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Abstract  12 

Purpose: While variability of training materials has the potential to benefit the learning 13 

of lexical tones, the benefit is contingent on an individual’s pitch aptitude. Previous 14 

studies did not segregate immediate learning and consolidation after an overnight 15 

interval, and little is known about how pitch aptitude differences affect consolidation. 16 

This study examined whether pitch aptitude predicts overnight consolidation of 17 

Cantonese level tones through high-variability (HV) and low-variability (LV) training. 18 

Method: Two groups of Mandarin-speaking participants were first assessed in terms of 19 

pitch threshold and tone discrimination, which tapped into different aspects of pitch 20 

aptitude. They then received Cantonese level-tone identification training in either an HV 21 

or LV condition. The participants were trained in the evening, were tested after training, 22 

and returned after 24 hours for overnight consolidation assessment. 23 

Results: The results indicate that pitch aptitude, measured through pitch threshold, may 24 

have predicted overnight consolidation and training progress of the HV group, but not 25 

those of the LV group. In the HV group, compared with high-aptitude learners, low-26 

aptitude learners benefitted temporarily from training variability but did not consolidate 27 

the tonal knowledge as well as their high-aptitude counterparts after 24 hours.  28 

Conclusions: The findings suggest that individual learners had difficulty learning non-29 

native tones by virtue of memory consolidation. Higher pitch aptitude ability (pitch 30 

threshold) may provide protection against the decay of learned tones and facilitate tone 31 

consolidation. The findings imply that the early emergence of tonal representation is a 32 

dynamic process among individuals of non-native speakers who are exposed to training 33 

variability.   34 
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Introduction 35 

Acoustic variability is ubiquitous in the speech signal, and exposure to a certain 36 

amount of variability during training has the potential to benefit second-language (L2) 37 

learning of speech sounds (Logan et al., 1991; Melnik & Peperkamp, 2020) and its long-38 

term retention (Bradlow et al., 1999; Lively et al., 1994). For instance, lexical tones have 39 

multiple sources of acoustic variation such as that driven by talker voice idiosyncrasies (C. 40 

Zhang & Chen, 2016). An identical tone category can have different pitch values among 41 

tokens produced by different talkers (i.e., inter-talker variability) as well as by the same 42 

talker (i.e., intra-talker variability). In the face of such variability, it is thus crucial for 43 

listeners to evaluate the pitch they hear in the signal against the pitch range of a specific 44 

talker to identify tones accurately (Peng et al., 2011; C. Zhang & Chen, 2016). For instance, 45 

a recent study showed that exposure to inter-talker variability (i.e., high variability) during 46 

training would facilitate the formation of abstract tonal categories through overnight 47 

consolidation (i.e., changes after an overnight sleep) and thus may result in more robust 48 

representations of lexical tones (Qin, Gong, et al., 2021). While the effects of inter-talker 49 

variability during training (henceforth, training variability) have been tested in perceptual 50 

learning (Wayland & Guion, 2004; P. Wong & Lam, 2021) and overnight consolidation 51 

(Qin, Gong, et al., 2021; Qin & Zhang, 2019; for long-term retention, see Wang et al., 1999) 52 

of lexical tones, the findings are mixed in terms of its beneficial impact.  53 

 A factor that might account for the mixed findings is individual aptitude, that is, 54 

some listeners are better than others in learning to discriminate and/or identify non-native 55 

tones (Bowles et al., 2016; Ingvalson et al., 2013; McHaney et al., 2021). While individual 56 

aptitude has been generally found to predict training outcomes, the specific dimensions of 57 
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pitch aptitude that contribute to tone learning appear to differ depending on the types of 58 

tones being learned. For contour tones (e.g., rising and falling tones in Mandarin), it has 59 

been found that the individual ability to distinguish and categorize changes in pitch contour 60 

is indispensable for successful perceptual learning (Chandrasekaran et al., 2010; Gandour, 61 

1983; P. C. M. Wong & Perrachione, 2007). With regard to level tones (e.g., higher and 62 

lower tones in Cantonese), on the other hand, Qin et al. (2021) showed that level-tone 63 

learning is predicted by two measures of pitch aptitude: 1) threshold for detecting pitch 64 

height differences, that is, an explicit categorization of pitch height patterns in a pitch 65 

threshold task; and 2) pretraining tone discrimination ability, that is, an implicit sensitivity 66 

to pitch height differences measured by a tone discrimination task. Since tone training may 67 

not benefit all individual learners similarly, it is important to investigate how pitch aptitude 68 

(and which dimension of it) predicts learners’ abilities in dealing with training variability 69 

in their perceptual learning and consolidation of lexical tones. 70 

 A large body of research has shown that whether training variability benefits 71 

learners or not is contingent on the learners’ individual pitch aptitude (Antoniou & Wong, 72 

2015; Perrachione et al., 2011; Sadakata & McQueen, 2014). Previous studies have shown 73 

that learners with higher pitch aptitude (i.e., high-aptitude learners) benefited more from 74 

high-variability training than those with lower pitch aptitude (i.e., low-aptitude learners) 75 

(Perrachione et al., 2011; Sadakata & McQueen, 2014). The interaction between training 76 

variability and pitch aptitude has been relatively well documented in learning Mandarin 77 

(contour) tone-word associations (for counter-evidence though, see Dong et al., 2019). For 78 

instance, Perrachione et al. (2011) investigated whether English-speaking participants’ 79 

tone learning depended on an interaction between pitch aptitude and training variability. 80 
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High-aptitude and low-aptitude learners were grouped based on a Pitch-Contour Perception 81 

Test (PCPT) which was used to assess learners’ abilities to identify changes in pitch 82 

contour (level, rising, and falling) prior to the perceptual training of Mandarin tones. The 83 

learners with different pitch aptitudes were trained either in a high-variability (HV; four 84 

talkers with their stimuli mixed) training condition or in a low-variability (LV; one talker) 85 

training condition. The results (of Experiment 1) showed an interaction effect of pitch 86 

aptitude and training variability. The HV training benefited high-aptitude learners who 87 

exhibited greater learning than low-aptitude learners whereas no such pattern of aptitude 88 

was found for the LV training. Noticeably, the learning performance of low-aptitude 89 

individuals was impaired after the HV training compared to those after the LV training. A 90 

further experiment manipulated the degree of trial-to-trial variability through the talker-91 

blocked HV condition (i.e., blocking stimuli produced by each talker) and the talker-mixed 92 

HV condition (i.e., mixing stimuli produced by four talkers like in Experiment 1). The 93 

results (of Experiment 2) showed that the great amount of trial-to-trial variability in the 94 

talker-mixed design was detrimental to low-aptitude learners (but not to high-aptitude 95 

learners) and may have obfuscated their perceptual learning of the target cues (i.e., pitch 96 

contour) of lexical tones. On the other hand, low-aptitude learners improved significantly 97 

in the talker-blocked condition whereas high-aptitude learners did not show additional gain 98 

from the reduced degree of trial-to-trial variability. The findings suggest that the trial-to-99 

trial variability of the talker-mixed HV training might have caused an “undesirable” 100 

difficulty for low-aptitude learners (Fuhrmeister & Myers, 2020; for a meta-analysis of this 101 

effect, see X. Zhang et al., 2021). The HV training without blocking stimuli produced by 102 

talkers may prevent an individual from engaging in optimal learning strategies (Sadakata 103 
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& McQueen, 2014) and was found to be detrimental for lower-aptitude learners 104 

(Perrachione et al., 2011). 105 

In addition to the “undesirable” difficulty caused by the degree of trial-to-trial 106 

variability in the talker-mixed design, training variability may interfere with memory 107 

consolidation and eventually disrupt long-term retention of learned tones, for instance, 108 

among learners with lower aptitude (Fuhrmeister & Myers, 2017, 2020; Tucker & Fishbein, 109 

