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Tone Deafness in Music Does Not Preclude Distributional Learning of Non-Native Tonal 28 

Languages in Individuals With Congenital Amusia  29 

Abstract 30 

Purpose: Previous studies have shown that individuals with congenital amusia exhibit deficient 31 

pitch processing across music and language domains. This study investigated whether adult 32 

Chinese-speaking listeners with amusia were still able to learn Thai lexical tones based on 33 

stimulus frequency of statistical distribution via distributional learning, despite their degraded 34 

lexical tone perception.  35 

Method: Following a pretest-training-posttest design, twenty-one amusics and 23 typical, 36 

musically intact listeners were assigned into bimodal and unimodal distribution conditions. 37 

Listeners were asked to discriminate the minimal pair of Thai mid-level tone and falling tone 38 

superimposed on variable base syllables and uttered by different speakers. The perceptual 39 

accuracy for each test session and improvement from pretest to posttest were collected and 40 

analyzed between the two groups using generalized mixed-effects models.  41 

Results: When discriminating Thai lexical tones, amusics were less accurate than typical 42 

listeners. Nonetheless, similarly to control listeners, perceptual gains from pretest to posttest 43 

were observed in bimodally rather than unimodally trained amusics, as evidenced by both 44 

trained and non-trained test words.  45 

Conclusions: Amusics are able to learn lexical tones in a second or foreign context of speech. 46 

This extends previous research by showing that amusics’ distributional learning of linguistic 47 

pitch remains largely preserved in spite of their degraded pitch processing. It is thus likely that 48 

manifestations of amusia in speech could not result from their abnormal statistical learning 49 

mechanism. This study meanwhile provides a heuristic approach for future studies to apply this 50 

paradigm into amusics’ treatment to mitigate their pitch-processing disorder.  51 

Keywords: congenital amusia; distributional learning; Thai lexical tones; perceptual training; 52 

speech perception  53 



1 Introduction 54 

Distributional learning, a statistical learning mechanism, refers to the learning of speech 55 

sounds through relative frequency of exposure to different tokens in one’s surroundings 56 

(Escudero & Williams, 2014). Distributional learning has been proposed to explain the 57 

perceptual attunement through which phonetic categories are acquired among both infant and 58 

adult learners (Maye et al., 2002, 2008; Werker et al., 2012). Whereas previous distributional 59 

learning studies have primarily examined typical, healthy infants and adults (e.g., Escudero et 60 

al., 2011; Wanrooij et al., 2013), here we examine atypical adult listeners with congenital 61 

amusia, i.e., “tone deafness” (Peretz & Vuvan, 2017). We build on prior phonological tone 62 

perception research, to investigate whether individuals with tone deafness still show evidence 63 

of distributional learning of phonological tone.  64 

1.1 Degraded Processing of Musical and Linguistic Pitch in Congenital Amusics 65 

Congenital amusia is an umbrella term for musical disabilities which cannot be attributed 66 

to brain damage, hearing loss, lack of music exposure, or cognitive disabilities after birth 67 

(Peretz, 2001). The atypical population afflicted with amusia (“amusics” thereafter) is roughly 68 

1.5%–4% of the general population (Peretz & Vuvan, 2017). Research on amusics’ processing 69 

of music has shown that amusics struggle to identify whether presented musical melodies 70 

contain a note that was modified (Ayotte et al., 2002), a pitch that was changed (Hyde & Peretz, 71 

2003, 2004), fine-grained pitch differences among notes and melodies, as well as complex pitch 72 

patterns (Foxton et al., 2004).  73 

Amusics also struggle to identify pitch when it is used in speech communication, such as 74 



rising and falling intonational pitch contours. Patel et al. (2005) tested amusics’ and typical 75 

listeners’ processing of intonation contours within the original sentences or in an analog form 76 

(i.e., gliding-pitch analogs devoid of any linguistic context). The authors found that typical 77 

listeners discriminated the original sentences and analogs equally well, whereas amusics 78 

showed poorer discrimination of the analogs (see also Patel et al., 2008; Hutchins et al., 2010).  79 

