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A B S T R A C T

This study investigates whether daytime naps facilitate perceptual learning of Cantonese tones and how prior
knowledge mediates the consolidation effect. Ninety Mandarin native speakers were pseudo-randomly assigned
to either a nap group, who napped for 1.5 h with brain activities recorded, or the non-nap group, who rested for
1.5 h. They were trained with Cantonese contour-level tonal contrasts and level-level tonal contrasts, followed by
a tone identification task (trained talker) before the nap manipulation, and were re-tested (trained and novel
talkers) after the nap. The results showed that naps facilitated Cantonese tone learning, with the nap group
outperforming the non-nap group in the cross-talker perception. The cross-talker perception effect was specific to
contour-level tonal contrasts (consistent with prior knowledge) and was associated with increased sleep spindles
and slow oscillations. The findings suggest that prior knowledge plays an important role in prioritizing contour-
level tonal contrasts for memory consolidation.

1. Introduction

Adult “late” second language (L2) learners often find it difficult to
learn a new language (e.g., non-native speech) especially when the L2 is
learned later in life (Myers, 2014; Myers et al., 2017). Learning (non-
native) languages requires the integration of newly-learned linguistic
knowledge into long-term memory networks, and sleep has been found
to facilitate different aspects of language learning through memory
consolidation (see a special issue by Rasch, 2017). Recent research has
provided converging evidence that sleep (where memory consolidation
takes place), immediately following training (where encoding takes
place) induces an offline improvement and supports the learning of
various linguistic aspects, such as speech sounds, words, and grammar
by adult L2 learners (Batterink & Paller, 2017; Davis et al., 2008; Fenn
et al., 2003; Weighall et al., 2017). Notably, a daytime nap (henceforth,
nap) also offers consolidation advantages in stabilizing and reinforcing
declarative memories of newly-acquired knowledge, such as novel
words (see Farhadian, Khazaie, Nami, & Khazaie, 2021 for a review).
The current study adopted a nap design (nap group vs. non-nap group)
to investigate whether nap-mediated consolidation benefits perceptual
learning of novel words contrasting in lexical tones (i.e., pitch variation
signaling word identity), by focusing on the effect of prior knowledge (i.

e., information that relates to existing knowledge) on the early forma-
tion of tonal representations.

1.1. Prior knowledge in memory consolidation

Current memory consolidation theory assumes that learning new
information involves transforming from fragile episodic memories to
stabilized long-term declarative memories (i.e., the information that can
be explicitly recalled) so that newly-formed categories (e.g., robust
linguistic representations) can emerge (see the complementary learning
systems in McClelland, 2013). For example, the Active System Consol-
idation theory assumes a mechanism in which new (declarative) mem-
ories are spontaneously reactivated during non-rapid eye movement
(NREM) sleep and the temporary representations (encoded/learned in
hippocampal networks) are then redistributed into long-term knowledge
(stored in neocortical networks) through sleep-mediated consolidation
(Rasch, 2017; Schreiner & Rasch, 2017). Accumulating evidence also
has demonstrated that a daytime nap, provided that it contains enough
NREM sleep, offers a comparable advantage of declarative memory
consolidation (henceforth, memory consolidation) as nocturnal sleep (e.
g., Alger et al., 2010; Lahl et al., 2008). However, what remains less
clear is why certain linguistic information is often selectively
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consolidated during naps (see Cordi & Rasch, 2021 for a review on
memory consolidation of declarative knowledge). That is, some infor-
mation may be prioritized for nap-mediated consolidation (e.g., Studte
et al., 2017).

Numerous studies have shown an effect of prior knowledge (i.e.,
schema) on memory consolidation, suggesting that new information
that is consistent with prior knowledge is consolidated more rapidly
than that which is not (McClelland, 2013; Tse et al., 2007, 2011). For
instance, Hennies et al. (2016) tested the effect of prior knowledge on
sleep-mediated consolidation of new facts. Participants first established
a schema of knowledge by learning a set of biological facts (e.g., infor-
mation about cells) and then learned new biological facts, which were
either related to prior knowledge or completely unrelated (e.g., infor-
mation about arthropods). The results showed the benefits of prior
knowledge, with schema-related memories recalled better than non-
schema memories after sleep. Lewis and Durrant (2011) thus proposed
a concept of “information overlap to abstract” (iota), which is aligned
with the active system consolidation theory, to explain the (active)
integration of newly-learned knowledge into the existing framework/
structure of knowledge through memory consolidation and the role of
prior knowledge (i.e., schema effect) during the integration process. The
iota explanation is about selective memory strengthening by informa-
tion overlap, specifically stating that new and old memories are replayed
simultaneously during sleep (e.g., slow-wave sleep), with information
shared across new and old memories more strongly activated than that
from only a single source.

In line with the studies above, language learning studies have pro-
vided supportive evidence for the beneficial effect of prior linguistic
knowledge (e.g., long-term knowledge of familiar sounds/words in L1)
on nap-mediated memory consolidation in L2 word learning and
learning of morphological-phonological regularities (Cordi et al., 2023;
Zion et al., 2019). Recent studies provided further evidence of memory
consolidation in phonological learning (novel spoken words; Havas
et al., 2018) and speech perceptual learning (Hindi dental/retroflex
consonants; Earle & Myers, 2015a). Compared with other linguistic
domains (e.g., words), speech perceptual learning is particularly chal-
lenging because listeners need to abstract sound categories from speech
signals that are often acoustically variable and multidimensional
(Myers, 2014; Myers et al., 2017). This learning process is even more
challenging for non-native learners whose prior linguistic knowledge
may interfere with L2 speech perceptual learning (Best, 1995). Thus, it is
theoretically important to investigate whether a nap plays a similar/
different role in consolidating non-native speech (e.g., tone) learning
and enabling listeners to generalize to new tokens (produced by novel
talkers). To deepen our understanding of how robust tonal representa-
tions emerge in early stages considering the well-documented difficulty
in learning L2 tones (see Pelzl, 2019 for a review), this study examines
the role of prior knowledge in the nap-mediated consolidation of lexical
tones (also see Chapelle et al., 2022).

1.2. Memory consolidation of lexical tones

Lexical tones, signaling the identity of each syllable and/or word in
Chinese languages, reside at the interface between speech and lexical-
semantic information (Yip, 2002). Lexical tones are contrastively used
to distinguish words in Chinese languages. Segmentally identical words
that contain different tones, for example, in Cantonese (/si 55/ ‘silk’
(Tone 1 (T1)), /si 25/ ‘history’ (T2), /si 33/ ‘to try’ (T3), /si 21/ ‘time’
(T4), /si 23/ ‘city’ (T5), and /si 22/ ‘matter’ (T6)) differ in meaning
(Matthews & Yip, 2011). Given a high degree of homophony, lexical
tones are weighed significantly in Cantonese word recognition. Under-
standing whether, and if so how, lexical tones are consolidated under the
influence of prior knowledge (e.g., cues used to encode tonal contrasts in
a native language, L1) is important from a learning perspective (Pelzl,
2019).

First, it is well established that an individual’s prior tonal knowledge,

that is, cues used to encode tonal contrasts in L1, has an impact on how
they learn different types of lexical tones (Francis et al., 2008; Gandour,
1983; Jongman et al., 2017). While pitch is a primary cue that contrasts
tones, different pitch cues are proposed to contrast different types of
tonal contrasts; both need to be learned: pitch height (average height),
which is used to distinguish higher- and lower- level tones, and pitch
contour (tone shape), which is used to contrast falling and rising contour
tones. Depending on L1 experience (e.g., contour-tone system), L2
learners may learn certain tones well but learn others poorly, at least at
an early learning stage (Francis et al., 2008; Hao, 2012). While the
Cantonese tonal system is balanced in contour tones (contrasting in
pitch contour) and level tones (contrasting in pitch height), Mandarin
listeners encode pitch (contour) cues only in their contour-tone system
(/pa 55/ ‘eight’ T1, /pa 35/ ‘to pull out’ T2, /pa 214/ ‘to hold’ T3, /pa
51/ ‘father’ T4) (Yip, 2002). A previous work (Qin & Jongman, 2016)
found that Mandarin-speaking participants showed a different pattern in
distinguishing Cantonese contour vs. level tones. Mandarin listeners
found it relatively easy to differentiate contour-level tones (a low-rising
tone T5, /23/ vs. a low-level tone T6, /33/; see Fig. 2 below) that were
primarily distinguished by pitch contour differences. However, they had
difficulties distinguishing Cantonese level-level tones (a mid-level tone
T3, /33/ vs. a low-level tone T6, /22/; see Fig. 2 below), which are
mainly cued by pitch height differences, potentially due to the lack of
level-level tonal contrast in their L1 tone inventory (also see Jongman
et al., 2017). In contrast, the English-speaking participants, who did not
consistently use pitch cues to encode lexical meanings, did not show
such a bias.