2008). In general, sleep-dependent memory consolidation, right after training, was found 110 

to enhance consolidation of learned speech information by facilitating the transfer of 111 

episodic information from an acoustic-sensory-based trace to a more robust (i.e., context-112 

independent) representation of speech sounds (Earle & Myers, 2015; Fenn et al., 2013). To 113 

fully understand the (speculated) effects of training variability and pitch aptitude on 114 

memory consolidation of non-native tones, it would require a study design that separates 115 

the early stage of learning, that is, training-induced (post-training) immediate learning, 116 

from (post-sleep) memory consolidation. However, most previous tone learning studies 117 

included multiple training sessions over days (Perrachione et al., 2011; Sadakata & 118 

McQueen, 2014), and few studies have adopted an overnight design (i.e., over two 119 

consecutive days) to segregate post-training performance and post-sleep change (for an 120 

example, see Qin & Zhang, 2019).  121 

Recent consolidation studies have shown that scheduling an overnight sleep right 122 

after evening training often results in better consolidation of the learned information among 123 

learners with higher aptitude (Earle & Qi, 2021; Fuhrmeister & Myers, 2020). Specifically, 124 

Fuhrmeister & Myers (2020) showed that individual aptitude (i.e., pretraining 125 

discrimination ability) positively predicted learners’ identification of non-native sounds (a 126 
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Hindi dental and retroflex stop contrast) and the relationship became (numerically) stronger 127 

after an overnight sleep. That is, English-speaking learners with higher aptitude 128 

demonstrated better consolidation of learned sounds than those with lower aptitude. In 129 

other words, an alternative possibility to account for the relationship between training 130 

variability and pitch aptitude is that training variability affects learners with different pitch 131 

aptitude by virtue of how it interferes with overnight consolidation of learned tones. The 132 

questions of whether the advantage of high-aptitude learners in tone consolidation holds 133 

when training variability changes (for an interference effect of variablity on consolidation, 134 

see Fuhrmeister & Myers, 2017), and how tonal representation emerges for individual 135 

learners in early stages of tone learning, remain open. Thus, the current study primarily 136 

aims to investigate the relationship of pitch aptitude and training variability in the 137 

consolidation of non-native tones with an overnight design. 138 

The Present Study 139 

Different from previous studies which investigated contour-tone learning by novice 140 

learners who speak non-tonal languages such as English and Dutch (Dong et al., 2019; 141 

Perrachione et al., 2011; Sadakata & McQueen, 2014), the present study focused on 142 

Mandarin listeners’ identification of Cantonese level-level tonal contrasts (Chang et al., 143 

2017; Qin & Jongman, 2016). The Mandarin listeners were found to show reduced 144 

sensitivity to Cantonese level tones, compared with non-tonal language listeners such as 145 

English listeners (e.g., Qin & Jongman, 2016). It is likely that the fine-grained differences 146 

in pitch height among Cantonese level tones were treated as within-category differences 147 

by Mandarin listeners. Based on their well-documented difficulty of level-tone learning, 148 

the current study has two research aims.  149 
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The primary aim was to examine whether pitch aptitude predicts overnight 150 

consolidation (i.e., after 24 hours) of non-native tones differently through HV and LV 151 

training which is conducted in the evening. Based on the finding that individual aptitude 152 

positively predicted consolidation after the overnight sleep (Fuhrmeister & Myers, 2020), 153 

we predicted that high-aptitude learners were more likely to consolidate newly-learned 154 

tones than low-aptitude learners. The effect of pitch aptitude on consolidation is possibly 155 

stronger in the HV training, with low-aptitude learners being more vulnerable to the 156 

disruptive effect of training variability than high-aptitude learners (Fuhrmeister & Myers, 157 

2017), than that in the LV training. The secondary aim was to examine whether pitch 158 

aptitude predicts tone training differently over the course of HV and LV training. Based 159 

on the findings of previous tone learning studies (Perrachione et al., 2011; Sadakata & 160 

McQueen, 2014), we predict that low-aptitude learners may also benefit from HV training 161 

through a talker-blocked design (i.e., with the trial-to-trial variability reduced), for example, 162 

by showing comparable tone training outcome to high-aptitude learners.  163 

Two groups of Mandarin-speaking participants were first assessed in two tests of 164 

pitch aptitude, that is, pitch height threshold and pretraining tone discrimination ability, 165 

following our previous study of level-tone learning (Qin, Zhang, et al., 2021). The two 166 

tests were included to tap into different aspects of pitch aptitude: explicit categorization 167 

of pitch height patterns assessed by a pitch threshold task (C. Zhang et al., 2021); and 168 

implicit sensitivity to pitch height differences measured by a tone discrimination task 169 

(Earle & Myers, 2014). After that, they received Cantonese-tone identification training in 170 

either a HV condition (two talkers: a female talker and a male talker) or a LV condition 171 

(a single talker: the same female talker as in the HV condition) manipulated based on the 172 
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presence or absence of inter-talker variability. The performance over the course of 173 

training (initial vs. final training block) was used to test the secondary prediction of tone 174 

training (Perrachione et al., 2011). Crucially, the participants were all trained in the 175 

evening hours, were tested after training, and returned after 24 hours1 for reassessment 176 

(see details in the Procedure section below). The overnight change of performance (first 177 

vs. second posttest; before vs. after sleep) was used to test the primary prediction of tone 178 

consolidation (Fuhrmeister & Myers, 2020).  179 

Method 180 

Participants 181 

A total of 82 participants (52 females, 30 males; age range: 19-33 years, M = 25.07, 182 

SD = 2.30) were recruited via campus advertisements at a university in Hong Kong. To be 183 

eligible for the study, all participants met the following inclusion criteria: they (1) must be 184 

native Mandarin speakers who did not speak any Southern Chinese dialect (e.g., 185 

Shanghainese, Hakka, or Southern Min); (2) had minimal exposure to Cantonese, that is, 186 

those who have resided in Hong Kong for less than 15 months and received no more than 187 

one month of classroom training in Cantonese; and (3) had no more than three years of 188 

professional music lessons, including vocal and musical instrument training (Li & 189 

DeKeyser, 2017). None of the participants reported a history of hearing impairment or 190 

neurological disorders. In addition, they were pre-screened to ensure that all participants 191 

had a regular sleep pattern of at least six hours per night over the past month and no sleep 192 

disorders (Espie et al., 2014). 193 

 
1 The 24-hour interval was chosen to control the effect of circadian rhythms (i.e., time of day, de Bot, 

2015).  
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The study protocol was approved by the Human Subjects Ethics Sub-committee of 194 

the university. All participants provided written informed consent and received monetary 195 

compensation for their participation. Two participants failed to complete all experiment 196 

sessions and were thus excluded. The remaining 80 participants were randomly assigned 197 

into the HV (n = 40) or LV (n = 40) training group. Demographic details of each group can 198 

be found in Table 1 (see text below for descriptions of the pretests and sleep questionnaire). 199 

Stimuli 200 

The stimuli were 30 words contrasting three Cantonese level tones, T1 (/55/ a high-201 

level tone), T3 (/33/, a mid-level tone), and T6 (/22/, a low-level tone), carried by 10 base 202 

syllables (/jan/, /ji/, /jau/, /jiu/, /fan/, /fu/, /ngaa/, /si/, /se/ and /wai/) 2 . All words are 203 

meaningful in Cantonese. Stimuli were recorded by three native speakers of Hong Kong 204 

Cantonese (one male talker and two female talkers) in a soundproof room on a PC 205 

workstation with an Azden ECZ990 microphone (Azden, Mt. Arlington, NJ). The 206 

recordings were made at a sampling rate of 44100 Hz with 16 bits per sample. Each 207 

monosyllabic word was embedded in a carrier phrase “呢個係_ lei1 go3 hai6 [target word]” 208 