Amusics additionally struggle to identify pitch when it is used as a phonological cue as in 80 

languages with lexical tones. Changes in fundamental frequency (F0, the physical correlate of 81 

pitch) alter the lexical semantics of tone languages like Mandarin, Cantonese, and Thai—the 82 

present study’s target language. Tillmann et al. (2011) tested French-speaking amusics and 83 

controls in their discrimination of Mandarin and Thai lexical tone pairs. Results showed that 84 

amusics’ performance was inferior to controls in their discrimination of all tone pairs (see also 85 

Jiang et al., 2012; Zhang et al., 2018). Thus, prior research has established that congenital 86 

amusia is a domain-general pitch-processing deficit that affects musical, sentence-level, and 87 

word-level pitch processing (Vuvan et al., 2015).  88 

1.2 Statistical Learning of Pitch in Congenital Amusics 89 

To date, only a handful of studies have explored amusics’ statistical learning of speech. 90 

Both Omigie and Stewart (2011) and Peretz et al. (2012) reported that amusics were capable of 91 

extracting three-syllable nonce words from a continuous speech stream in which there were no 92 

acoustic or prosodic cues presented to mark word boundaries. That is, amusics were able to use 93 

transitional probabilities (see Saffran et al., 1996) to learn patterns from continuous speech. 94 

Nevertheless, because Omigie and Stewart (2011) removed all pitch information from their 95 

stimuli and Peretz et al. (2012) did not cue F0 to alter lexical semantics, neither study fully 96 



evaluated amusics’ statistical learning of speech in which pitch plays a phonological role. More 97 

recently, Zhu et al. (2022) made use of the gating paradigm to present Mandarin-speaking 98 

control listeners and amusics increasingly longer fragments of syllable-tone words. The authors 99 

found that amusics’ identification of both segments and tones was degraded relative to control 100 

listeners (e.g., Shao et al., 2019; Zhang et al., 2017a). More importantly, the authors found that 101 

in early gates containing truncated speech (e.g., consonant onset and up to 120 ms of the vowel) 102 

amusics—like control listeners—identified frequent syllables more accurately than less 103 

frequent syllables and more probable tones more accurately than less probable tones (given the 104 

syllable). In other words, Zhu et al. (2022) demonstrated that amusics tracked statistical 105 

regularities of segments and tones embedded in their native speech in a manner similar to 106 

control listeners (Wiener & Ito, 2016; Wiener & Lee, 2020). What remains unclear, and is the 107 

focus of the present study, is whether amusics can learn statistical regularities involving 108 

phonological tone in a non-native language within a brief training period involving 109 

distributional learning.  110 

1.3 Distributional Learning of Non-Native Speech 111 

In distributional learning paradigms, participants are presented with auditory tokens from 112 

a particular acoustic-phonetic continuum. The equidistant stimuli along this continuum are 113 

played with frequencies that either constitute a bimodal (tokens near the endpoints occur most 114 

frequently) or a unimodal (tokens in the middle of the continuum occur most frequently) 115 

distribution in training (see Figure 1). After the passive exposure to the tokens differing in 116 

statistical distribution, participants are then tested on their discrimination of stimuli from the 117 

continuum. Maye et al. (2002) generated an eight-step continuum on the dimension of voice 118 



onset time. Infant learners exposed to the bimodal distribution reliably discriminated stimuli 119 

from the endpoints of the continuum in post-training test better than those exposed to the 120 

unimodal distribution. Escudero et al. (2011) recruited Spanish speakers to discriminate Dutch 121 

vowels, and found that bimodally trained learners improved their performance from pretest to 122 

posttest. Escudero and Williams (2014) further showed that distributional learning has long-123 

lasting effects; learners’ accuracy rates in the immediate posttest and posttests after six and 124 

twelve months, respectively, were all higher than pretest accuracy rates.  125 

<Insert Figure 1 around here> 126 

Ong and colleagues have conducted a series of experiments of distributional learning of 127 

Thai lexical tones over recent years (Ong et al., 2015a, 2015b, 2016, 2017a). Different from 128 

Mandarin with four phonological tones including one static (high-level) and three dynamic 129 

(mid-rising, low-dipping, and high-falling) tones, Thai has five phonological tones consisting 130 

of three static (high-level, mid-level, and low-level) and two dynamic (falling and rising) tones 131 