Since memory consolidation is a necessary step for successful tone
learning (i.e., forming robust tonal representations), learners’ prior
linguistic knowledge (i.e., specific pitch cues) may influence the
consolidation of lexical tones (Cordi et al., 2023; Zion et al., 2019).
Cantonese has a complex tonal system with contour tones and level
tones, making it a good case for testing the effect of prior knowledge on
the consolidation of different types of lexical tones. A pilot study of tone
consolidation examined whether prior tonal knowledge (of Mandarin)
influences the consolidation of non-native Cantonese tonal contrasts by
Mandarin-speaking participants (Qin et al., preprint; also see Qin, Jin,
et al., 2022). The study adopted an overnight design, with the partici-
pants trained/tested in the evening on two non-native contrasts of
contour tones and level tones and re-tested after a 12-hour overnight
interval. The results showed that the Mandarin-speaking participants
consolidated non-native contour tones to a larger degree than non-
native level tones after the overnight sleep, possibly attributed to their
familiarity with using pitch contour to encode tones in their L1. How-
ever, the results might have been driven by circadian rhythm differences
of tests (evening) and re-tests (morning), because the study did not have
a control group that was tested at the same time of day but did not go
through memory consolidation, that is, participants who stayed awake
across the full night. Note that sleep deprivation would introduce other
confounding influences (e.g., alertness differences) while controlling for
circadian rhythm effects.

One way to address the limitation is to adopt a nap design (partici-
pants randomly assigned to a nap or non-nap condition) which benefits
from control of time-of-day effects and being able to keep interference to
an absolute minimum (e.g., Heim et al., 2017). Therefore, this study
adopted a nap design to investigate the effect of prior knowledge (e.g.,
pitch cues) on nap-mediated memory consolidation of Cantonese con-
tour and level tones.

In addition to different cues signaling tonal categories, lexical tones
have multiple sources of variations that are related to different talkers,
genders, and tonal contexts (e.g., C. Zhang & Chen, 2016). The vari-
ability of lexical tones poses persistent difficulty even for advanced L2
learners, especially when their L1 (e.g., English) is not contrastive in
tones (Pelzl, 2019). Such variations place a demand on L2 learners to
extract abstract representations from tonal exemplars across different
talkers to accommodate talker-specific tonal variations (K. Zhang et al.,

Q.Z. Qin et al. Brain and Language 265 (2025) 105568 

2 



2018), to distinguish different tone categories successfully. Previous
research has provided evidence supporting that (post-training) over-
night sleep might be beneficial for the consolidation of newly-learned
tonal contrasts by promoting the generalization of non-native tones to a
novel talker (Earle & Myers, 2015a; Qin, Gong, et al., 2021; Qin &
Zhang, 2019). For instance, Qin & Zhang (2019) tested the effect of
overnight consolidation on talker-independent learning of non-native
Cantonese tones. Young adult L1-Mandarin speakers were divided into
two groups – a morning group and an evening group – and were trained
on the identification of three Cantonese (level) tones. Training in tone
identification was conducted on a trained talker, and assessment was
conducted on both the trained talker and a novel talker. Results showed
that the morning group, without the benefit of immediate sleep, showed
declining performance in the tone identification tasks, while the evening
group showed an increased identification performance that was main-
tained over the next day. Importantly, this group difference was found
for both the trained and novel talkers, suggesting sleep-mediated
(talker-independent) generalization of newly-learned tonal categories.
Given the findings about the beneficial effect of overnight consolidation
on talker generalization, the current study also investigates whether
nap-mediated memory consolidation promotes the generalization of
Cantonese tones to a novel talker (i.e., cross-talker perception).

1.3. Sleep-EEG signaling memory consolidation of language learning

Sleep-EEG activities have been implicated to be associated with
language learning (see a special issue by Rasch, 2017), that is, a process
of integrating new memories (e.g., novel words) into an existing lan-
guage structure (Tamminen et al., 2010, 2013). The specific components
of sleep architecture, that is, sleep spindles and slow oscillations (see
Fig. 1 for a canonical diagram illustrating these two components), are
found to align with hippocampal ripples temporally, and closely impli-
cate the hippocampal-neocortical dialogue for consolidation of declar-
ative (semantic) memory (Rasch & Born, 2013). As illustrated in Fig. 1,
sleep spindles are defined as sinusoidal and spindle-like brain waves
ranging between 11–16 Hz frequency and 0.5–2 s duration, usually
maximal in amplitude in the central part (Berry et al., 2017). Some
studies further found that fast sleep spindles (13–15 Hz) preferentially
play a key role in memory consolidation of language learning, possibly
by enforcing slow oscillation-spindle cycles (Mölle et al., 2011; Friedrich
et al., 2020; Xia et al., 2023). Slow oscillations, also referred to as slow-
wave activity by previous studies that examined activity within a
particular frequency band such as delta activity (Simon et al., 2017),
were defined as brain waves that have a frequency between 0.5–2 Hz
and peak-to-peak amplitude larger than 75 μV and are typically
measured over the frontal regions (Berry et al., 2017).

Sleep spindles and slow oscillations were found to play an important
role in integrating meaning of novel spoken words into existing semantic
structures. For instance, Tamminen (2013) found that the sleep-EEG
components mediated the integration of novel spoken words with
different semantic neighborhoods into pre-existing semantic knowledge.
Their findings showed an advantage of integrating a spare semantic
neighborhood over a dense semantic neighborhood, which was more

likely to include new knowledge inconsistent with prior knowledge.
Increased slow-wave activity (left slow oscillations, 0.5–1 Hz) and sleep
spindles (fast sleep spindles, 13–15 Hz) are associated with a rapid
integration of words of sparse semantic neighborhood. Likewise, Hen-
nies et al., (2016) showed the beneficial effect of prior knowledge in
their behavioral results and conducted analyses on fast sleep spindles
(13–15 Hz; stage N2). The results showed an association between
spindle density (number of sleep spindles per minute) and augmented
overnight consolidation of memories consistent with prior knowledge
(but not those inconsistent with prior knowledge), with increases in
spindle density for better learning of novel words (also see Studte et al.,
2017). Prior studies have examined nap-mediated consolidation of lex-
ical tones and found a beneficial effect of naps on tone learning (e.g.,
Chapelle et al., 2022). However, a fine-grained analysis of individual
differences in sleep spindles and slow oscillations is necessary to clarify
which components of sleep architecture are critical to memory consol-
idation of lexical tones, and specifically, whether they mediate the po-
tential effect of prior tonal knowledge during the perceptual tone-
learning process.

1.4. The present study

To examine the effect of prior knowledge on nap-mediated memory
consolidation and cross-talker perception during tone learning, the
present study adopted a nap design to investigate whether naps help
Mandarin speakers consolidate Cantonese tones under the influence of
their prior tonal knowledge and through the promotion of cross-talker
perception, with specific research objectives and hypotheses stated
below.

First, the present study primarily investigates whether Mandarin
listeners’ prior knowledge of using pitch contour to encode L1 tones
influences their nap-mediated consolidation of Cantonese tones. The
experiment adopted the nap design (nap vs. non-nap group) across
multiple sessions (pretests, training, and posttests) and encompassed
two sets of tonal contrasts (Cantonese contour tones or level tones)
conducted on Mandarin-speaking L2 learners. Given previous findings
showing the effect of prior knowledge on memory consolidation (e.g.,
Hennies et al., 2016) and the consolidation effects for tone learning
(Chapelle et al., 2022), it was hypothesized that prior knowledge of
lexical tones would influence Mandarin listeners’ memory consolidation
of Cantonese tones. Specifically, contour tones (that are consistent with

Fig. 1. An illustration of sleep spindle (left) and slow oscillation (right).
They were plotted based on samples selected from our EEG data.

Fig. 2. Time-normalized F0 tracks of Cantonese contour tone and level
tone contrasts by a male and a female speaker. Two tones in contour
contrast differ in pitch contour, with T5 (red) being a rising tone while T6
(blue) being a level tone. Meanwhile, T3 (green) and T6 in the level tone
contrast differ primarily in pitch height.
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prior knowledge) were hypothesized to be prioritized by showing a
greater improvement (or maintenance) than level tones after naps by the
nap participants, while the bias would be reduced or absent among the
control participants without taking naps.