(this is [target word]) and repeated three times. The three tokens were then segmented out 209 

of the carrier phrase and normalized to 500 ms in duration (a value similar to the duration 210 

of natural stimuli) and 70 dB in intensity using Praat (Boersma & Weenink, 2018).  Two 211 

out of the three tokens were selected for the experiment based on their intelligibility and 212 

 
2 Both syllable and talker variations are sources of variability in lexical tone perception. Given a well-

documented talker normalization process in lexical tone perception (Peng, 2006; C. Zhang & Chen, 2016), 

this study opted for manipulating inter-talker variability (i.e., the number of talkers), but used the same set 

of (different) syllables across training conditions. 
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pronunciation accuracy. Both tokens were used in the HV training to increase the token 213 

variability of the stimuli; in contrast, only one token was used in the LV training. 214 

To introduce inter-talker variability in the HV training, stimuli produced by both 215 

the female (F1) and the male (M1) talkers were used. As illustrated in Figure 1, the three 216 

Cantonese level tones produced by F1 are overall higher in semitone and have larger 217 

semitone ranges than M1. A linear mixed-effects model showed that the semitone 218 

differences between T1-3 and T3-6 in the F1 talker were both significantly larger than those 219 

in the M1 talker (T1-3: β = 1.90, SE = 0.10, t = 19.80, p < .001; T3-6: β = 0.29, SE = 0.10, 220 

t = 3.01, p = .003). This inter-talker difference appears to have an influence on the 221 

participants’ performance during training (see Results below). Using the stimuli allowed 222 

us to create acoustic variations within the same tone category and across speakers in the 223 

HV training. In contrast, only the stimuli produced by the female talker (F1) were used in 224 

the LV training (the stimuli produced by an untrained female talker, F2, was only used in 225 

post-training tests to assess context-independent representation of tones after consolidation 226 

(Earle & Myers, 2015). All stimuli were presented over headphones (Sony MDR-7506) at 227 

a comfortable sound volume, adjustable by participants.  228 

Procedure 229 

Figure 2 shows an overview of the pretest-training-posttest procedure. First, a 230 

pretest session was conducted prior to the experiment day to ensure that the HV and LV 231 

training groups were matched in their short-term memory, musical processing, and 232 

attention control (see details in the Pretests). At the end of the pretest session, participants 233 

were assessed by the first pitch aptitude measure, a pitch threshold test (see details in the 234 

Pitch Aptitude Tests). Participants also completed the second aptitude measure, an AX 235 
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discrimination test, on the day of training. The task partially shared the tonal stimuli 236 

presented in the training task. Therefore, to avoid pre-exposure (and potential overnight 237 

consolidation) of the stimuli, it was not administered at the pretest session. 238 

Within the same week of pretests, participants were then asked to complete two 239 

experimental sessions at approximately the same time between 7 to 9 PM over two 240 

consecutive days. On Day 1, the HV or LV training session was administered to the two 241 

groups of participants, respectively (see details in the Training Session). Following the 242 

training, the participants went through a tone identification test in the first posttest 243 

(Posttest 1; see details in the Consolidation Tests). After the experiment session, 244 

participants went home to sleep, potentially allowing an (immediate) overnight 245 

consolidation of tone learning. To test whether and how the learned tone categories were 246 

consolidated after a 24-hour interval, participants came back for a tone identification re-247 

test (Posttest 2). The two identification tests were identical and were completed at the same 248 

time of the day to minimize the potential effect of circadian rhythm (Qin & Zhang, 2019). 249 

To ensure that the overnight consolidation of tone learning was not affected by any group 250 

difference in sleep, participants were asked to complete a sleep questionnaire on Day 2 251 

which recorded their last night’s total sleep duration, self-perceived sleep quality (on a 252 

rating scale from 1 to 10), and time spent on activities after the day 1 experiment and before 253 

sleep (Espie et al., 2014). Both independent t-tests and Bayes factor tests (Hoijtink et al., 254 

2019; Morey et al., 2021) suggested  that the two groups had comparable responses in the 255 

sleep questionnaire (see Table 1). 256 
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Pretests 257 

The purpose of the pretest session is to primarily ensure that the two groups are 258 

comparable in musical aptitude (Qin, Zhang, et al., 2021) and learning-related cognitive 259 

abilities (Bowles et al., 2016; Ou & Law, 2017). The pretest session included: (1) pitch 260 

(short-term) memory span test, adopted from Williamson and Stewart (Williamson & 261 

Stewart, 2010); and (2) three subtests of MBEA which measure pitch-based musical 262 

abilities (scale, contour, and interval). MEBA has been used as a screening tool for 263 

congenital amusia (Peretz et al., 2003), and individuals with higher MBEA scores 264 

performed better in Cantonese tone categorization (Qin, Zhang, et al., 2021). (3) Five 265 

subtests of the Test of Everyday Attention (TEA; Robertson et al., 1996), which provide a 266 

comprehensive assessment on selective attention (Telephone Search), attentional switching 267 

(Visual Elevator, Elevator Counting with Distraction, Elevator Counting with Reversal) 268 

and divided attention (Telephone Search While Counting). These subtests probed into 269 

participants’ visual and auditory attention, which were found to be related to speech 270 

perception (Ou & Law, 2017). Both independent-samples t-tests and Bayes factor tests 271 

showed that there was little evidence supporting a group difference in any of the three 272 

pretest measures. Results are summarized in Table 1. 273 

Pitch Aptitude Tests 274 

Pitch Threshold Test. The test was adopted from Qin et al. (2021) as an aptitude 275 

measure to comprehensively assess a participant’s ability in explicit categorization of 276 

pitch height patterns as well as pitch processing over speech and non-speech tones (C. 277 

Zhang et al., 2021). It captures individual sensitivity to detect just-noticeable differences 278 

in pitch height, which is a crucial dimension for contrasting Cantonese level tones (Qin et 279 
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al., 2021). The speech tones were carried by the Cantonese syllable /ji/ and were 280 

produced by a male native Cantonese speaker. The non-speech tones were created in 281 

Praat using complex tones, which had more than one single frequency component, and 282 

carried the same F0 (100 Hz) as the speech tones. A 15-ms amplitude ramp was applied 283 

at the onset and offset of the complex tones to adjust for rise or decay time. The duration 284 

of all stimuli was normalized to 250 ms and the same duration was used for the 285 

interstimulus interval. The stimuli consisted of a standard stimulus (100 Hz) and 82 target 286 

stimuli ranging from 100.07 to 178.17 Hz in steps of 0.01, 0.1, and 1 semitone. 287 

Therefore, the pitch height difference between the standard and target stimuli ranged 288 

from 10 to 0.01 semitone. In each trial, participants heard the stimulus pair (standard and 289 

target), and they needed to judge whether the pitch pattern of the pair was high-low or 290 

low-high by pressing the left or right arrow button on the keyboard. The task followed a 291 

“two-down, one-up” staircase method in the adaptive tracking procedure (Leek, 2001). 292 

Trials began with the largest pitch difference (10 semitones) and were reduced by 1 293 

semitone upon two consecutive correct trials. When the difference reached 1 and 0.1 294 

semitone, respectively, the reduction was adjusted to 0.1 and 0.01 semitone. An incorrect 295 

trial led to a reversal to the previous semitone difference. The task ended after 14 296 

reversals. The pitch threshold was calculated as the mean pitch difference between the 297 

stimulus pair in the last 6 reversals. The speech and non-speech tones were conducted in 298 

separate blocks and their order was counterbalanced across participants. The overall pitch 299 

threshold of each participant was the average of their performance in speech and non-300 

speech tones. A lower pitch threshold indicates that participants had successfully detected 301 

smaller pitch differences and thus had higher aptitude in pitch (height) processing.  302 
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Pretraining Discrimination Test. The AX (same-different) discrimination task was 303 

used to measure participants’ pretraining implicit sensitivity to pitch height differences, 304 

following the design of Qin and Zhang (2021) (also see Fuhrmeister & Myers, 2020). 305 