(Abramson, 1978; Gandour, 1983). For example, the syllable /na:/ can mean “rice field” (mid-132 

level), “custard apple” (low-level), “face” (falling), “aunt” (high-level), and “thick” (rising) in 133 

Thai (Zsiga & Nitisaroj, 2007). Ong et al. tested Australian English-speaking participants 134 

(2015a, 2017a) and Mandarin-speaking participants (2015b, 2016, 2017a) on a Thai tone 135 

minimal pair discrimination task using the mid-level and falling tones (which were found in 136 

previous research to be the most difficult for non-native listeners to discriminate given their 137 

similar starting pitch contours; Burnham et al., 2015). Ong et al. repeatedly observed greater 138 

learning in participants trained with bimodal distributions relative to participants trained with 139 

unimodal distributions. Ong et al.’s results highlight that listeners unfamiliar with lexical tone 140 



(Australian English speakers) and listeners familiar with lexical tone, albeit a different tonal 141 

system (Mandarin speakers), can both learn non-native lexical tones through distributional 142 

learning.  143 

1.4 The Present Study 144 

In the present study, we make use of Thai distributional learning stimuli from Ong and 145 

colleagues (Ong et al., 2015a, 2015b, 2016, 2017a). Our research goal is mainly to examine 146 

whether individuals with amusia who are familiar with lexical tone in their native language are 147 

able to learn non-native tones through distributional learning. Previous work related to amusics’ 148 

perception of lexical tones consistently revealed amusics’ degraded performance as compared 149 

with musically intact listeners (Jiang et al., 2012; Tillmann et al., 2011; Zhang et al., 2018), it 150 

was hence hypothesized that amusics’ perceptual accuracy of Thai lexical tones would be 151 

generally lower than typical individuals. Pertaining to the learning outcome, amusics could 152 

show no improvement after training in either distribution condition given that they were 153 

afflicted with the pitch-processing disorder of amusia (Vuvan et al., 2015). Meanwhile, as 154 

mentioned earlier, because several studies did uncover that amusics were able to learn speech 155 

sounds in a statistical manner (Omigie & Stewart, 2011; Peretz et al., 2012; Zhu et al. 2022), it 156 

was also expected that for non-native lexical tones, the perceptual gains would be observed in 157 

bimodally rather than unimodally trained amusics from pretest to posttest, which resembles the 158 

performance profile in typical listeners (Erickson & Thiessen, 2015; Ong et al., 2015a, 2016, 159 

2017a; Thiessen, 2017).  160 



2 Method 161 

2.1 Participants  162 

Twenty-one congenital amusics and twenty-three musically intact listeners participated in 163 

this study. All participants were native speakers of Mandarin Chinese living in China. Initially, 164 

each group consisted of 24 participants, but four of them (three amusics and one typical listeners) 165 

dropped out from the experiment due to their unavailability.  166 

Amusics and control listeners were identified following the guidelines set by Peretz and 167 

colleagues (Peretz & Vuvan, 2017; Peretz et al., 2003, 2008). College students who spoke 168 

Mandarin Chinese as their first language, did not have any musical training, and reported 169 

difficulties in experiencing music, such as the inability to freely sing a song, were invited to 170 

participate in the study. This yielded around 400 participants who were tested via the online 171 

Montreal Battery of Evaluation of Amusia (Peretz et al., 2008). The experimenter monitored 172 

the whole testing and listeners did not take the battery repeatedly after they had finished all the 173 

three subtests (Peretz & Vuvan, 2017), encompassing rhythm-focused program of offbeat 174 

subtest and pitch-focused program of out-of-key and mistuned subtests. The cutoff mean score 175 

of 71% was set as the standard for amusics’ identification in line with previous studies with 176 

tone language speakers (e.g., Chen & Peng, 2018, 2020; Huang et al., 2016; Shao & Zhang, 177 

2018; Wang & Peng, 2014; Wong et al., 2012; Zhang et al., 2017a, 2017b). Table 1 reports 178 

subtest scores as well as overall scores. Independent-samples t-tests revealed that amusics were 179 

significantly lower than the matched controls in global mean accuracy and scores for the three 180 

subtests (ps < .001).  181 

<Insert Table 1 around here> 182 



Working memory was also measured. All participants performed the digit span test 183 

extracted from the Wechsler Adult Intelligence Scale-Revised by China (Gong, 1992), which 184 

contained forward digit span and backward digit span tasks. This scale has been used in 185 

previous studies of congenital amusia (e.g., Nan et al., 2016; Tang et al., 2018; Yang et al., 186 

