session 2new – Session 2old) - (Session 1new – Session 1old)). Positive values 

indicate that the relative use of item-specific conversation memory increased from Session 1 

to Session 2. The retention of partner-specific common ground was examined separately for 

old items, by first calculating the difference in description length between source mismatch 

and source match trials (source mismatch – source match), and then subtracting the Session 1 
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difference from the Session 2 difference (i.e., (Session 2mismatch – Session 2match) - (Session 

1mismatch – Session 1match)). Positive values indicate greater retention or use of partner-specific 

common ground in Session 2. Table 3 presents mean values of these different measures in 

each session. See Supplementary Materials for exploratory analyses of memory and common 

ground, akin to Experiments 1 and 2. 

 

Table 3. Mean values for each behavioural measure in Experiment 3 (standard deviations in 

parentheses). For the correlational analyses, values in Session 1 (S1) were subtracted from 

the corresponding value in Session 2 (S2). 

Memory (Proportion correct) Word count measures 

Item memory  Source memory  Item-specific 

conversation 

memory (new – old) 

Partner-specific 

common ground (old 

source mismatch – old 

source match) 

S1 S2 S1 S2 S1 S2 S1 S2 

0.89 

(0.08) 

0.87 

(0.06) 

0.77 

(0.12) 

0.69 

(0.11) 

1.81 

(1.63) 

0.54 

(1.47) 

0.43 

(1.47) 

0.39 

(2.14) 

 

Correlations between the four behavioural measures and three measures of sleep 

oscillatory activity are summarised in Table 4. Correlations involving spindle density and % 

of coupled spindles utilised Pearson’s correlations, whilst correlations involving preferred 

coupling phase utilised circular-linear correlations using the circstats toolbox in Matlab 

(Berens, 2009). As can be seen, there were no statistically significant correlations (all 

p’s > .106). 
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Table 4. The relationship between measures of memory and common ground retention and 

sleep oscillatory activity. 

 
Spindle density % of coupled 

spindles 

Preferred 

coupling phase 

Item memory retention r = .03, p = .870; 

BF10 = 0.36 

r = .05, p = .785; 

BF10 = 0.37 

r = .23, p = .368 

Source memory retention r = .11, p = .491; 

BF10 = 0.44 

r = .25, p = .120; 

BF10 = 1.03 

r = .33, p = .113 

Retention of item-specific 

conversation memory 

r = .25, p = .120; 

BF10 = 1.03 

r = -.26, p = .106; 

BF10 = 1.12 

r = .31, p = .163 

Retention of partner-specific 

common ground3 

r = .02, p = .917; 

BF10 = 0.36 

r = .11, p = .492; 

BF10 = 0.44 

r = .03, p = .984 

 

 In light of the statistically non-significant correlations, we calculated Bayes Factors 

(BF10) using the correlationBF function from the BayesFactor R package (Morey & Rouder, 

2026) to determine the degree of evidence in support of the null hypothesis reflecting no 

correlations. This was not carried out for the circular linear correlations of phase angle 

however, as to our knowledge there is no framework for obtaining Bayes factor for such 

 

3 Exploratory analyses tested correlations of sleep oscillatory activity with director partner-

specific common ground, since common ground distinguished matched and mismatched 

sources specifically for directors in Experiment 2, but none of the correlations reached 

significance (all p’s > .310). 
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correlations. The eight Bayes factors for the remaining correlations are presented in Table 4, 

and ranged from anecdotal evidence in favour of the null (0.36) and alternative hypothesis 

(1.12, with 1 representing no evidence - see Lee & Wagenmakers, 2014), although the former 

concerns a negative correlation which was not the predicted direction. Given that the majority 

of the Bayes factors were <1, the null hypothesis may be slightly more consistent with the 

data overall, although this support appears fairly weak at best. 

Coupled spindle density 

In line with the pre-registration, an exploratory analysis examined the relationship between 

coupled spindle density and behaviour. That is, the number of spindles coupled to a slow 

oscillation per minute, which has been shown to predict memory retention (Denis et al., 2021, 

2025). We built four hierarchical regression models, one for each behavioural measure. In the 

first step of each model, behaviour was predicted by uncoupled spindle density. In the second 

step, coupled spindle density was entered as a predictor alongside uncoupled spindle density, 

and the two steps/models were compared using the anova function in R. This allowed us to 

determine whether coupled spindle density accounts for a significant amount of variance in 

behaviour, after controlling for uncoupled spindle density (Denis et al., 2021). Beta 

coefficients and p-values for the second steps are shown in Table 5. 