Participants heard two tone stimuli on each trial and were asked to indicate whether they 306 

belonged to the same or different tone categories by pressing the left or right arrow button 307 

on the keyboard. The tone stimuli were always carried by the same syllable in each trial. 308 

The task had 240 trials in total, with an equal number of AA (same tone category) and AB 309 

(different tone categories) pairs presented in a counterbalanced manner. AA pairs always 310 

included two different tokens of the same tone so that the participants could not categorize 311 

the sounds based on low-level acoustic details of the stimuli. The inter-stimulus interval 312 

was set at 1000 ms, and no feedback was given.  313 

Training Session 314 

The training, a forced-choice identification (ID) task of the three Cantonese tone 315 

categories (T1, T3, or T6), was conducted to assess training progress of tone 316 

categorization over the course of training (Bowles et al., 2016; Perrachione et al., 2011). 317 

At the beginning of the task, participants read a brief explanation about the pitch height 318 

differences of the three tone categories, i.e., T1 being the highest, followed by T3-Mid 319 

and T6-Low. They were then given practice trials to familiarize themselves with the task 320 

procedure. Additionally, on each trial, a ruler was presented beside each tone category to 321 

remind participants of their corresponding pitch height. After hearing each stimulus, 322 

participants needed to identify which category it belonged to by pressing one of the three 323 

number keys (1, 3, and 6) in a self-paced fashion. Feedback (“Correct” in green or 324 

“Incorrect. The correct answer is …” in red) was given immediately after each response. 325 
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Participants were instructed to learn via feedback and try their best to correctly categorize 326 

each stimulus throughout the training. The training consisted of 600 trials in 10 blocks 327 

with 60 trials (3 tones x 2 tokens/repetitions x 10 words) within each block.  328 

The current study adopted an HV training condition with inter-talker variability 329 

(Qin, Gong, et al., 2021).  To achieve the optimal training outcome at a “desirable” level 330 

of difficulty (Fuhrmeister & Myers, 2020), a minimum number of talkers was used (i.e., 2 331 

talkers, one female and one male) in the HV training. Moreover, talkers were presented in 332 

a blocked design so that each block contained the stimuli produced by a single talker. 333 

Participants in the HV training group learned to categorize the stimuli produced by both a 334 

female (F1) and a male (M1) talker that alternated between blocks. In contrast, in the LV 335 

training group, only the female talker (F1) was used. 336 

Identification Test (Consolidation) 337 

The identification task was conducted to examine an overnight change in 338 

categorizing the three Cantonese level tones. Immediately after the training session 339 

(Posttest 1) and after a 24-hour interval (Posttest 2), participants of both groups were asked 340 

to categorize the tone of each stimulus (T1, T3, or T6) by pressing the three number keys 341 

(1, 3, or 6) within a 6s time window. Unlike the training task, no feedback was given after 342 

each response. Both groups were tested on the trained female talker (F1). To assess context-343 

independent representation of tones after consolidation (Earle & Myers, 2015), stimuli 344 

produced by an untrained female talker (F2) were used in the post-training identification 345 

tests. The identification task had 120 trials (3 tones  2 talkers  2 tokens  10 words) 346 

randomly presented in one block. 347 
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The pitch memory span test was conducted via MATLAB (The Mathworks, Inc., 348 

Natick, MA, USA), MBEA and pitch threshold test via E-Prime 2.0 (Psychology Software 349 

Tools, Inc.), and all the other tasks via the Paradigm software (Perception Research 350 

Systems, Inc. http://www.paradigmexperiments.com/). The pretest session and the aptitude 351 

tests lasted for about 1.5-2 hours, while experiments on Day 1 lasted for around 1 hour (i.e., 352 

a 40-min training and a 20-min ID task) and on Day 2 for around 20 minutes. Participants 353 

therefore spent around 3 hours in total to complete all three experimental sessions. 354 

Statistical Analysis 355 

Data files, along with analysis scripts, are made publicly available at OSF 356 

(https://osf.io/2wkda/). To examine the effect of pitch aptitude on tone training and 357 

overnight consolidation, mixed-effects logistic regression models were performed on 358 

participants’ response accuracy (binary, 1 for correct and 0 for incorrect). The models were 359 

fitted in R (R Development Core Team, 2008) using the lme4 package (Bates et al., 2015). 360 

All models followed the backwards stepping procedure to determine a maximal random 361 

effects structure that was best justified by the data (Matuschek et al., 2017). To standardize 362 

the data, pitch threshold in semitone was log-transformed and z-normalized prior to the 363 

analyses. Participants’ performances in AX discrimination were converted to d-prime 364 

scores, that is, d’ = z (Hit) – z (False Alarm) (Macmillan & Creelman, 2004), to account 365 

for response bias. To capture participants’ training progress in tone categorization 366 

throughout the training blocks, the first two blocks were coded as initial blocks and the last 367 

two as outcome blocks. For the training session, group (2 levels: HV vs. LV; deviation 368 

coding: −0.5, .05) and block (2 levels: initial vs. outcome; deviation coding: −0.5, .05) were 369 

entered as fixed effects. To disentangle the overnight performance changes of the two 370 

https://osf.io/2wkda/
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groups in the identification tests, group (2 levels: HV vs. LV; deviation coding: −0.5, .05) 371 

and test (2 levels: ID posttest1 vs. ID posttest2; deviation coding: −0.5, .05) were entered 372 

as fixed effects, and test was nested within group so that the effect of test is examined 373 

within each group. Since the focus of the current study is not the differences among 374 

individual level tones (1, 2 and 3), and our previous study (Qin & Zhang, 2019) revealed 375 

no effect of tone on overnight consolidation of the level-tonal contrasts, tone is thus not 376 

included as a fixed effect in the analysis. Nevertheless, tone was put in the random structure 377 

to account for its potential effect on response accuracy. All categorical predictors were 378 

deviation coded (−0.5, 0.5) to test for the main effect (see details above). Crucially, since 379 

pitch threshold and d-prime scores were tapping into the different aspects of individual 380 

pitch aptitude, both were entered in the aptitude models as fixed effects (i.e., continuous 381 

predictors). The aptitude models are to assess the effects of individual differences and how 382 

they interact with the two groups in the training and consolidation process. 383 

Results 384 

Training Progress 385 

As a baseline assessment of tone training, the proportion of correct responses (0-1) 386 

in tone categorization throughout the training task was first analyzed for the HV training 387 

group and the LV training group (see Figure 3). One participant in the HV group who had 388 

below chance performance (< 0.33) up to the end of the training was excluded from further 389 

analysis.  390 

To test for group differences in training progress during training, a mixed-effects 391 

logistic regression model was performed on participants’ response accuracy (See S1 in 392 

supplementary materials for details of response accuracy in the training). Fixed effects 393 

https://dictionary.cambridge.org/dictionary/english/assess
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included group (HV vs. LV) and block (initial vs. outcome), and the random-effects 394 

structure included by-participant intercepts and slopes for group and by-tone intercepts. 395 