2014). As shown in Table 1, amusics and musically intact listeners performed similarly (p = .62), 187 

which supports the claim that amusics have similar general memory capacity to typical listeners 188 

(e.g., Williamson & Stewart, 2010; Yang et al., 2014; Tillmann et al., 2016). Using a modified 189 

Chinese version of the Edinburgh Handedness Inventory (Oldfield, 1971), each participant was 190 

confirmed to be right-handed. None of the participants reported having hearing loss, brain 191 

injuries, or neurological disabilities. Importantly, all participants had no prior experience 192 

learning Thai. All listeners were paid for their participation. The experiment was approved by 193 

the ethics review board at the School of Foreign Languages of Hunan University, with each 194 

participant signing the written informed consent. 195 

2.2 Materials 196 

All auditory materials were adapted from Ong and colleagues’ studies (Ong et al., 2015a, 197 

2015b, 2016, 2017a). The Thai syllables /na:/ and /kha:/ with mid-level and falling tones were 198 

recorded by two native Thai speakers (male, female). As noted earlier, this Thai tone contrast 199 

is the most difficult one for Mandarin-speaking listeners to discriminate (Burnham et al., 2015). 200 

The two Thai speakers were both young adults with minimal experience of Chinese, and they 201 

had no known speech, language, or hearing disorders. They were instructed to read aloud the 202 

target words embedded within a Thai sentence “ผมอยากบอกว่า ____” or “ฉนัอยากบอกว่า ____” 203 

(with appropriate personal pronoun of gender, “ผม” for male and “ฉัน” for female), which 204 



meant, “I want to read ____” (Wu et al., 2014). The recordings were sampled at 44.1 kHz and 205 

digitized at 16 bits using Praat (Boersma & Weenink, 2018). These materials were recorded ten 206 

times repeatedly by each Thai speaker, with the most fluent and natural tokens selected. The 207 

words with monosyllables /na:/ and /kha:/ were then excised from the sentences, with three 208 

additional native Thai speakers confirming the naturalness of these exemplars. From these 209 

recordings, four minimal tone pairs were developed, i.e., each syllable with each speaker 210 

producing both tones for a total of eight utterances (female /na:/ and /kha:/ in mid-level and 211 

falling tones, and male /na:/ and /kha:/ in mid-level and falling tones).  212 

2.2.1 Training Stimuli 213 

Of these minimal tone pairs, the contrast of male /na:/ in mid-level and falling tones was 214 

used for training since this tone pair was more difficult than other pairs in tone discrimination 215 

in line with Ong et al. (2015a, 2017a). The tonal continuum based on this tone pair generated 216 

eight stimuli with the equidistant pitch difference, with Stimulus 1 representing the mid-level 217 

tone and Stimulus 8 representing the falling tone. These stimuli in the continuum were 218 

synthesized using the pitch synchronous overlap and add algorithm (Moulines & Laroche, 1995) 219 

implemented in Praat, following Peng et al. (2010) and Shen and Froud (2016, 2019). The 220 

values of F0 for the eight tokens were interpolated alone, while other acoustic cues were kept 221 

identical including duration and intensity. The training stimuli were confirmed by three native 222 

Thai speakers who exhibited a decline in the percentage of mid-level tone responses from the 223 

first to the last steps along the continuum, suggesting that the perception of the eight tokens by 224 

native Thai speakers changed from the mid-level tone category to the falling tone category, as 225 



intended (i.e., Ong et al., 2015a; also see similar methods in Xi et al., 2010, Yu et al., 2014). 226 