 

Table 5. The relationship between coupled and uncoupled spindle density on behavioural 

measures. Beta coefficients and p-values are taken from the second of model building. 

 
Coupled spindle 

density 

Uncoupled spindle 

density 

Item memory retention B = 0.01, p = .644 B =- 0.00, p = .716 

Source memory retention B = 0.04, p = .167 B = -0.01, p = .710 
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Item-specific conversation memory  B = -0.55, p = .093 B = 0.82, p = .014 

Partner-specific common ground 

retention 

B = 0.54, p = .320 B = -0.54, p = .319 

 

Coupled spindle density did not account for a significant proportion of variance in the 

retention of any behavioural measure (all p’s > .093). In contrast, uncoupled spindle density 

was positively correlated with the retention of item-specific conversation memory (p = .014), 

with more uncoupled spindles predicting a greater reduction in description lengths for old 

items (relative to new items) after sleep. 

 

Discussion 

Contrary to predictions, none of the sleep oscillatory indices showed a significant relationship 

with behavioural retention measures. Follow up Bayesian analyses revealed only anecdotal 

support for the null hypothesis. Therefore, our confirmatory analyses yielded inconclusive 

evidence into whether sleep may actively consolidate memory and common ground. 

However, a pre-registered exploratory analysis revealed that uncoupled spindle density 

predicted item-specific conversation memory retention. Uncoupled spindles are defined as 

solitary spindles during NREM sleep, occurring independently from a slow oscillation. 

Although slow oscillations (and their temporal coupling with sleep spindles) are 

predominantly believed to facilitate memory consolidation, some findings suggest they can in 

fact impair memory. For example, Payne et al. (2009) found that SWS duration correlated 

negatively with veridical recall in a Deese-Roediger-McDermott (DRM) paradigm, with 

SWS instead argued to support the extraction of gist-like details of a memory. Thus, although 

our exploratory analyses do not reveal specific SWS impairments on memory, they may 
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suggest that memory reactivation events occurring independently from slow oscillations 

(reflected by uncoupled sleep spindles) can still promote some long-term memory benefits. 

 

General Discussion 

Across three experiments, we examined how sleep influences the maintenance of common 

ground (i.e. shared referential knowledge built up during conversation) between dyads. Using 

a referential communication task (McKinley et al., 2017; Nault et al., 2023), we replicated the 

well-established finding that interlocutors become increasingly efficient over repeated 

references, as reflected in linear reductions in description length across trials (Clark & 

Wilkes-Gibbs, 1986; Hupet et al., 1993; McKinley et al., 2017; Nault et al., 2023; Wilkes-

Gibbs & Clark, 1992). 

We also replicated the generation effect: speakers (Directors) remembered items and 

their sources better than listeners (Matchers), consistent with enhanced encoding for self-

generated material (Jacoby, 1978; Koriat et al., 1991; MacLeod et al., 2010; McKinley et al., 

2017; Nault et al., 2023; Riefer et al., 2007; Slamecka & Graf, 1978). Importantly, we 

extended this literature by showing that the generation benefit applied not only to item 

memory but also to source memory when communication occurred face-to-face (Experiment 

2). This pattern suggests that richer, multimodal social cues (e.g., facial expressions, gestures, 

prosody) enhance encoding of partner-specific information, thereby strengthening episodic 

links between content and conversational source. 

Importantly, Experiments 1 and 2 revealed that both item and source memory, as well as 

item-specific conversation memory, were maintained to a greater extent in Sleep group 

participants who slept overnight compared to Wake group participants who experienced a day 

awake. These results were obtained in our pre-registered mixed-effect modelling analyses and 

are consistent with sleep stabilising conversational memory traces, supporting both 
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the content and efficiency of communication after delay. This finding has parallels to existing 

work in the cognitive domain of learning (e.g., Berres & Erdfelder, 2021) by showing sleep 

consolidation effects on information encoded in real-life, interactive social contexts. 

Supplementary MPT analyses revealed no significant evidence of between group differences 

in item memory, but in Experiment 2 revealed enhanced source memory in the Sleep group, 

lending support to the mixed-effects analyses. Speculatively, the more consistent evidence for 

enhanced source memory in the Sleep group could suggest that sleep may particularly benefit 

the retention of item-context associations (see also Berres et al., 2025).  