Results of the model revealed a main effect of group (β = 0.35, SE = 0.16, z = 2.25, p = .024) 396 

and block (β = −0.33, SE = 0.03, z = 9.32, p < .001), but no interaction between group and 397 

block (β = 0.07, SE = 0.07, z = 0.99, p = .323), indicating that although the performance of 398 

the LV training group was in general better than the HV training group due to less stimulus 399 

variability, the training-induced improvement from initial to outcome blocks was not 400 

significantly different between the two groups. That is, the two groups improved to a 401 

similar extent over the course of the training task3. In addition, if constraining the data 402 

analysis to the stimuli of the F1 talker, which both groups of participants were exposed to 403 

during training, the response accuracy was not statistically different (β = 0.24, SE = 0.15, 404 

z = 1.55, p = .122) between the HV and LV training groups.  405 

Within the HV training group, performance on the F1 talker’s stimuli was 406 

significantly higher than that on the M1 talker’s stimuli (β = −0.23, SE = 0.03, z = −7.56, 407 

p < .001). Accordingly, performance fluctuation in the HV training group was observed 408 

where the accuracy of odd-numbered blocks (stimuli produced by the F1 talker) was 409 

consistently higher than even-numbered blocks (stimuli produced by the M1 talker). As 410 

mentioned in the Stimuli section, the semitone differences between T1-3 and T3-6 in the 411 

 
3 To corroborate this finding, the second half of the participants (n=39 with 19 and 20 in the HV and LV 

training condition, respectively) were assessed through a pretest and posttest identification task. As 

expected, there was a significant improvement from the pretest to posttest 1 (β = 0.46, SE = 0.44, z = 10.62, 

p < .001). The pretest-posttest improvement in tone identification suggested that the training paradigm 

effectively helped both groups to learn the categorization of the three Cantonese level tones. 
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F1 talker were significantly larger than those in the M1 talker, which could potentially 412 

explain the performance fluctuation.  413 

Individual Differences in Training Progress  414 

Pitch threshold and d-prime scores were two measures used to assess individual 415 

pitch aptitude before training. Pitch threshold captures participants’ abilities in explicit 416 

categorization of pitch height patterns, whereas d-prime scores from the AX discrimination 417 

task were considered to assess the implicit sensitivity to pitch height differences 418 

(Fuhrmeister & Myers, 2020; Qin, Zhang, et al., 2021). To assess whether the two measures 419 

tapped independent dimensions of pitch aptitude, as assumed, correlation analysis was first 420 

performed between pitch threshold and d-prime scores. No significant correlation was 421 

found between the two pitch aptitude measures, r (78) = −0.08, p = .465. A Bayes factor 422 

test also provided evidence for the lack of correlation, BF10= 0.18. In addition, both 423 

independent t-tests and Bayes factor tests revealed no difference between the HV and LV 424 

training groups in pitch threshold (in semitone; HV: M = 2.00, SD = 2.85; LV: M = 2.32, 425 

SD = 3.40), t (78) = −0.46, p = .647, BF10 = 0.25, and d-prime scores (HV: M = 2.39, SD 426 

= 0.34; LV: M = 2.33, SD = 0.41), t (78) = 0.69, p = .489, BF10 = 0.29. The two training 427 

groups were thus comparable in their pitch processing and pretraining discrimination 428 

abilities before learning Cantonese level tones.  429 

To examine the (unique) effect of pitch threshold and d-prime on training 430 

performance, the two measures were both entered as continuous predictors in a mixed-431 

effects logistic regression model, besides fixed effects of group (HV vs. LV) and block 432 

(initial vs. outcome). By-participant and by-tone intercepts were included as random effects. 433 

This analysis resulted in a main effect of group (β = −1.65, SE = 0.76, z = −2.17, p = .030), 434 
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a main effect of threshold (β = −0.29, SE = 0.06, z = −4.61, p < .001) and a main effect of 435 

d-prime scores (β = 0.51, SE = 0.16, z = 3.12, p = .002). The results indicate that both the 436 

pitch aptitude measures predicted the overall training performance. Importantly, the model 437 

resulted in a three-way interaction between pitch threshold, group, and block (β = −0.15, 438 

SE = 0.07, z = −2.16, p = .031). Figure 4 demonstrated this three-way interaction by 439 

showing that there was a negative relationship between pitch threshold and training 440 

improvement (i.e., percentage of increase, response accuracy of outcome – initial blocks) 441 

in the HV training group but not the LV training group. Post-hoc analyses revealed a 442 

marginally significant two-way interaction between pitch threshold and block in the HV 443 

group (β = 0.09, SE = 0.05, z = 1.80, p = .072), whereas the interaction was not significant 444 

in the LV group (β = −0.06, SE = 0.05, z = −1.22, p = .223). In other words, low-aptitude 445 

(i.e., high pitch threshold) individuals in the HV training group tended to show a larger 446 

increase in their response accuracy than those with high aptitude 4 . In contrast, pitch 447 

threshold did not seem to predict performance changes in the LV training group with low- 448 

and high-aptitude learners showing comparable improvements in tone categorization 449 

between the initial and outcome training blocks.  450 

The model also yielded a significant interaction between d-prime scores and group 451 

(β = 0.86, SE = 0.32, z = 2.69, p = .007). D-prime scores predicted the overall training 452 

performance of the LV training group (β = 0.94, SE = 0.23, z = 4.08, p <.001), whereas no 453 

such relationship was found in the HV training group (β = 0.08, SE = 0.23, z = 0.35, p 454 

= .725). Importantly, unlike pitch threshold, the three-way interaction between d-prime, 455 

 
4 To better understand the relationship of pitch threshold and training variability, as seen in Figure S1, we 

visualized the interaction between pitch threshold and group on training performance across 10 blocks by 

splitting participants into high- and low-threshold subgroups based on the median pitch threshold. See S2 in 

supplementary materials for details. 
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group, and block was not significant (β = 0.18, SE = 0.19, z = 0.97, p = .333), suggesting 456 

that pre-training tone discrimination as an aptitude measure might not predict the training-457 

induced improvement differently between the two groups.  458 

Individual Differences in Consolidation 459 

Consolidation was indexed by the overnight changes between ID posttest 1, 460 

before sleep, and ID posttest 2, after sleep (See S1 in supplementary materials for details 461 

of response accuracy in the ID tests). To test whether and how each training group’s 462 

identification performance changed after sleep we ran a mixed-effects logistic regression 463 

model with test (i.e., time) nested within group as a fixed effect (Schad et al., 2020). By-464 

participant and by-tone intercepts were entered as random effects. Results did not reveal a 465 

significant effect of group (β = −0.03, SE = 0.12, z = −0.27, p = .791). A non-significant 466 

effect of test was yielded for the HV training group (β = −0.03, SE = 0.05, z = −0.72, p 467 

= .471) and the LV training group (β = 0.05, SE = 0.05, z = 1.09, p = .274). The results 468 

indicate that the HV and LV training groups did not seem to show overnight changes in 469 

tone identification at a group level. However, it is possible that pitch aptitude affects the 470 

consolidation process and interacts with other factors such as training variability at an 471 

individual level.  472 

To test whether pitch threshold and pretraining discrimination ability can predict 473 

the identification and consolidation of tone contrasts (also see S3 in supplementary 474 

materials; see S4 in supplementary materials for the talker effect), a mixed-effects 475 

logistic regression model was conducted. Again, we examined the effect of pitch 476 

threshold and d-prime scores by including both as fixed effects, in addition to test (ID 477 

posttest 1 vs. ID posttest 2) which was nested within group (HV vs. LV). By-participant 478 
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intercepts and by-tone intercepts were entered as random effects. Results of the model 479 

showed a main effect of threshold (β = −0.22, SE = 0.05, z = −4.45, p < .001) and a main 480 

effect of d-prime scores (β = 0.26, SE = 0.13, z = 2.02, p = .044), suggesting that 481 

participants with lower pitch threshold (i.e., higher aptitude) and higher d-prime scores 482 

had more correct responses in the tone identification tests.  483 

Importantly, the model revealed a significant interaction between pitch threshold 484 

and test in the HV training group (β = −0.13, SE = 0.05, z = −2.61, p = .009), whereas no 485 

such effect was found in the LV training group (β = 0.01, SE = 0.04, z = 0.21, p = .832). 486 