Table 2 shows a summary of pitch frequency information of the eight training stimuli extracted 227 

from the continuum.  228 

<Insert Table 2 around here> 229 

2.2.2 Test Stimuli 230 

The test words encompassed not only the tokens appearing in training but also the non-231 

trained ones, in order to explore the potential generalization effects of statistical learning (Maye 232 

et al., 2008). In other words, the introduction of non-trained stimuli into the test was beneficial 233 

to examine whether participants, including both amusics and typical listeners, were capable of 234 

extending what they had acquired to novel items that were primarily characterized by the 235 

similar cue or dimension, and how far they could generalize the learned categories at an abstract 236 

level across variable conditions in speech perception (Erickson & Thiessen, 2015).  237 

<Insert Figure 2 around here> 238 

To ensure that only F0 was different among the test stimuli, the naturalistically produced 239 

lexical tones were extracted and superimposed on a common base sound for each minimal pair 240 

following Ong and colleagues (Ong et al., 2015a, 2015b, 2016, 2017a). For each minimal pair, 241 

a base waveform of the monosyllable was firstly chosen; next, the pitch contour was extracted 242 

from each class of that minimal pair and further superimposed on this chosen base waveform 243 

using Praat. Two more exemplars were created with other naturalistically produced pitch 244 

contours superimposed on the same base waveform for each minimal pair, resulting in three 245 

exemplars with the sole difference in F0 for pairs of male /na:/ mid-level to falling, male /kha/ 246 



mid-level to falling, female /na:/ mid-level to falling, and female /kha/ mid-level to falling, 247 

individually. These exemplars would be used in the test. Figures 2 and 3 plot the pitch contours 248 

of Thai lexical tones produced by male and female speakers.  249 

<Insert Figure 3 around here> 250 

All stimuli were normalized at 70 dB in intensity, with duration exactly the same within 251 

each minimal pair based on the shared base waveform of the monosyllable (i.e., 567 ms for 252 

male /na:/ mid-level to falling, 508 ms for male /kha/ mid-level to falling, 658 ms for female 253 

/na:/ mid-level to falling, and 770 ms for female /kha/ mid-level to falling), which were all 254 

similar to Ong et al. (2017a). Table 3 displays the detailed information of all test words. Once 255 

again, three additional native Thai speakers verified the naturalness of these auditory tokens 256 

and correctly identified them as either mid-level or falling out of the choices of the five Thai 257 

lexical tones.  258 

<Insert Table 3 around here> 259 

An additional 32 440-Hz pure tones were synthesized via Praat and used as beeps during 260 

the training. Each beep tone was 800 ms in duration and 70 dB in intensity. These beeps were 261 

randomly interspersed among the training tokens, serving as an extra vigilance task for each 262 

participant (Ong et al., 2015a).   263 

2.3 Procedures 264 

This study followed the pretest-training-posttest design as broadly used in the 265 

distributional learning literature (Escudero & Williams, 2014; Maye et al., 2002, 2008; 266 

Wanrooij et al., 2013). The assignment of participants to distribution conditions was achieved 267 

in a pseudo-random manner by keeping the bimodal group comparable to the unimodal 268 



counterpart (e.g., age, gender, working memory, and pitch-related composite test scores in the 269 

screening battery), aiming to maximally exclude any potential effects other than stimulus 270 

statistical distribution on learning. Correspondingly, the four sub-groups were developed, 271 

including amusics’ bimodal (n = 11) and unimodal (n = 10) groups and controls’ bimodal (n = 272 

12) and unimodal (n = 11) groups. The posttest was identical to the pretest. 273 

First, the training phase involved mere exposure of the eight tokens generated from the 274 

male /na:/ mid-level to falling lexical tone continuum. The critical manipulation pertinent to the 275 

two types of statistical distribution was the number of times that each token would be heard. In 276 

bimodal condition, Stimuli 2 and 7 were played most frequently; however, in unimodal 277 

condition, Stimuli 4 and 5 occurred more often than other sounds (see Figure 1). Importantly, 278 

participants listened to the two endpoints of Stimuli 1 and 8 (representing prototypical mid-279 

level and falling tones, respectively) an equal number of times in both conditions. Figure 4 280 

exhibits stimulus pitch contours and occurrences in training. There were 256 training tokens in 281 

both distribution conditions. In brief, the occurrence frequencies of Stimuli 1 to 8 in bimodal 282 

distribution are 16, 64, 32, 16, 16, 32, 64, and 16; the occurrence frequencies of Stimuli 1 to 8 283 

in unimodal distribution are 16, 16, 32, 64, 64, 32, 16, and 16 (Maye et al., 2002; Ong et al., 284 