Given the variability of lexical tones across talkers, the current study
also investigates whether naps help Mandarin speakers consolidate
Cantonese tones by transferring the tonal knowledge from a learned
talker to a novel talker (i.e., cross-talker perception). The participants
were tested using tone stimuli produced by a familiar-trained (male)
talker as well as those produced by a novel (female) talker after the nap
manipulation. If there is an effect of nap-mediated consolidation on
cross-talker differences in tone learning (see Qin & Zhang, 2019), the
participants who napped were hypothesized to show better cross-talker
perception (e.g., smaller differences in accuracy for tone stimuli pro-
duced by the trained and novel talkers) than the participants who did
not nap. The effect would be more pronounced for contour tones than
level tones due to the potential effect of prior knowledge on memory
consolidation.

Lastly, the current study investigates whether sleep spindles and
slow oscillations predict the effect of prior knowledge on memory
consolidation or cross-talker differences in perceiving Cantonese tones.
To measure sleep-related brain activities, the nap participants who
napped for 1.5 h in the manipulation session had their individual brain
EEG activities recorded and analyzed. Given previous findings demon-
strating the positive effect of sleep spindles and slow oscillations on the
integration of new linguistic information into the existing knowledge
structure (Hennies et al., 2016; Tamminen et al., 2013), it was hy-
pothesized that individual learners with higher density in sleep spindles
and slow oscillations would show better nap-mediated consolidation or
better cross-talker perception, preferentially for contour tones, than
their counterparts with lower density in sleep spindles and slow
oscillations.

2. Methods

2.1. Participants

Ninety participants (67 females; age = 23.32; age range: 18–30
years) were recruited from universities in Hong Kong via on-campus and
social platform advertisements (see a power analysis for sample size
justification in Supplementary Materials A). All the participants met the
following four criteria: 1) they were all native to Mandarin and did not
know any Southern Chinese dialect varieties (e.g., Southern Min,
Shanghainese), which may contain level-level tonal contrasts; 2) they
had minimal exposure to Cantonese (i.e., their residence in Hong Kong1

was no more than one year); (3) they had less than four years of any kind
of professional music training, such as vocal training and musical in-
strument training (following the criterion of Li & DeKeyser, 2017); (4)
they did not exhibit any sleep disorders and maintained good sleep
quality which was indicated by a Pittsburgh Sleep Quality Index (PSQI)
score equal to or less than 7 (Buysse et al., 1989). None of the partici-
pants reported any diagnosed hearing impairment or neurocognitive
disorders. Given the task design of the present study (i.e., recognizing
colored pictures), only the participants without color blindness were
recruited for the experiment.

The ninety participants were pseudo-randomly assigned into a nap
group (N= 50, 38 females; age range: 18–30 years) and a non-nap group
(N = 40, 29 females; age range: 18–28 years). The grouping was partly
based on their pretest performance, such as pitch processing abilities,
musical aptitude, and cognitive abilities given that previous studies have

shown that pre-training performance may influence participants’
learning and consolidation processes (Perrachione et al., 2011; Qin,
Zhang, et al., 2021). Participants’ demographic details and pretest
performance in measuring pitch processing abilities, musical aptitude,
and memory capacity are reported in Table 1. The Bayesian factor tests
(BF102) provided evidence for the null hypothesis that the two groups
were not different in their demographic variables or pretest perfor-
mance. The participants’ habitual nap routines were also considered in
the grouping. While twenty-two participants self-reported being
habitual nappers, the number of habitual nappers was roughly balanced
between the two groups (12 habitual nappers in the nap group; 10
habitual nappers in the non-nap group). Most participants in each group
(78% for the nap group and 50% for the non-nap group) self-reported as
the neutral chronotype based on a Morningness-Eveningness Question-
naire (MEQ; Loureiro & Garcia-Marques, 2015).

The study protocol was approved by the Human Subjects Ethics Sub-
committee of the Hong Kong University of Science and Technology and
the Hong Kong Polytechnic University. Prior to joining the study, all
participants provided written informed consent, and they received
monetary compensation for their participation.

2.2. Stimuli

The auditory stimuli consisted of two types of tonal contrasts in
Cantonese: a contour-level tone contrast (low-rising contour tone T5
/23/ vs. low-level tone T6 /22/), henceforth, a contour tone contrast,
carried by two base syllables /ji/ and /fɐn/; and a level-level tone
contrast (mid-level tone T3 /33/ vs. low-level tone T6 /22/), henceforth,
a level tone contrast, carried by two base syllables /jɐu/ and /fu/. Syllable
familiarity was balanced between the tonal contrasts. While Cantonese
syllables of /ji/ and /fu/ are found in Mandarin, Cantonese syllables of
/fɐn/ and /jɐu/ are novel to Mandarin speakers because of vowel dif-
ferences. The other two Cantonese tones, T1 (/55/, a high-level tone)
and T2 (/25/, a high-rising tone), were not included because they are
acoustically similar to the Mandarin T1 (/55/, a high-level tone) and T2

Table 1
Demographics and pretest performance of the nap and non-nap groups.

Nap Non-nap BF10

No. of participants 50 (38F, 12 M) 40 (29F, 11 M) /
Age (year) 23.36 year-old

(2.55)
23.28 year-old
(2.24)

0.22

Length of residence in HK (month) 6.18 months
(3.04)

6.98 months
(3.48)

0.40

Pretests
Pitch threshold_Discrete
(semitone)

0.71 semitones
(1.36)

1.31 semitones
(2.24)

0.63

Pitch threshold_Glide
(semitone)

0.51 semitones
(0.77)

0.62 semitones
(0.76)

0.27

Discrimination_Contour (%) 95 % (9) 93 % (11) 0.35
Discrimination_Level (%) 74 % (26) 73 % (24) 0.23
MBEA pitch (%) 86 % (8) 86 % (9) 0.24
Pitch memory span
(no. of tones)

6.10 tones
(1.42)

6.44 tones
(1.96)

0.33

Digit memory span
(no. of digits)

10.06 digits
(1.83)

9.91 digits
(2.15)

0.23

Note. The mean scores (with the standard deviation in parentheses) of partici-
pants, with the Bayesian factor (BF10 < 1) showing no difference between the
two groups, are reported for each pretest (see details of pretests in Supple-
mentary Materials A).

1 We used their self-reported residence length in Hong Kong as a rough index
of Cantonese exposure. Future studies could use a questionnaire to collect more
detailed information on the participants’ exposure or familiarity with spoken
Cantonese.

2 The Bayes factor (BF10) is a continuous, non-binary number that indicates
the relative plausibility of H1 (i.e., two groups are different) over H0 (i.e., two
groups are comparable). A BF10 < 1 generally indicates evidence towards H0,
although some researchers also suggest more fine-grained subdivisions
(Schönbrodt & Wagenmakers, 2018).
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(/35/, a high-rising tone), respectively. The eight tone-words had a
similar syllable frequency and pronounceability to Mandarin speakers
based on a norming study (Francis et al., 2008).

For each word, audio recordings were recorded from a male and a
female native speaker of Hong Kong Cantonese who did not merge tones
in their production. Recordings were made in a soundproof room on a
PC workstation with an Azden ECZ990 microphone (Azden, Mt.
Arlington, NJ). All the recordings were made at a sampling rate of
44,100 Hz with 16 bits per sample. During the recording, target words
were embedded in a carrier phrase “呢個係_lei55 kɔ33 hɐi22 [target
word]“ (‘this is [target word]’), and the speakers were asked to repeat
the carrier phrase (and the target words) six times in total. These tokens
were then compared with each other, and five tokens were selected for
each word and each gender by the first author based on pronunciation
accuracy and intelligibility. All stimuli were normalized to 500 ms in
duration and 70 dB in intensity using Praat (Boersma&Weenink, 2018).
There were eight words (2 contrasts× 2 tones× 2 syllables), which were
produced by one male talker and one female talker.