The results, as illustrated in Figure 5, indicate that the relationship between pitch threshold 487 

and identification accuracy (i.e., percentage of change; response accuracy of ID 2 – ID 1) 488 

in the HV training group, but not in the LV training group, changed after sleep. After a day, 489 

low-aptitude learners did not consolidate what they learned at the training as well as high-490 

aptitude learners, who did not experience such a performance decline at the ID posttest 2, 491 

in the HV training group. Unlike the pattern shown in the HV training group, the tone 492 

identification performances in the LV training group were not affected by the participants’ 493 

pitch threshold. Regardless of their aptitude, participants in the LV training group had a 494 

similar level of overnight consolidation of newly learned level-tone categories. Taken 495 

together, pitch threshold, as an aptitude measure, only predicted 24-hour performance 496 

changes in the HV training group. In contrast to pitch threshold, the interaction between d-497 

prime scores and test was not significant in either the HV group (β = 0.08, SE = 0.13, z = 498 

0.61, p = .544) or the LV group (β = −0.02, SE = 0.11, z = −0.17, p = .867). The finding 499 

suggested that while pitch threshold predicted the performance changes between the two 500 

identification tests in the HV training group instead of the LV training group, pretraining 501 
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discrimination ability might not predict the overnight change differently between the HV 502 

and LV training groups.  503 

Discussion 504 

The current study investigated whether two measures of pitch aptitude predicted 505 

tone consolidation (i.e., the change after the 24-hour interval) as well as training progress 506 

differently through HV (i.e., exposure to inter-talker variability) and LV training (i.e., no 507 

exposure to inter-talker variability). Specifically, Mandarin-speaking participants’ 508 

aptitude was assessed in terms of pitch threshold (in semitone) and pretraining 509 

discrimination ability (d-prime scores). Then they received Cantonese-tone identification 510 

training in either the HV condition or the LV condition. Crucially, the participants were 511 

all trained in the evening hours and returned after 24 hours for assessment of tone 512 

consolidation.  513 

Regarding overnight consolidation, as expected, the results of identification 514 

overnight change revealed a relationship of pitch aptitude and training variability in tone 515 

consolidation. Pitch aptitude, measured as pitch threshold, predicted tone consolidation of 516 

the HV training group, but not that of the LV training group. Specifically, within the HV 517 

training group, learners with lower aptitude (i.e., higher pitch threshold) did not 518 

consolidate newly-learned tonal knowledge as well as those with higher aptitude (i.e., 519 

lower pitch threshold). The finding is consistent with recent findings of segmental 520 

learning, that is, individual aptitude (e.g., an implicit measure of pretraining 521 

discrimination ability) predicted learners’ perception of non-native segments, with high-522 

aptitude learners outperforming their low-aptitude counterparts, after an overnight sleep 523 

(Earle & Qi, 2021; Fuhrmeister & Myers, 2020). The explanation is also consistent with 524 
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the literature on sleep and memory consolidation (for a detailed review, see Earle & 525 

Myers, 2014).  526 

Since the present study trained all participants in the evening and included an 527 

overnight sleep, one would expect the inter-talker variability in HV training to help 528 

consolidate tone knowledge for high-aptitude learners (not so much for low-aptitude 529 

learners) through the overnight consolidation process (Qin, Gong, et al., 2021). This 530 

expectation is confirmed in the results. One possible explanation for the finding is that 531 

high-aptitude learners who showed better perception and consolidation of non-native 532 

tones than low-aptitude learners might be better physiologically equipped to benefit from 533 

sleep-dependent memory processing (Tucker & Fishbein, 2008). For instance, strong 534 

positive associations were found for general aptitude tests (e.g., perceptual/analytical 535 

skills) and sleep-related psychological correlates (e.g., stage 2 spindle count) in prior 536 

studies of sleep and memory consolidation (e.g., Fogel et al., 2007). Furthermore, the 537 

possible advantage of high-aptitude learners over low-aptitude learners would be 538 

strengthened/amplified when the task was more difficult, for instance, during the HV 539 

training with inter-talker variability (also see Fuhrmeister & Myers, 2020 for a stronger 540 

relationship of aptitude and ID performance when training variability was increased). 541 

Overall, the findings of the current study suggest that individual learners had varying 542 

degrees of difficulty learning non-native tones (at least, partially) by virtue of the effect 543 

of pitch aptitude on tone consolidation (Fuhrmeister & Myers, 2020; Qin & Zhang, 544 

2019). The findings imply that the early emergence of tonal representation is a dynamic 545 

process among individual learners, especially when they face training variability (e.g., the 546 

inter-talker variability of tones). 547 
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An Important difference between the current study and the previous ones is that 548 

this study trained participants using a one-day training session (i.e., 40 min) and included 549 

an overnight sleep for assessing consolidation (Fuhrmeister & Myers, 2020; Qin & 550 

Zhang, 2019), whereas previous studies included multiple training sessions over days 551 

(Dong et al., 2019; Perrachione et al., 2011; Sadakata & McQueen, 2014). The immediate 552 

learning outcome after each training session was not separated from post-sleep changes in 553 

the previous studies (Perrachione et al., 2011; Sadakata & McQueen, 2014). Specifically, 554 

it is unclear whether the previous findings regarding the effect of individual aptitude in 555 

HV training (e.g., Perrachione et al., 2011) were due to individual learners’ poor initial 556 

learning, poor consolidation, or a combination of the two. Our finding of tone 557 

consolidation suggests that low-aptitude learners might benefit from training variability 558 

immediately after training (before sleep) but still had greater difficulty in consolidating 559 

tones than high-aptitude learners after the 24-hour interval. In other words, the 560 

disadvantage of learning tones previously found for learners with lower aptitude in HV 561 

training was possibly yielded by virtue of weaker memory consolidation, together with 562 

poor initial learning (Fuhrmeister & Myers, 2020; Zion et al., 2019). The finding has 563 

important implications in that sleep-mediated consolidation of non-native tones needs to 564 

be assessed separately to deepen our understanding of how robust tonal representations 565 

emerge in early stages of L2 tone learning at an individual level. Related to this, few 566 

studies, as far as we know, have examined whether sleep-mediated consolidation 567 

supports a long-term retention of learned linguistic knowledge from an individual 568 

perspective (but see Zion et al., 2019 for individual differences in time-course of 569 

consolidation effect across two consecutive nights). Future tone training studies are thus 570 
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suggested to separate post-training and post-sleep changes, and to examine the effect of 571 

sleep-mediated consolidation on long-term retention (e.g., weeks after training ended).   572 

Another research objective was to examine whether pitch aptitude predicts tone 573 

training differently over the course of the HV and LV training. At a group level, as 574 

expected, the results of training progress showed that the participants in the HV and LV 575 

training groups (equally) improved their identification of Cantonese level tones over the 576 

course of training regardless of the variability conditions (Qin, Gong, et al., 2021). 577 

Consistent with the effect of tone training reported in previous training studies (Bowles et 578 

al., 2016; Perrachione et al., 2011), this finding suggests that both training groups 579 

improved as the training progressed and stabilized at or above 0.7 (chance-level of 580 

response accuracy at 0.33) at the end of the training session (for corroborative evidence 581 

of improvement from the pretest to posttest in half of the participants, see footnote 1). 582 