2017a, 2017b). Besides, an additional 32 beeps were randomly interspersed among these 285 

training items (Ong et al., 2017a). Participants in both conditions hence needed to listen to 288 286 

sounds in all; moreover, each of them was guided to mark on a paper handout whenever the 287 

beep was heard. Their performance in the auditory vigilance task was later checked to ensure 288 

that they were indeed paying attention in the training phase. 289 

<Insert Figure 4 around here> 290 



The immediate posttest began after the training session (Escudero & Williams, 2014; Ong 291 

et al., 2017a). Both the pretest and posttest were ABX discrimination tasks which required 292 

participants to judge whether the third sound, X, was similar to the first sound, A, or the second 293 

one, B. Participants gave their answers by pressing the corresponding keys on the computer 294 

keyboard. Given amusics’ degraded lexical tone perception (Chen & Peng, 2018; Nguyen et al., 295 

2009; Zhang et al., 2017b), there was no time limit set for each trial but all participants were 296 

encouraged to respond as quickly as possible. The inter-stimulus-interval was 1,000 ms in line 297 

with previous studies (Ong et al., 2015a, 2016, 2017a). Recall that there were three exemplars 298 

generated for each minimal tone pair. The two endpoints of Stimuli 1 and 8 in the continuum 299 

based on an exemplar were always used as the first and second sounds in the ABX format, while 300 

the third sound was one of the two other exemplars generated within each minimal pair. This 301 

ensures that the present experiment remains comparable with other distributional learning 302 

studies (e.g., Escudero et al., 2011; Escudero & Williams, 2014; Ong et al., 2015a, 2017a). Each 303 

minimal tone pair was presented eight times in a random order, leading to a total of 32 trials for 304 

the pretest and posttest.  305 

All stimuli across test sessions were presented via E-Prime 2.0 (Schneider et al., 2002). 306 

Prior to the pretest, participants needed to familiarize themselves with the experimental 307 

protocols. The practice trials did not contain the stimuli used in the formal test. Participants 308 

started the main experiment after they were familiar with the procedures. It took approximately 309 

30 minutes, including the five-minute training, for participants to complete the entire 310 

experiment.  311 



2.4 Data analysis 312 

Accuracy rates were analyzed in the pretest and posttest. For each listener, the response to 313 

each trial was coded as 0 or 1 (incorrect or correct). The statistical analysis was conducted using 314 

generalized mixed-effects models with the lme4 package (Bates et al., 2015) in R (R Core Team, 315 

2014). The models with group (amusics and musically intact listeners), test session (pretest and 316 

posttest), modal distribution (bimodal and unimodal), base syllable (trained and untrained), and 317 

speaker gender (trained and untrained) revealed an interaction among these five variables, [χ2 318 

(1) = 5.55, p < .05]. Given that there were two parameters manipulated in stimulus 319 

characteristics, responses to base syllable and speaker gender were further separately analyzed 320 

in order to estimate whether perceptual gains from pretest to posttest could emerge on these 321 

two test dimensions, following previous studies (Maye et al., 2002, 2008; Ong et al., 2015a, 322 

2015b, 2016, 2017a).  323 

To be specific, the models were established with group (amusics and musically intact 324 

listeners), test session (pretest and posttest), modal distribution (bimodal and unimodal), and 325 

base syllable (trained and untrained) acting as fixed factors with the dependent variable of 326 

accuracy rates; meanwhile, similar models were built with group (amusics and musically intact 327 

listeners), test session (pretest and posttest), modal distribution (bimodal and unimodal), and 328 

speaker gender (trained and untrained) acting as fixed factors considering participants’ 329 

perceptual accuracy. Two-way, three-way, and four-way interaction terms were also included 330 

as fixed effects in the models. Working memory was the controlled covariate when fitting the 331 

models. For all possible fixed factors, by-subject and by-item random slopes and intercepts 332 

were included in the initial model (Barr et al., 2013). The initial model was compared to a 333 



simplified model which excluded a specific fixed factor using the anova function in lmerTest 334 

package (Kuznetsova et al., 2017). The p values for the main and interaction effects were 335 

obtained by applying likelihood ratio tests via the afex function in R (Winter, 2019). Pairwise 336 

comparisons were implemented with Tukey adjustment using the esmeans package (Lenth & 337 