A visualization of the fundamental frequency (F0) tracks of the two
tonal contrasts is shown in Fig. 2. Tonal contours were measured using
ten measurement points in Hertz (Hz). Regarding the tone stimuli pro-
duced by the two talkers, on the one hand, the male talker’s tokens (F0
mean of contour tone contrast: MT5 = 103.43, SD= 8.30, MT6 = 105.01,
SD = 3.91; F0 mean of level tone contrast: MT3 = 114.27, SD = 5.53,
MT6 = 103.20, SD = 5.94) were used in training tasks and post-training
identification tasks to examine memory consolidation of the same tone
stimuli before and after the nap. The tone stimuli produced by the male
talker were chosen as the training stimuli because the contour and level
contrasts differed in pitch contour and pitch height, respectively, and
the differences in each contrast were acoustically salient to a similar
extent. On the other hand, the tokens in female voice (F0 mean of
contour tone contrast: MT5 = 176.19, SD = 11.82, MT6 = 184.71, SD =

11.07; F0 mean of level tone contrast: MT3 = 207.99, SD = 15.76, MT6 =

187.35, SD = 9.88) were used in a post-training identification task to
assess generalization to new talkers because of different acoustic profiles
of the tone stimuli (see below). The female talker’s voice preserved the
contour and level contrasts cued by pitch contour and height differences,
while they were distinguished from the male talker’s voice by mean F0
(i.e., the female talker = 189.06 Hz; the male talker = 106.48 Hz), F0
ranges (i.e., the female voice had a range of 160–220 Hz; the male voice
had a range of 95–120 Hz) and the tonal distribution. Importantly, the
stimuli produced by the (novel) female talker were not used in the tests
before the nap manipulation (i.e., the first post-training test and
discrimination pretest) because talker variability of tone stimuli intro-
duced in the test session may destabilize learning and prevent
consolidation-based performance improvements (Fuhrmeister & Myers,
2017, 2020).

In addition, visual stimuli were selected to pair with the tone stimuli
and presented in training. These encompassed eight pictures of novel
objects from the Novel Object and Unusual Name (NOUN) database
(Horst & Hout, 2016). The novel objects were selected based on their
shape and color to ensure that all these objects were visually distinct to
facilitate the learning of tonal contrasts.

2.3. Procedure

Fig. 3 outlines the experimental procedures conducted on the nap
and non-nap groups for contour tones and level tones across two days.
Before the experiment, the participants were screened for their language
and music backgrounds and sleep patterns, and only those who satisfied
our requirements were invited to participate. On an experimental day
(Day 2), both groups were first tested in a pretest session in the morning
(10:30 am-12:00 pm), then trained after a break (e.g., a light lunch) and
tested immediately after training (1:00–2:00 pm). They participated in
either a nap or a rest session in the afternoon (2:00–3:00 pm), and then
were re-tested after the manipulation session (after 4 pm).

To ensure that the participants’ performance difference was not
affected by their sleepiness state (or the related time-of-day effects), all
the participants reported their sleepiness levels on a 1–7 scale through
the Stanford Sleepiness Scale (SSS; Hoddes et al., 1973) at three different
points: (1) at the beginning of the pretest session (SSS-1), (2) at the
beginning of the training session (i.e., before the nap manipulation)
(SSS-2), and (3) before the second ID task (i.e., after the nap manipu-
lation) (SSS-3).

2.3.1. Pretests
Participants were advised to keep a normal sleep-wake pattern

several days before the experimental day. They were instructed to
abstain from caffeine and alcohol consumption on the experimental day.
They arrived at the laboratory at around 10:30 am and participated in a
set of behavioral pretests for grouping purposes, that is, ensuring that
the nap group and non-nap groups were comparable in their pitch
aptitude, musical aptitude, and short-term memory span (see their
comparable pretest performance in Table 1 and details of pretests in
Supplementary Materials A).

2.3.2. Training and ID tasks
After the pretests and the lunch break, both the nap and non-nap

groups were trained to identify two Cantonese contour-level (T5-T6)
tonal contrasts and two Cantonese level-level (T3-T6) tonal contrasts
and tested on their training outcome of the two kinds of tonal contrast
respectively (see an illustration of training trials in Fig. A1 of Supple-
mentary Materials).

The training task was designed for the participants to learn to asso-
ciate novel objects with Cantonese pseudo-words. Given the arbitrary
mapping between objects and pseudo-words, the training was necessary
for completing the ID tests. As mentioned earlier, there were eight words
and eight objects in total (four for the contour contrast and four for the
level contrast), and the word-object associations were fixed across all
participants. In each trial, participants first heard a spoken word and
then immediately saw two novel objects on the left and right sides of the
screen. The auditory stimuli were presented over headphones (Sony
MDR-7506) at a comfortable volume (adjustable by individual partici-
pants). The participant’s task was to press the left or right key to choose
the corresponding object that represented the word in a self-paced
manner. As soon as they responded, a feedback message (“Correct” or
“Incorrect”) was shown in the middle of the screen for 1000 ms, and
participants would learn the correct word-object association through
feedback. The training adopted a blocked design so that each block only
contained one syllable, and two syllables (i.e., /ji/ and /fɐn/ for the
contour tone contrast; /jɐu/ and /fu/ for the level tone contrast) alter-
nated within the task. There were six blocks (2 syllables of each tonal
contrast × 3 blocks), with 240 trials (2 tones × 5 tokens × 4 repetitions
× 6 blocks) in the training, for each tonal contrast. The order of syllables
(i.e., their corresponding block) for each contrast was counterbalanced
within and across two groups of participants. The order of the tonal
contrasts was also counterbalanced within and across groups (i.e., for
each group, half of the participants trained on contour-level first and the
other half trained on level-level first). The training session took around
40–50 min to learn the tonal contrasts.

The training of the two tonal contrasts was immediately followed
with a first tone identification (ID-1) task before the nap manipulation,
using the stimuli produced by the trained (male) talker. For each
participant, the training task of one tonal contrast type was always
followed at once by the tone identification task of the same tone type
before the participant was trained and assessed for the other tonal
contrast type. The ID task was to examine the learning outcome of the
training task. Unlike training, there was no feedback in the ID task, and
the participants were instructed to respond as fast and as accurately as
possible when they saw two objects on the screen. The time-out limit
was 1000 ms. Participants were carefully instructed and given 20
practice trials (excluded from analysis) to ensure they were sufficiently
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familiar with the new ID task. Each ID task contained 80 test trials (2
syllables × 2 tones × 5 tokens × 4 repetitions). Each ID session took
around 10 min.

2.3.3. The nap manipulation
Upon completion of the ID-1 task for contour and level tone con-

trasts, participants were pseudo-randomly assigned to the nap group (i.
e., the target group of nap manipulation) and the non-nap group (i.e.,
the control group). For the nap group, the participants were invited to a
sleep lab and were given the opportunity to take a nap on a comfortable
bed located in this room for a maximum of 90 min (one sleep cycle,
which ends with the REM stage that usually lasts for 90 min, see Heim
et al., 2017), with their brain EEG activity recorded during the 90-min-
ute nap. The sleep lab was soundproof and dark so that the participants
were maximally shielded from light and noise. The participants were
instructed to sleep no more than 7 h on nights before the experimental
day to facilitate afternoon napping (Chapelle et al., 2022), but to sleep as
much as they could when they were given the opportunity of a 90-min-
ute nap on the experimental day. An experimenter monitored the par-
ticipants’ brain waves to ensure that they fell asleep and, if necessary,
woke them up after 90min. For the non-nap group, the participants were
invited into another soundproof lab room and asked to have a rest ses-
sion for 90 min while staying awake. To achieve this, they were given
the option of watching a silent documentary on cooking and/or playing
simple computer games (e.g., Zuma). All these tasks were non-verbal
and had minimal cognitive demands, and the purpose was to keep the
participants awake with minimal interference. An experimenter actively
monitored the alertness level of the participants via a webcam installed
in the soundproof lab. If the participants were found to be sleepy, the
experimenter would orally remind them to stay awake.

After the 90-minute session of nap manipulation, the participants
were allowed to rest for up to 20min to account for sleep inertia (the nap
participants were additionally asked to fill out a post-nap survey asking
about nap quality). After that, their performances of consolidation and
cross-talker perception were assessed with the second ID task (ID-2)
using stimuli produced by the trained talker, and then finally, a third ID
(ID-3) task using the stimuli produced by the novel (female) talker.

2.4. Data acquisition and processing

2.4.1. EEG data acquisition
To investigate the relationship between neural activity during sleep

(e.g., sleep spindles, slow oscillations, etc.) and differences across
identification tasks, sleep EEG data were recorded on the participants of
the nap group, using SynAmps 2 amplifier (NeuroScan, Charlotte, NC, U.
S.) at a sampling rate of 1000 Hz. Scalp electrodes were arranged using

the international 10–20 system at ten electrodes: FP1, FP2, F3, F4, C3,
C4, P3, P4, O1, and O2 (Mölle et al., 2011; Hennis et al., 2016; Farthouat
et al., 2017). Left and right electro-oculogram (HEOG, VEOG) and a
ground electrode were also attached. An electrode located between the
Cz and CPz served as the online reference. The impedance of all elec-
trodes was checked to be stably no more than 5 kΩ (Mölle et al., 2011).