Although sleep strengthened the retention of item-specific conversation memory, we 

did not find any reliable evidence for sleep effects on partner-specific common ground, 

reflecting shared knowledge or experience between different interlocutors (Clark & Brennan, 

1991). This may suggest that the interpersonal component of shared knowledge may be more 

resistant to consolidation or may require stronger motivational relevance to engage active 

sleep processes. That said, evidence for partner-specific common ground overall was fairly 

weak, with only trends for partner-specificity in Experiment 2 in the Director role condition. 

Thus, future work could attempt to modify the existing paradigm to enhance partner-specific 

effects. However, the fact that evidence of partner-specificity was stronger in Experiment 2 

implies that interactive paradigms may be crucial in supporting partner-specific encoding 

and/or retrieval (Brown-Schmidt, 2009). 

Experiment 3 directly tested whether oscillatory markers of NREM sleep (sleep 

spindle density, SO-spindle coupling and coupling phase; Denis & Cairney, 2023; Ng et al., 

2025) predict the maintenance of conversational memory and common ground. None of these 

confirmatory measures correlated significantly with behavioural indices of retention. Despite 

this, follow up Bayes factors only revealed anecdotal support for the null hypothesis (and in 

some cases the alternative). Additionally, an exploratory analysis revealed a possible role of 
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uncoupled spindles in maintaining item-specific conversation memory. Therefore, we 

interpret the findings of Experiment 3 as revealing inconclusive evidence into whether social 

memories and common ground are actively consolidated during sleep. 

There are, however, several methodological and theoretical points to note. Firstly, we 

may have lacked sufficient statistical power to detect significant associations between EEG 

activity and behaviour, particularly given trends of small associations in some cases (e.g., r 

= .20 - r = .30). Although we based our power analysis on detecting a correlation of r = .40, 

based on prior work using similar EEG measures (e.g., Denis et al., 2021), behavioural sleep 

effects are typically fairly small and not the most robust (Berres & Erdfelder, 2021; Cordi & 

Rasch, 2021), so the association between sleep EEG measures and conversational/common 

ground memories may be smaller than other memory paradigms (e.g., paired associate 

learning), warranting larger sample sizes. Indeed, the sample sizes for Experiments 1 and 2 

were partly based on Mak et al. (2024) who reported that N=48 per group is sufficient for 

detecting effects of d > 1 with 95% power (or 32 participants per group at 80% power). 

However, a recent meta-analysis suggested that sleep effects on memory may be of smaller 

magnitude (Berres & Erdfelder, 2021), which suggests that larger samples may be required to 

detect associations between behavioural sleep effects and sleep physiology in naturalistic 

memory paradigms. The current study therefore provides an important first estimate of the 

magnitude of sleep effects in more unconstrained memory contexts, which can inform future 

power calculations and study design. 

Secondly, the between group differences in behaviour (memory and common ground) 

were non-significant in Experiment 3 (see Supplementary Analysis for analyses with mixed-

effect modelling). This contrasts with significant mixed-effect modelling group effects in 

Experiments 1 and 2, which included larger sample sizes for the between-group comparison 

and used a longer delay interval (i.e., ~4 hrs vs. ~12 hrs) that included overnight sleep. 
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Although daytime nap designs are generally considered sufficient to elicit sleep-related 

memory effects, such effects may be smaller compared to overnight designs (Berres & 

Erdfelder, 2021; Lo et al., 2014) which are characterised by qualitatively different sleep 

architecture (Van Schalkwijk et al., 2019). This may mean that naps provide fewer 

opportunities for memory reactivation events, in turn reducing sleep-related memory 

enhancement relative to overnight sleep (Lo et al., 2014). The duration of the delay is also 

relevant when considering wakefulness conditions, since a longer delay affords more 

opportunity for interference from new memories. This is particularly relevant for the current 

work since engaging in conversation forms an integral part of everyday life for most adults. 