Notably, performance fluctuation in the HV training group was observed with the 583 

identification accuracy of even-numbered blocks (produced by the M1 talker) being 584 

consistently lower than that of odd-numbered blocks (produced by the F1 talker). One 585 

straightforward explanation of these results is that the identification of tones produced by 586 

the M1 talker may be more perceptually difficult than those produced by the F1 talker 587 

due to the reduced acoustic differences between the level tones (see Figure 1). An 588 

alternative explanation is related to processing interference that talker changes might 589 

have introduced in speech perception (Lim et al., 2021; C. Zhang et al., 2016). The 590 

pattern that talker changes between blocks yielded lower accuracy is in line with the 591 

results of recent neural studies which showed that presenting stimuli produced by 592 
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different talkers disrupted listeners’ attention to cues of the target sounds and resulted in 593 

processing interference/cost (Lim et al., 2021).   594 

The results further revealed a relationship of pitch aptitude and training variability 595 

in tone training progress. Pitch aptitude, measured as pitch threshold, seems to influence 596 

tone training (i.e., improvement) of the HV training group, but not that of the LV training 597 

group. Specifically, within the HV training group, learners with lower aptitude (i.e., 598 

higher pitch threshold) showed a numerical trend of a larger increase in their response 599 

accuracy than those with higher aptitude (i.e., lower pitch threshold). The current study 600 

reduced the overall and trial-to-trial variability in the HV training group to achieve the 601 

“desirable” level of training difficulty. Corroborating with previous studies (Fuhrmeister 602 

& Myers, 2020; Experiment 2 of Perrachione et al., 2011), the finding of tone training 603 

thus suggests that the talker-blocked HV training (i.e., with the trial-to-trial variability 604 

reduced) might enable learners with lower aptitude to deal with inter-talker variability 605 

and thus helped them attend to the target cues (i.e., pitch height) which were most 606 

relevant to learning the level-level tonal contrasts. It should be noted that the greater 607 

numerical trend of improvement found for low-aptitude learners did not necessarily mean 608 

that these learners outperformed their high-aptitude counterpart during HV training. The 609 

greater improvement could be alternatively driven by initial differences among individual 610 

learners with low-aptitude learners having lower accuracy than high-aptitude learners at 611 

the beginning of training. In other words, low-aptitude learners who initially 612 

underperformed might have gradually caught up with high-aptitude learners through HV 613 

training (for similar outcomes in the final training blocks of the two HV subgroups, see 614 

S2 in supplementary materials for details). 615 
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In addition, these results of pitch threshold indicate an interaction between 616 

training variability and pitch aptitude in tone training and consolidation. However, 617 

different from the finding of segmental learning and consolidation (Fuhrmeister & Myers, 618 

2020; note that an explicit measure was not included), the results of pretraining 619 

discrimination abilities did not reveal a relationship between pitch aptitude and training 620 

variability in either tone training or consolidation. It is possible that, for learning to 621 

categorize tones produced by different talkers through the HV training, pitch threshold 622 

was a more reliable measure than discrimination abilities in assessing pitch aptitude for 623 

level-tone learning. The different results of pitch aptitude tests can be explained by the 624 

shared nature of pitch threshold test and tone identification (in both training and ID tests), 625 

which both required an explicit mapping between auditory stimulus and a tone category 626 

(or a pitch pattern). In contrast, tone discrimination is a different task testing a listener’s 627 

implicit sensitivity to pitch height differences (e.g., Wayland & Li, 2008).  628 

In closing, it is necessary to acknowledge some limitations of this study. As the 629 

current study employed Mandarin listeners who have tonal language experience as the 630 

learners, future studies should examine English listeners to see to what extent the current 631 

findings can generalize to non-tonal language speakers. It will be interesting to 632 

investigate whether the relative contribution of pitch threshold and pitch discrimination 633 

abilities differ depending on the learners’ (tonal or non-tonal) language background. 634 

Moreover, due to the constraints of statistical analysis (e.g., accuracy 0-1 as dependent 635 

variables), we did not use relative scales of accuracy changes to assess training-induced 636 

improvement and consolidation-related changes. Rationalized transformation scale (e.g., 637 

arcsine-transformed accuracy Ingvalson et al., 2013, 2017) may also need to be used 638 
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when the starting scores of performance are close to ceiling or floor level (our 639 

participants’ performance was above the chance level but not close to ceiling). 640 

Conclusion 641 

In summary, the results of this study indicate that pitch aptitude, measured through 642 

pitch threshold, may predict training and overnight consolidation of non-native tones by 643 

the Mandarin-speaking HV trainees, but not by the LV trainees. Importantly, compared 644 

with learners with higher pitch aptitude, learners with lower pitch aptitude (and tonal 645 

language experience) benefitted temporarily from a “desirable” amount of training 646 

variability but did not retain the learning after overnight consolidation. The findings have 647 

theoretical implications for an individualized and dynamic emergence of tonal 648 

representation in early stages of tone learning (e.g., immediate learning and subsequent 649 

consolidation) by tonal language speakers. Future studies should continue to investigate 650 

the nature of difficulty in learning and consolidating tones by non-tonal language speakers.  651 
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 838 

Figure Captions 839 

Figure 1. Tonal contours of the three Cantonese level tones produced by the trained 840 

female talker (F1; left) and the male talker (M1; right) in semitone (reference 50 Hz). 841 

Tonal contours were measured using ten measurement points. 842 

Figure 2. Schematic of the experimental procedure and tasks. 843 

Figure 3. Training progress (i.e., proportion of correct responses across the 10 training 844 

blocks) of the HV training group (red) and the LV training group (green). Stimuli 845 

produced by the female talker (F1; odd-number blocks) and the male talker (M1; even-846 

number blocks) alternated between blocks for the HV training group. Error bars indicate 847 

standard error of the mean. 848 

Figure 4. Training improvement (i.e., percentage of increase in response accuracy) of 849 

individuals with different pitch threshold in the HV training group (red) and the LV 850 

training group (green). Higher pitch threshold indicates lower aptitude, and vice versa. 851 

The shaded area indicates 95% confidence intervals. 852 

Figure 5. Overnight consolidation (i.e., percentage difference in response accuracy 853 

between ID posttest 2 and posttest 1) of individuals with different pitch thresholds from 854 

the HV training group (left; red) and the LV training group (right; green). The dashed line 855 

indicates no change in performance. Higher pitch threshold indicates lower aptitude, and 856 

vice versa. The shaded area indicates 95% confidence intervals. 857 



40 
 

Supplementary Materials 858 

Figure S1. Proportion of correct responses (0-1) across 10 training blocks of the HV 859 

training group (left; red) and LV training group (right; green). The high-aptitude (solid 860 

lines) and low-aptitude (dashed lines) subgroups were divided based on the median pitch 861 

threshold for the purpose of visualization. 862 

Figure S2. Proportion of correct responses in two identification tests (ID Posttest1 and 863 

Posttest 2) of two training groups (HV vs. LV) predicted by individual pitch threshold. The 864 

shaded area indicates 95% confidence intervals. 865 



Table 1. Demographics, pretest performance, and sleep questionnaire results of the HV 

and LV training groups. For the age, pretests and sleep questionnaire, the numbers indicate 

the mean and SD (in brackets) of the HV and LV training group respectively. 

 

Note. Independent t-tests and Bayes factor tests revealed no significant differences 

between the two groups in any of these measures; MBEA = Montreal Battery of 

Evaluation of Amusia; TEA = Test of Everyday Attention. 