2.4.2. Sleep staging scoring
The sleep EEG data was preprocessed (resampled to 100 Hz; band-

pass filtered between 0.1–40 Hz; re-referenced to grand average) and
visualized with the EEGLAB toolbox (Delorme&Makeig, 2004) based in
MATLAB (R2021a, The Mathworks, Inc.). Each 30 s epoch of sleep was
visually scored into the wake, rapid-eye-movement (REM)-sleep, or
NREM-sleep stages 1, 2, or 3 (i.e., N1, N2, N3 in which 1 is light sleep
and 3 is slow-wave sleep), according to standard criteria of the American
Academy of Sleep Medicine Manual (AASM V.2.4; Berry et al., 2017).
Specifically, the scoring of sleep stages in this study was based on the
AASM criteria applied to EEG and EOG channels. For each sleep stage,
the duration in minutes and the percentage of time with reference to the
total sleep time (TST) were then calculated. To ensure the accuracy of
scoring, we compared the scoring results from the first 15 nap partici-
pants between two experienced sleep researchers, and the inter-rater
reliability was 80%, indicating a high reliability in the scoring result.
When instances of discrepancy arose, decisions were made by the pri-
mary scorer, who was an experienced researcher with expertise in sleep-
memory research and thoroughly studied the AASM manual to ensure a
comprehensive understanding of the scoring rules.

2.4.3. Sleep spindles and slow oscillations
3 As mentioned in the introduction, the relevance of sleep spindles

(henceforth, spindles) and slow oscillation (henceforth, SO) to memory
consolidation is substantiated by empirical evidence: spindles (e.g.,
Tamminen et al., 2013) are a signature of N2 sleep, and SOs occur
mostly during N3 sleep (see Fig. 1). In our study, spindles and SOs were
extracted with an open-source, Python-based machine learning algo-
rithm Yet Another Spindle Algorithm (YASA hereafter; Vallat &Walker,

Fig. 3. An overview of the experimental procedure and the timing of each phase.

3 Recent studies suggested that SO-spindle temporal coupling may predict
enhanced memory formation and index the development of memory consoli-
dation (Hahn et al., 2020). Most such studies focus on full-night sleep, allowing
for long N3 sleep and sufficient data of SO-nested spindles for analysis. One nap
study examined SO-spindle coupling (Wüst et al., 2024) showed that SO-nested
spindles in naps (i.e., N2/N3) decreased significantly from full-night sleep.
Given the limited data on SO-nested spindles in a nap design (some nap par-
ticipants did not have the coupling data), this study opted to focus on N2-
spindles and SOs for analysis.
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2021). As recommended by the YASA developer, EEG data were first
down-sampled to 100 Hz and then bandpass filtered between 0.1–40 Hz.
Then, with built-in functions in YASA, spindles were detected from N2
sleep (Hennies et al., 2016), and SOs were detected from N3 sleep
(Massimini et al., 2004). Detected spindles were averaged across the
abovementioned ten electrodes (i.e., the international 10–20 system)
following common practice in previous research, while detected SOs
were averaged over frontal electrodes (i.e., F3, F4) where SOs are ex-
pected to be prominent among young adults (Berry et al., 2017). The
spindle detection method consisted mainly of three steps. First, a FIR
filter bandpass filtered the EEG data between 13–15 Hz for (fast) spin-
dles (Tamminen et al., 2013). Second, three thresholds (sigma power
relative to broadband power; correlation between sigma and broadband;
root mean square) were calculated, and only the data that met all three
thresholds would be considered as a potential spindle. YASA then
computed a soft threshold by smoothing the decision vector with a 100
ms window and found the proper start and end times by finding the
spindle at which two out of the three thresholds were crossed. Finally,
spindles close to each other (less than 500 ms) were merged, and spin-
dles that were too short or too long were removed. Spindle density was
calculated as the number of spindles per minute in N2 sleep.

The SO detection algorithm worked as follows. First, the EEG data
was filtered between 0.5–2.0 Hz using an FIR filter with a transition
band of 0.2 Hz (Xia et al., 2023). Then, all positive (between 10 to 150
µV) and negative peaks (between − 40 to − 200 µV) were detected. The
nearest subsequent positive peak was identified for each negative peak,
as these two peaks together preliminarily determine a potential SO.
Then, a set of logical thresholds was applied to determine true SOs. An
optional automatic outlier rejection was also applied to remove further
abnormal SOs. The SO density was calculated as the number of SOs per
minute in N3 sleep.

2.5. Data analysis

All data files and data analysis scripts of this study to conduct data
analysis can be found at Open Science Framework repository (htt
ps://osf.io/9rcnm/). To investigate the effect of tonal contrasts and
nap conditions on nap-based memory consolidation of lexical tones,
mixed-effects logistic regression models were fitted on response accu-
racy (binary coded, 1 for correct and 0 for incorrect) in R (R Develop-
ment Core Team, 2008) using the lme4 package (Bates et al., 2015). All
categorical predictors were deviation-coded (− 0.5, 0.5) to test the main
effect. For training performance, the first two and the last two training
blocks were coded as initial and outcome blocks to track participants’
performance improvement throughout the training: group (nap vs.
non-nap; deviation coding: − 0.5, 0.5), tone (contour vs. level; deviation
coding: − 0.5, 0.5) and block (initial vs. outcome; deviation coding:
− 0.5, 0.5) were entered as fixed effects.

For identification tasks, the consolidation effect (i.e., before and after
a nap, for the trained talker) was examined with differences between ID
2 and ID 1, and the cross-talker effect (i.e., after a nap and between the
trained and the novel talker) was examined with differences between ID
3 and ID 2. For the consolidation effect, group (nap vs. non-nap; devi-
ation coding: − 0.5, 0.5), tone (contour vs. level; deviation coding: − 0.5,
0.5), and session (ID 1 vs. ID 2; deviation coding: − 0.5, 0.5) were
entered as fixed effects. For the cross-talker perception, group (nap vs.
non-nap; deviation coding: − 0.5, 0.5), tonal contrast (contour vs. level;
deviation coding: − 0.5, 0.5), and session (ID 2 vs. ID 3; deviation coding:
− 0.5, 0.5) were entered as fixed effects. Regarding the random effects,
we started from the most complex by-subject random effect structure (i.
e., session*tone*group slope and intercept) plus a by-trial intercept,
since variation across the participants is the primary source of variation
resulting from repeated measurement. When the model could not
converge, we simplified the random structure by removing fixed effects
from the by-subject random slope by adopting a theoretical approach
(Barr et al., 2013).

Generalized linear models were constructed to investigate how sleep-
EEG components, that is, neural activities indexing the hippocampal-
neocortical cycle underlying memory consolidation of language
learning (spindle density and SO density) contribute to performance
differences across identification tasks (i.e., ID 2 compared to ID 1 for
consolidation; ID 3 compared to ID 2 for talker-difference) of contour
and level tones respectively. To account for the unique effect of each
sleep-EEG measure on the consolidation/cross-talker perception, spin-
dle density (continuous numeric variables), SO density (continuous
numeric variables), and session (ID 2-ID 1 or ID 3-ID 2, depending on the
analysis of ID performance) were entered as fixed effects for the model of
each tone type. Regarding the random effects, we started from a by-
subject random effect structure (i.e., session slope and intercept) plus
a by-trial intercept. When the model could not converge, we simplified
the random structure by removing fixed effects from the by-subject
random slope.

3. Results

3.1. Behavioral data: Memory consolidation and cross-talker perception

To ensure that all the nap participants fell asleep for a reasonable
duration, we excluded two participants in the nap group from the
analysis of ID performance due to their limited nap length based on EEG
sleep scoring (i.e., overall sleep length < 10 mins with little Stage N2
and N3 sleep recorded). We assessed the ID accuracy of contour and
level tone contrasts across the three identification tasks by the remaining
forty-eight participants in the nap group and forty participants in the
non-nap group.

We firstly confirmed that the participants were effectively trained
with the two categories of non-native (Cantonese) tonal contrasts and
that the two groups had a similar baseline performance (i.e., ID) for both
tonal contrasts (see the results in Supplementary Materials B). We also
conducted an exploratory analysis to rule out the possibility that
sleepiness levels (i.e., SSS scores) accounted for the ID performance (see
the results in Supplementary Materials C). This section examines the
consolidation effect (i.e., before vs. after the nap manipulation for
trained talker) by comparing ID 2 (post-nap) and ID 1 (pre-nap) between
the two groups, and then turns to the cross-talker perception (i.e., the
stimuli produced by the trained vs. the novel talker, after the nap
manipulation) by comparing ID 3 (novel talker) and ID 2 (trained talker)
between the two groups.