Finally, given that we did not find significant evidence for an active role of sleep, it 

seems reasonable to consider alternative mechanisms to explain sleep-related memory 

benefits, including those observed in Experiment 1 and Experiment 2. Rather than actively 

consolidating memories via memory replay processes (Denis & Cairney, 2023; Klinzing et 

al., 2019; Rasch & Born, 2013), it has been proposed that sleep may enhance memories by 

providing a temporary ‘protective shield’ against interference from new memories; this 

cannot be achieved to the same extent during wake (Ellenbogen et al., 2006; Yonelinas et al., 

2019). This overnight protection from interference may be particularly critical to the 

consolidation of social memories, since daytime social interactions are more closely related 

to the initial encoded experience, and are more likely to occur in the wake than the sleep 

group. Taken together, however, the present findings do not allow us to conclusively 

adjudicate between active consolidation accounts and more passive, interference-based 

explanations of sleep-related memory benefits. 
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Episodic memory and the maintenance of common ground 

Cognitive models of audience design emphasise that common ground depends partly on 

episodic memory for prior discourse (Horton, 2007; Horton & Gerrig, 2005). Our data 

support and extend this framework by showing that the retention of referential knowledge 

from prior interactions, like other episodic memories, benefits from sleep, regardless of 

whether the underlying mechanism is active or passive. Drawing on Gaskell’s (2024) dual-

pathway model of lexical processing, we suggest that recent linguistic experiences are bound 

together in a memory representation, encoding key conversational elements including the 

topic and source of conversation (see also Horton, 2007; Horton & Gerrig, 2005). Potentially, 

this process is supported by the hippocampus whose representations are particularly 

susceptible to sleep-dependent preservation (Gaskell et al., 2019; Mak et al., 2023). 

In our experiments, reencountering an item (i.e., in the memory and common ground 

production tasks) may have triggered retrieval of its prior conversational context (i.e., in the 

first referential communication task), resulting in shorter descriptions for old relative to new 

items. This effect was amplified by overnight sleep, which suggests that sleep preserves 

episodic traces that underpin efficient reuse of prior referential expressions in discourse. 

Thus, our findings provide the first evidence that sleep contributes to maintaining pragmatic 

efficiency in dialogue via memory consolidation processes. It is important to acknowledge 

that our measure of item-specific conversation memory does not reflect common ground per 

se, and instead may index increased familiarity with previously encountered images. 

Although repeated interaction likely supports the formation of shared representations, our 

design does not allow us to fully dissociate item familiarity from partner-specific common 

ground. Accordingly, the present findings are more conservatively interpreted as reflecting 

sleep-related benefits for item-specific conversational memory, rather than for the use of 

common ground in a strictly partner-specific sense. More generally, this highlights a 
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challenge in dialogue research, whereby behavioural measures, such as description length, 

may reflect multiple overlapping processes, including familiarity, abstraction and partner-

specific memory. 

 If the retrieval and efficiency of social memories is greater after sleep relative to 

wake, why did the EEG markers of reactivation during sleep not predict behavioural 

outcomes? Alongside the potential methodological and theoretical explanations discussed 

earlier, another possibility is that any active component of sleep in supporting memory 

consolidation, driven by memory reactivation processes, is preferentially recruited for 

information with adaptive or motivational value for the future (Cowan et al., 2021; 

Diekelmann et al., 2009; Sterpenich et al., 2021; Stickgold & Walker, 2013). The referential 

labels in our study described familiar objects with pre-existing lexical representations (e.g., 

“the stripy bird”), which may have reduced the communicative need to actively consolidate 

these episodes. In other words, actively consolidating a shared memory of a familiar object 

may be minimally relevant for discussing the image again in the future; active sleep 

consolidation may be more sensitive to unfamiliar linguistic information (Tamminen et al., 

2010, 2013; for a similar discussion see Ball et al., 2025). Future work could test this account 

by using novel or ambiguous stimuli, such as tangrams (Yoon et al., 2024; Yoon & Brown-

Schmidt, 2014), where maintaining idiosyncratic labels would have greater relevance for 

future interactions.  

  

Conclusion 

In summary, we have shown that overnight sleep enhances conversational memory and 

communicative efficiency, consistent with episodic consolidation of discourse-level 

information. These patterns highlight that sleep not only stabilises factual and semantic 

memories but also preserves socially-grounded knowledge encoded during a live interaction. 
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This is a novel finding in the sleep-memory literature, which shows that episodic memory 

processes (traditionally studied in isolated learning tasks) also contribute to maintaining the 

coherence and efficiency of dialogue across time. These results bridge cognitive models 

of memory consolidation with those of pragmatic communication. Sleep may help sustain the 

representations that enable interlocutors to resume conversation efficiently, thereby linking 

individual memory mechanisms with the continuity of social interaction. However, the sleep 

EEG analyses did not conclusively reveal neural correlates that would provide clear support 

for an active, memory reactivation-based consolidation account. Understanding when and 

how sleep actively integrates social knowledge into long-term memory will be a critical goal 

for future research. 
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