 

 HV LV p value BF10 

No. of participants 40 (25F, 15M) 40(25F, 15M)   

Age (year) 24.90 (2.43) 25.30 (2.24) .446 0.30 

Pretests     

Pitch memory span (no. of tones) 6.47 (1.39) 5.96 (1.66) .740 0.62 

MEBA pitch (%) 81 (8.35) 82 (8.61) .489 0.25 

TEA (e.g., count of correct trials) 11.44 (1.25) 11.34 (1.45) .275 0.24 

Sleep Questionnaire     

Sleep duration (hr) 7.68 (0.85) 7.54 (1.12) .694 0.25 

Sleep quality (rating 1-10) 6.82 (1.59) 6.63 (2.03) .636 0.26 

Time spent before sleep (hr) 2.65 (0.98) 2.46 (1.07) .430 0.31 
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Supplementary Materials 

S1. Additional Details of Response Accuracy 

We conducted a series of one-sample t-tests and Bayes factor tests to verify 

whether participants’ proportion of correct response (i.e., 0-1) was close to ceiling during 

or after training.  

Table S1. The descriptive and statistical results of participants’ response accuracy (0-1) 

of the training session and the two ID posttests.  

 

As illustrated in Table S1, the response accuracy of both the groups was 

significantly different from the ceiling performance (i.e., 1.0 proportion of correct 

response) at the initial blocks (i.e., first two blocks) and outcome blocks (i.e., final two 

blocks), indicating that neither group was had ceiling performance during training. 

Likewise, the same tests were conducted for the immediate ID test (i.e., posttest 1) and 

the 24-hour delayed ID test (i.e., posttest 2). The results suggest that neither group had 

ceiling performance after training.  

 

  

  Mean (SD) t p BF10 

Training Initial Blocks      

HV  0.68 (0.12) −16.39 <.001 >100 

LV  0.73 (0.14) −12.09 <.001 >100 

Training Outcome 

Blocks 

     

HV   0.74 (0.10) −17.13 <.001 >100 

LV  0.78 (0.15) −9.15 <.001 >100 

ID Posttest 1      

HV  0.67 (0.11) −22.98 <.001 >100 

LV  0.65 (0.15) −17.12 <.001 >100 

ID Posttest 2      

HV   0.66 (0.14) −17.75 <.001 >100 

LV  0.66 (0.13) −18.20 <.001 >100 
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S2. Additional Details of Individual Differences in Training Progress 

To better understand the relationship of pitch threshold and training variability in 

training progress, as seen in Figure S1, we visualized the interaction between pitch 

threshold and group on training performance across 10 blocks by splitting participants into 

high- and low-threshold subgroups based on the median pitch threshold. It should be noted 

that there was a negative relationship between pitch threshold and aptitude. That is, a higher 

threshold means lower pitch aptitude.  

 

Figure S1. Proportion of correct responses (0-1) across 10 training blocks of the HV 

training group (left; red) and LV training group (right; green). The high-aptitude (solid 

lines) and low-aptitude (dashed lines) subgroups were divided based on the median pitch 

threshold for the purpose of visualization.  

The figure on the right showed that individuals in the LV training group held their 

initial differences throughout the training. High-aptitude learners (i.e., mean accuracy: 0.80) 
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and low-aptitude learners (i.e., mean accuracy: 0.66) of the LV group had different starting 

points of accuracy at the initial blocks but showed a similar degree of improvement (e.g., 

an increase of accuracy by 0.05) at the end of training. In contrast, for the HV training 

group illustrated in the left figure, low-aptitude learners had lower accuracy than high-

aptitude learners in the initial blocks but gradually caught up with high-aptitude learners in 

the outcome blocks (i.e., mean accuracy around 0.70).  
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S3. Additional Details of Individual Differences in Consolidation 

To better illustrate the relationship of pitch threshold, training variability and test 

(i.e., time) in the consolidation of non-native tones, as seen in Figure S2, we plotted the 

raw accuracy of tone identification at an individual level. The plot highlights individual 

differences of identification accuracy along with pitch threshold in the posttest 1 (i.e., an 

immediate test) and in the posttest 2 (i.e., a re-test with a 24-hour delay).   

 

Figure S2. Proportion of correct responses in two identification tests (ID Posttest1 and 

Posttest 2) of two training groups (HV vs. LV) predicted by individual pitch threshold. The 

shaded area indicates 95% confidence intervals. 

Consistent with the results reported in the main text, for HV group, the relationship 

between pitch threshold and response accuracy became stronger after the 24-hour interval 

at posttest 2 (blue dashed line) than that of posttest 1 (brown solid line). In HV group, 

higher aptitude individuals retained their performance after a day whereas lower aptitude 
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individuals did not (i.e., larger individual differences of identification accuracy). However, 

no such an over-time change was found in the LV group. The relationship between pitch 

threshold and identification performance was held constant during the 24-hour period. 
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S4. Identification Performance on Untrained-Novel Talker 

Referring back to our method section, in the identification tests, we included an 

untrained female talker (F2) in addition to the trained talker (F1). It is our intention to 

examine whether the current training paradigm is effective in generalizing trained level 

tone categorization to stimuli produced by an untrained novel talker, and whether the effect 

of talker interacts with the consolidation process discussed in the main text. 

First, participants were able to generalize trained categorization such that their 

performance was significantly different from the chance level of response accuracy (i.e., 

0.33) on the trained stimuli (mean accuracy: 0.71), t (157) = 35.98, p < 0.001, and untrained 

stimuli (mean accuracy: 0.65), t (157) = 30.63, p < 0.001, in the identification tests.  

Second, in the main text, the aptitude model on identification revealed a significant 

interaction between pitch threshold and test at HV but not LV group. To test whether this 

interaction can be further explained by the effect of talker (2 levels: F1 Trained vs. F2 

Untrained; deviation coding: −0.5, .05), we ran a mixed effects model with talker, tested 

nested within group, and pitch threshold as fixed effects, and by-participant and by-tone 

intercepts as random effects. Results showed a main effect of talker (β = −0.44, SE = 0.03, 

z = −13.55, p < .001), indicating better tone categorization in stimuli produced by the 

trained talker (F1) than the untrained talker (F2). There was significant interaction between 

talker and pitch threshold (β = 0.10, SE = 0.03, z = 3.02, p = .003). Post-hoc analyses 

revealed that although different in magnitude, for both trained and untrained talker, pitch 

threshold predicted overall identification accuracy (Trained: β = −0.33, SE = 0.07, z = 

−4.97, p < .001; Untrained: β = −0.20, SE = 0.05, z = −3.99, p < .001). 

The results showed that training variability and pitch aptitude influenced tone 

consolidation (and training progress), however, neither of them contributed to the talker 
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generalization of tone categorization (i.e., with identification accuracy of the stimuli 

produced by the untrained talker being significantly above chance). Training variability 

has been shown to promote generalization to new talkers in phonetic training studies on 

segmental contrasts (Bradlow et al., 1999; Lively et al., 1994; Logan et al., 1991). For 

tone learning, Perrachione et al. (2011) showed that, regardless of pitch aptitude, learners 

had better generalization abilities (measured by a ratio of posttest performance with 

untrained talkers and training performance with trained talkers; see note 1 of Dong et al., 

2019) following the HV training than the LV training. However, Dong et al. (2019) found 

no evidence for better generalization following the HV training than the LV training 

when comparing the accuracy of stimuli produced by the trained and untrained talkers in 

the ID posttests. Thus, the finding is not conclusive regarding the effect of training 

variability, which is further modulated by other factors such as training length and talker 

presentation, on talker generalization in tone learning (for a systematic review, see Zhang 

et al., 2021). On the other hand, the issue of talker generalization became complicated for 

the current design including an overnight sleep, which potentially has promoted both the 

consolidation of trained materials as well as the generalization to novel talkers (Qin & 

Zhang, 2019). Thus, the overnight consolidation might have obscured the effect of talker 

generalization, resulting in a lack of interaction between talker and other factors (e.g., 

training variability). Since learners need to efficiently map variable acoustic input to 

tonal categories produced by different talkers for successful learning, this research calls 

for future studies to test the effect of training variability (and pitch aptitude) on tone 

consolidation and generalization. 
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