Fig. 4 displays the change in response accuracy across the three
identification tasks by forty-eight participants in the nap group and forty
participants in the non-nap group. To examine the nap-based memory
consolidation effect of the trained talker’s voice first, we ran a logistic
mixed-effects model on the participants’ identification accuracy in ID 1
(pre-nap; trained) and ID 2 (post-nap; trained). Fixed effects were ses-
sion (ID 1 vs. ID 2), group (nap vs. non-nap), and tone (contour vs. level).
The random effects were by-subject intercepts and slopes of session and
group, as well as by-trial intercept. The results revealed a main effect of
tonal contrast and a main effect of session (β = 0.12, SE= 0.05, z= 2.27,
p= 0.02; see detailed statistics in Table D1 of Supplementary Materials).
The results showed that the contour tone contrast yielded higher accu-
racy than the level tone contrast (β = − 0.64, SE = 0.03, z = − 18.88, p
< 0.001) regardless of sessions and groups. The ID 2 yielded higher
accuracy than the ID 1 regardless of tonal contrasts and groups.
Crucially, no interactions were found, for instance, between the group
and the session. The results showed that the nap and non-nap groups
might have consolidated the contour and level tone contrasts, which
were produced by the trained talker, to a similar degree.

We subsequently investigated the cross-talker perception with lo-
gistic mixed-effects models on the participants’ identification accuracy
in ID 2 (post-nap; trained talker) and ID 3 (post-nap; novel talker).
Session (ID 2 vs. ID 3), group (nap vs. non-nap), and tone (contour vs.
level) were included as fixed effects. The random effects are by-subject
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intercepts and slopes of session and group and by-trial intercepts. The
results revealed a significant main effect of tonal contrast and session (β
= − 0.53, SE = 0.05, z = − 10.58, p < 0.001; see detailed statistics in
Table D1 of Supplementary Materials). The contour tone contrast yiel-
ded higher accuracy than the level tone contrast (β = − 0.72, SE= 0.03,
z= − 22.17, p < 0.001) regardless of sessions and groups. The results of
ID 3 (i.e., novel talker) yielded a lower accuracy than ID 2 (i.e., trained
talker) regardless of tonal contrasts and groups. Crucially, the results
yielded a three-way interaction (β = − 0.31, SE = 0.13, z = 2.37, p =

0.02) between group, session, and tone.4

To better understand the sources of the three-way interaction,
follow-up models, with by-subject intercepts and slopes of the session
and by-trial intercepts, were run on the ID accuracy for each tonal
contrast, respectively. The results showed a significant interaction be-
tween session and group in the contour tone contrast (β = − 0.27, SE =

0.12, z = − 2.13, p = 0.03), but not in the level tone contrast (β = −

0.005, SE= 0.13, z= − 0.04, p= 0.97). The subsequent analysis showed
that the nap group outperformed the non-nap group by demonstrating a
smaller difference in ID accuracy between the trained talker and the
novel talker; in other words, they demonstrated smaller ID 3- ID 2 dif-
ferences that phonetically imply better cross-talker perception. The
group effect on the cross-talker perception was found for the contour
tone contrast but not for the level tone contrast. Likewise, follow-up
models, with by-subject intercepts and slopes of the session and by-
trial intercepts, were also run on the ID accuracy for each group,
respectively. The results suggested that there was a significant

interaction between session and tone in the nap group (β = − 0.21, SE=
0.09, z= − 2.41, p= 0.02), but not in the non-nap group (β = 0.10, SE=
0.10, z = 1.02, p = 0.31). The subsequent analysis for each group
indicated that the nap group demonstrated a smaller difference in ID
accuracy between the trained talker and the novel talker for contour
tone contrast than for level tone contrast. In contrast, no such effect of
tonal contrast on cross-talker perception was found for the non-nap
group.

Overall, the results of tone ID performance suggested that compared
with the non-nap group, a 90-minute nap might have fostered the nap
participants’ consolidation of newly-learned tonal contrasts by dimin-
ishing the differences between the novel and trained talkers (but not
necessarily improving the tone ID accuracy within the same talker).
Importantly, the plausible effect of nap-mediated consolidation on the
cross-talker perception was contingent on the participants’ prior
knowledge, with the contour tone contrast prioritized over the level tone
contrast. Given the significant findings about the cross-talker perception
for the nap group, the next section focuses on the individual analysis of
the nap participants and addresses the question of whether the cross-
talker perception effect for each tonal contrast (e.g., ID 3-ID 2 of the
contour tone) is accounted for by their differences in sleep spindles and
SOs.

3.2. Sleep-EEG data: Spindle density and SO density predict the cross-
talker perception

This section investigates the effect of sleep-EEG components on the
consolidation effect by benefitting the cross-talker perception. Three
participants were further excluded from the analysis of sleep-EEG vari-
ables due to EEG problems (e.g., difficulty in differentiating sleep stages
and identifying sleep-related brain activities based on their EEG). The
sleep data of the remaining forty-five participants of the nap group (see
details of sleep data in Supplementary Materials E; see the analysis of
sleep-EEG components on ID 2- ID 1 in Supplementary Materials F) were
analyzed. (Fast) spindles and SOs5are crucial in predicting memory
consolidation of language learning (Tamminen et al., 2013) and were
thus analyzed in terms of the cross-talker effect found in the behavioral
data.

Fig. 5 illustrates the relationships between sleep-EEG variables and
cross-talker perception, indexed by the ID differences between the novel
talker and the trained talker (i.e., ID 3-ID 2 accuracy). The larger the
difference values are, the better the cross-talker perception is. Two
participants had extreme values of spindle density or SO density (i.e., 2.5
S.D above the mean). They were kept for subsequent analysis, consid-
ering the availability of N3 sleep data (the pattern remained unchanged
even after the extreme values were removed from data analysis).

We fitted a logistic mixed-effects model on contour tones and level
tones, respectively, for spindle density and SO density. Before they were
entered into the models, the multi-collinearity of the two sleep-EEG
variables was first checked. The ordinary and Bayesian correlation test
results showed no correlation between spindle density and SO density, r
(32) = -0.24, p = 0.18, and BF10 = 0.82. To capture the unique effects of
spindle density and SO density in contour and level tone contrasts, fixed
effects were entered as spindle density and SO density (continuous
variables), as well as session (ID 2 vs. ID 3). The random effects were by-

Fig. 4. The response accuracy of the nap group (left) and the non-nap
group (right) in identifying contour (red) and level (green) tones. Three
identification tasks: ID 1 (pre-nap; trained) and ID 2 (post-nap; trained) in the
top panel for consolidation effect; ID 2 (post-nap; trained) and ID 3 (post-nap;
novel) in the bottom panel for the cross-talker perception. Error bars indicate
the standard error of the mean value.

4 To rule out the possibility that group differences in MEQ chronotype
(evening/morning type vs. neutral type) and sleepiness (i.e., SSS-3; before ID 2
and 3) differentially impacted memory performances for the nap and non-nap
groups, mixed-effects models with chronotype and SSS-3 as covariates were
conducted on ID 2 and ID 3. The three-way interaction between group, session,
and tone remained significant (β = 0.31, SE = 0.13, z = 2.36, p = 0.02),
indicating that group differences in chorotype and SSS-3 did not explain their
differences after the nap manipulation. Likewise, a mixed-effects model with
training outcome as a covariate was also conducted on the same data. The
three-way interaction between group, session, and tone remained significant (β
= 0.30, SE = 0.13, z = 2.34, p = 0.02), indicating that group differences in the
training outcome (e.g., level tones) did not explain their differences after the
nap manipulation.

5 Thirty-four out of forty-five participants successfully recorded the N3 sleep.
Only these participants were included in the analyses of SOs, given that SOs
were extracted from N3 sleep.
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subject session slopes and intercepts, and by-trial intercepts. The results6

(see detailed statistics in Table D2 of Supplementary Materials) showed
that only in the contour tone contrast, both the spindle density (β = 2.11,
SE = 1.09, z = 1.93, p = 0.05) and SO density (β = 0.05, SE = 0.02, z =
2.08, p = 0.04) had significant interaction with the session, with higher
spindle and SO densities associated with better performances of cross-
talker perception. That is, smaller differences in ID accuracy were
associated with better sleep if ID 3 was lower than ID 2 (i.e., participants
with negative y-axis values in Fig. 5), and greater differences in ID ac-
curacy were associated with better sleep if ID 3 was higher than ID 2 (i.
e., participants with positive y-axis values in Fig. 5). For the level tone
contrast, neither the spindle density nor SO density manifested a sig-
nificant interaction with the session.

These results showed that spindle density and SO density positively
predicted the effect of nap-mediated consolidation on cross-talker
perception for the contour tone contrast but not the level tone
contrast. The increased SOs, together with denser spindles, were asso-
ciated with the better cross-talker performances. The association was
specific to the manipulation of prior knowledge, that is, the contour tone
contrast. This finding suggests that naps preferentially facilitate the
consolidation of schema-related memories consistent with prior
knowledge. The individual differences in N2 sleep (i.e., spindle density)
and slow-wave sleep (i.e., SO density) may have mediated the integra-
tion of newly-learned tonal contrasts into the existing tonal structure (i.
e., L1 tonal inventory) through facilitating cross-taker perception among
the nap participants.

4. Discussion

This study adopted a nap design to investigate the effect of prior
knowledge on nap-mediated memory consolidation (i.e., pre-nap ID 1
and post-nap ID 2) and cross-talker perception (i.e., trained ID 2 and
novel ID 3) of Cantonese contour and level tones among Mandarin-
speaking L2 learners. The results of tone identification performance
between the nap and non-nap groups showed that they successfully
gained improvement (ID 1 and ID 2) for both tonal contrasts upon
completion of the training task, without a group difference. The
behavioral results of ID 2 and ID 3 showed that the Mandarin-speaking
nap participants exhibited a smaller difference in ID accuracy between

the trained talker and the novel talker (i.e., a better cross-talker
perception) than their non-nap counterparts through the nap manipu-
lation. Importantly, the nap effect on the cross-talker perception was
only found for the contour tone contrast, consistent with Mandarin
speakers’ prior tonal knowledge. The cross-talker effect of the contour
tone contrast (but not the level tone contrast) was also found to be
significantly predicted by sleep-related brain activities, with increased
spindles and SOs positively associated with better cross-talker percep-
tion among the nap participants.

4.1. The role of prior knowledge in nap-mediated consolidation of lexical
tones

Consistent with prior work on tone perception and training (Francis
et al., 2008; Gandour, 1983; Jongman et al., 2017), the behavioral re-
sults of tonal contrasts showed higher accuracy of the contour tone
contrast than the level tone contrasts, regardless of groups and blocks/
sessions, for the training and tone identification assessments. The tonal
contrast difference indicates that tonal contrasts distinguished by pitch
contour differences (e.g., Cantonese T5-T6) were better trained and
perceived than those distinguished by pitch height differences (e.g.,
Cantonese T3-T6) by Mandarin speakers. This is highly expected as prior
knowledge also affected the encoding phase before sleep, with schema-
related knowledge better encoded than schema-unrelated knowledge
(see similar findings in Cordi et al., 2023; Hennies et al., 2016).
Mandarin-speaking participants used pitch contour to encode L1 tonal
contrasts and thus showed an advantage in perceiving the L2 contour
tone contrast over the L2 level tone contrast (Jongman et al., 2017; Qin
& Jongman, 2016).

Despite the perceptual advantage regarding tonal contrasts, the re-
sults showed that the nap group and non-nap group both had an
improvement in tone identification (i.e., ID 2 > ID 1) regardless of the
tonal contrasts, and thus might have similarly consolidated the tone
stimuli produced by the trained talker. The lack of the tonal contrast
effect did not support a significant role of prior knowledge in the nap-
mediated consolidation of lexical tones. This may appear to stand at
odds with the findings of a recent study that reported a possible role of
prior knowledge in the overnight consolidation of lexical tones (Qin
et al., preprint). The differences in the overnight and nap designs may
account for the discrepancy in the results. The overall sleep length (i.e.,
the number of sleep cycles) and relative sleep architecture (e.g., spindle
and SO characteristics) often differ between a full-night sleep and a
daytime 90-minute nap (see van Schalkwijk et al., 2019 for a direct
comparison). It is possible that the prioritized consolidation of contour
tones was not evident for the trained tone stimuli because not every nap
participant had a full (NREM-REM) sleep cycle (e.g., only nine partici-
pants recorded a REM stage) in this study. Given the possibility that 90
min might have been insufficient for average adults to complete the full
sleep cycle, future studies may consider providing the participants with

Fig. 5. Spindle density (left) and SO density (right) of the nap participants. They positively predicted the difference in identification accuracy between post-nap
trained (ID 2) and post-nap novel (ID 3) talkers for the contour tone contrast (red), but not the level tone contrast (green).

6 To explore the possibility that initial encoding strengths (i.e., ID1 accuracy)
accounted for the cross-talker perception (e.g., Tucker & Fishbein, 2008), the
participants’ ID1 accuracy was put into new mixed-effects models of contour
tones and level tones, respectively. The two-way interaction between ID1 and
the session was not significant for contour tones (β = 0.93, SE = 1.50, z = 0.63,
p = 0.53) and level tones (β = − 1.55, SE = 0.90, z = − 1.74, p = 0.08).
Crucially, the results of spindles and SOs largely remained unchanged, indi-
cating that initial encoding strength might not account for cross-talker
perception performances of the nap participants.
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a 2-hour rest (see Farhadian, Khazaie, Nami, & Khazaie, 2021 for a re-
view of 2-hour nap studies) in examining the nap effect on tone learning.
Also, the overnight study did not control for interfering activities (e.g.,
L1 interference, Earle & Myers, 2015b) between experiment offset (i.e.,
training and immediate posttests) and sleep onset. Given the methodo-
logical discrepancy, the findings between the current nap study and the
overnight study might not be comparable.

While we hypothesized an advantage of the nap group over the non-
nap group for the tone stimuli produced by the trained talker, the non-
nap group, who took the 90-minute rest session, showed a similar ID
change (i.e., an offline improvement) to the nap group after the nap
manipulation. The ID accuracy, especially that of the contour tone
contrast, was improved in both the nap and non-nap groups (see Fig. 4).
This finding is not surprising as the pre-nap ID 1 and post-nap ID 2 were
identical. A possible repetition effect (i.e., a better performance when re-
tested) could not be ruled out. Alternatively, the beneficial effect of 90-
minute naps on stabilizing memories is not universal and might be less
reliable than previously assumed by the initial sleep studies (see Cordi&
Rasch, 2021; Farhadian, Khazaie, Nami, & Khazaie, 2021). Recent evi-
dence also suggests that (unoccupied) wakeful rest facilitates memory
consolidation in a manner similar to that during sleep (see Wamsley,
2019 for reviews). One possibility is that, despite the non-verbal activ-
ities (e.g., video watching) employed in our manipulation, the wakeful
rest session provided an opportunity for quiet (unoccupied) rest by
protecting newly-learned tonal knowledge from interfering activities
and may have allowed for offline consolidation, especially for the con-
tour tone contrast that is consistent with the participants’ prior
knowledge.

4.2. The effect of prior knowledge on cross-talker perception and sleep-
EEG variables

The behavioral results of cross-talker perception (i.e., ID 3- ID 2)
showed a smaller difference between novel and trained talkers (i.e.,
better cross-talker perception) by the nap group than the non-nap group
for the contour tone contrast. Specifically, the results of the nap par-
ticipants (but not those of the non-nap participants) implied that the
contour tone contrast might have been better applied across the trained
and novel talkers than the level tone contrast. The effect related to tonal
contrasts may tentatively suggest their enhanced cross-talker perception
due to nap-mediated memory consolidation (Qin & Zhang, 2019). That
is, the Cantonese contour tone contrast (primarily cued by pitch contour
differences) was consistent with Mandarin speakers’ prior knowledge
and was thus prioritized over the level tone contrast for memory
consolidation, with better cross-talker perception between trained and
novel talkers. The current study seems to suggest the beneficial role of
prior knowledge on memory consolidation in terms of using acoustic
cues. For our case, pitch contour cueing contour tone differences are
consistent between L1-Mandarin and L2-Cantonese. This may be aligned
with a “cue-weighting” idea that acoustic cues for perceiving L2 sounds
are perceptually weighted as a function of their informativeness for
cueing L1 sound contrasts (Francis & Nusbaum, 2002; Holt & Lotto,
2006). That is, pitch contour was weighted more than pitch height by
Mandarin listeners to perceive and consolidate Cantonese tones. As a
result, generalizing the contour tone contrast (i.e., schema-related
memories) across talkers might be prioritized for nap-mediated
consolidation over the level tone contrast (i.e., non-schema memories)
(Hennies et al., 2016; Tse et al., 2007, 2011). However, the beneficial
effect of prior knowledge on memory consolidation needs to be
cautiously interpreted as it may not necessarily be generalized to the
cases where the cues used in L1 sound contrasts are not consistent with
the target cues used in L2 speech perceptual learning (e.g., English lis-
teners distinguishing Hindi dental-retroflex consonant contrasts; Earle&
Myers, 2015a). The generalizability of the prior knowledge effect should
be further examined in perceptual learning of multiple sound contrasts,
which are cued by the same versus different acoustic information in L1

and L2 (Francis & Nusbaum, 2002; Holt & Lotto, 2006).
Importantly, the analyses of sleep-EEG data further supported the

possibility that learning to identify the contour tone contrast across
talkers was prioritized for nap-mediated consolidation. Specifically,
spindle density and SO density, which have been shown to be associated
with memory consolidation of language learning (see a special issue by
Rasch, 2017), positively predicted the cross-talker perception of the
contour tone contrast. These findings, consistent with previous studies
on sleep architecture (Hennies et al., 2016; Tamminen et al., 2013),
further suggest that sleep spindles and slow-wave activity might play a
significant role in integrating non-native (Cantonese) tonal contrasts
into the existing tonal structure (i.e., Mandarin tonal inventory). The
Cantonese contour tone contrast seemed to be preferentially consoli-
dated, and its integration may have proceeded rapidly during naps
because of the beneficial role of prior knowledge. Hence, applying the
learned contour tone contrast to a novel talker yielded an association
with increased spindles and SOs. However, the Cantonese level tone
contrast is more likely to include inconsistent knowledge and thus
resulted in a relatively slow nap-mediated consolidation and/or inte-
gration to the existing tonal structures. Hence, learning the level tone
contrast showed a lack of association with spindles and SOs. The find-
ings have important theoretical implications for perceptual learning of
lexical tones by advancing our understanding of neurophysiological
sleep correlates (i.e., spindles and SOs) that are most critical to nap-
mediated memory consolidation of lexical tones (Chapelle et al., 2022).

The current findings about the role of prior knowledge (i.e., tonal
contrasts) align with the iota model proposed by Lewis and Durrant
(2011), which provides a theoretical framework explaining the signifi-
cant role of prior knowledge in memory consolidation. The memory
consolidation model, which supports an active system consolidation
process (Rasch & Born, 2013), states that new and old memories are
replayed simultaneously during slow-wave sleep, with information
shared across new and old memories (i.e., schema-related memories)
more strongly activated than that from only a single source (i.e., non-
schema memories). This study provided empirical evidence supporting
the theoretical account, suggesting that sleep might not only passively
protect memories from interfering influences but also actively shape the
newly-learned declarative knowledge (e.g., lexical tones) and make
qualitative changes to them selectively based on the relationship between
incoming information and the existing knowledge framework (Lewis &
Durrant, 2011; McClelland, 2013). Importantly, both the old and new
memories might have been replayed simultaneously during slow-wave
sleep, with supporting evidence from the finding that increased SOs
lead to a better abstraction of tonal categories (e.g., across talkers) or
insight into hidden regularities of tonal representations.

4.3. The implications of memory consolidation and language learning

A significant theoretical contribution of the current study is that an
effect of prior knowledge on memory consolidation of L2 word learning
(Cordi et al., 2023; Zion et al., 2019) was also found for L2 tone learning.
On the one hand, this may suggest, although speech is acoustically
variable and multidimensional (Myers et al., 2017), that speech (e.g.,
tone) learning is more comparable to other types of learning (e.g., word
or vocabulary learning) than previously thought, at least for the
(beneficial) role of prior knowledge on memory consolidation. This
finding aligns with learning and memory theories (McClelland, 2013;
Rasch, 2017), suggesting that sleep-mediated memory consolidation
process in the brain can benefit language learning in general and may
provide the basis for stabilizing and integrating newly-learned linguistic
information. On the other hand, different from previous studies on the
memory consolidation of L2 word learning (Cordi et al., 2023; Zion
et al., 2019), the facilitative effect of naps was found to benefit L2 tone
learning, specifically, by promoting cross-talker perception. The results
related to cross-talker perception are not unexpected if learning to
generalize across talkers is more essential to perceptual learning of
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lexical tones than language learning in other domains (e.g., L2 word
learning in Cordi et al., 2023). The outcomes related to cross-talker
perception might be explained by the properties of lexical tones, that
is, the prevalence of tonal variations induced by different talkers (e.g., C.
Zhang & Chen, 2016). Building talker-independent representations for
tonal abstraction is a great challenge for L2 learners, but it is also a
necessary step in identifying tones produced by different talkers to
accommodate talker variations in real-life communication (e.g., K.
Zhang et al., 2018). Learning to deal with talker-induced variability is
often incorporated into tone training studies, and talker generalization
(i.e., using novel talkers) has been used to assess the learning outcome in
training studies (e.g., Perrachione et al., 2011; Wang et al., 1999).

Admittedly, linguistic representations of speech (e.g., lexical tones),
words, and grammatical rules are not the same, and learning them may
involve consolidation of declarative memories (Davis et al., 2008; Fenn
et al., 2003; Weighall et al., 2017), procedural memories (Batterink &
Paller, 2017; Zion et al., 2022), or both. How the aspects of languages
might be (differentially) shaped by memory consolidation is still poorly
understood. This study is one of the first nap studies that focus on
perceptual learning of lexical tones (also see Chapelle et al., 2022) and
examines nap-mediated consolidation of specific declarative knowledge
(i.e., associative tonal memories and their association with sleep-EEG
components). More studies on the consolidation of declarative and
procedural memories during full-night sleep and daytime naps might be
needed to understand the exact role of sleep-brain activities (e.g., SO-
spindle coupling; NREM vs. REM sleep) in learning multiple language
skills (see Rasch, 2017 for the discussion).

This study has addressed an important issue concerning adult lan-
guage acquisition by focusing on perceptual learning of lexical tones,
which often induce great talker-related variability and pose challenges
for L2 learners (Pelzl, 2019); it has leveraged insights from theories of
memory consolidation (Lewis & Durrant, 2011; McClelland, 2013). The
findings imply that which types of tones are consolidated and general-
ized across talkers largely depends on learners’ prior knowledge (e.g.,
using pitch cues in L1), at least at an early learning stage. These findings
have advanced our understanding of the neural mechanisms of how
sleep supports successful L2 tone learning through memory consolida-
tion. This may enable researchers to use the technique of re-exposure
during sleep (i.e., Targeted Memory Reactivation-TMR) to reconstruct
neural representations during sleep, and directly examine whether
contour tone contrasts are reactivated more (e.g., increased spindle
density, greater spindle power etc.) than level tone contrasts during
slow-wave sleep (e.g., Ngo& Staresina, 2022; Schreiner& Rasch, 2017).

In closing, it is necessary to acknowledge some limitations of this
study. The current design did not allow us to rule out the possible effect
of encoding memory strength on memory consolidation (but see our
exploratory analyses including ID 1 accuracy in new models; footnote
6), as participants’ prior knowledge (inevitably) benefited encoding (i.
e., perceptual learning) of contour tonal contrasts over level tonal con-
trasts (Cordi et al., 2023; Hennies et al., 2016). A future direction could
be to manipulate training strength and provide additional training op-
portunities for low prior knowledge conditions (see Cordi et al., 2023),
for example, level tonal contrasts, to better disentangle the roles of prior
knowledge and encoding strength in nap-mediated memory consolida-
tion. In addition, a group with a comparable number of participants,
who do not have prior knowledge of lexical tones in their L1 (e.g.,
English-speaking L2 learners in Qin et al., preprint), is also needed to
investigate further the effect of prior knowledge on nap-mediated
consolidation of lexical tones in a different scenario. Finally, the
implication on cross-talker perception needs to be cautiously inter-
preted, as the participants’ accuracy on the tone stimuli produced by the
novel talker was not examined as a function of the napmanipulation and
should be examined in future studies (but see Fuhrmeister & Myers,
2017, 2020 for the findings that test-stimuli variability may compromise
memory consolidation). Given speaker idiosyncrasies in tone produc-
tion, it would be appropriate to use (at least) two novel talkers for future

studies and examine talker generalization conclusively by counter-
balancing the trained and novel talkers within and across the manipu-
lation groups.

5. Conclusions

Aligned with the idea that sleep facilitates language learning through
memory consolidation (see a special issue by Rasch, 2017), the current
study provided empirical evidence supporting the important role of
prior knowledge in nap-mediated consolidation of lexical tones. The
findings suggest that a short nap benefited participants’ tone consoli-
dation by facilitating the cross-talker perception between the trained
and the novel talker. The effect of cross-talker perception was specific to
the contour tone contrast that was consistent with prior knowledge. Its
associations with increased sleep spindles and slow-wave activity,
indexing the hippocampal-neocortical cycle underlying memory
consolidation processes, further supported the role of prior knowledge
in integrating newly-learned memories. Overall, novel contour tones (i.
e., schema-related memories) were found to be prioritized over level
tones for nap-mediated consolidation under the influence of partici-
pants’ prior knowledge.
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