Lenth, 2018). 338 

3 Results 339 

All participants succeeded in identifying the 32 beeps with 100% accuracy in the 340 

concurrent auditory vigilance task, hence none of them were excluded from data analysis. Table 341 

4 documents the accuracy rates obtained by amusics and musically intact listeners in pretest 342 

and posttest. Amusics were, on average, outperformed by typical individuals as their scores in 343 

pretest and posttest were lower than the matched controls. 344 

<Insert Table 4 around here> 345 

3.1 Perceptual Accuracy on Test Dimension of Base Syllable 346 

Figure 5 plots accuracy in pretest and posttest by amusics and musically intact individuals 347 

as faceted by distribution condition and test dimension of base syllable, with error bars 348 

representing one standard error (SE). This figure shows that amusics were scored lower in 349 

general than typical listeners; besides, in contrast to unimodal condition, both groups 350 

demonstrated an increase in accuracy in posttest than pretest in bimodal condition. 351 

<Insert Figure 5 around here> 352 

The mixed-effects models firstly revealed a significant main effect of test session [χ2 (1) 353 

= 12.04, p < .001] and an interaction between test session and modal distribution [χ2 (1) = 10.93, 354 



p < .001]. Further analysis of this interaction showed that in pretest, the bimodal group did not 355 

differ from the unimodal group formed by amusic or control listeners (β = -0.32, SE = 0.20, t = 356 

-1.57, p = .12), suggesting that the bimodal group had similar performance as the unimodal 357 

counterpart before training. In posttest, the bimodal group achieved higher scores than the 358 

unimodal counterpart (β = 0.59, SE = 0.23, t = 2.52, p < .05). Crucially, regardless of typical or 359 

amusic participants, the scores obtained by bimodally trained listeners in pretest were 360 

significantly lower than in posttest (β = -0.93, SE = 0.19, t = -4.84, p < .001), but the pretest 361 

scores did not differ from the posttest scores among unimodally trained listeners (β = -0.02, SE 362 

= 0.19, t = -0.10, p = .92). This implied perceptual gains for amusics and controls who were 363 

exposed to bimodal relative to unimodal distributions. Besides, the interaction between test 364 

session and group was insignificant [χ2 (1) = 1.08, p = .30], which suggested parallel 365 

improvement between amusics and controls. 366 

There were also a main effect of group [χ2 (1) = 31.19, p < .001] and a three-way 367 

interaction between group, modal distribution, and base syllable [χ2 (1) = 4.66, p < .05]. This 368 

three-way interaction was further analyzed by keeping the fixed factors of group and modal 369 

distribution with the dependent variable being respective accuracies on trained or untrained 370 

syllable. The models revealed a significant main effect of group [χ2 (1) = 26.09, p < .001] for 371 

the trained syllable, indicating that amusics (M = 0.83, SD = 0.38) were outperformed by 372 

controls (M = 0.96, SD = 0.20) either in bimodal or unimodal condition. For the untrained 373 

syllable, the main effect of group [χ2 (1) = 10.09, p < .01] again suggested that typical listeners 374 

(M = 0.87, SD = 0.34) obtained higher scores than control listeners (M = 0.80, SD = 0.40) 375 

regardless of modal distribution.  376 



In summary, on the test dimension of base syllable, amusics were graded lower than the 377 

matched controls, implicating their poorer lexical tone perception than typical listeners which 378 

was in line with preceding studies on amusics’ perception of tone (e.g., Jiang et al., 2012; 379 

Tillmann et al., 2011; Zhang et al., 2018). Nonetheless, similar to typical listeners, amusics’ 380 

accuracy rates in lexical tone perception for both trained and untrained syllables improved from 381 

pretest to posttest as being bimodally trained, indicative of their possibly spared mechanism of 382 

distributional learning for linguistic pitch information even though it was from the second 383 

language with a novel tone inventory (Escudero & Williams, 2014). Next, accuracy rates on the 384 

test dimension of speaker gender were analyzed. 385 

3.2 Perceptual Accuracy on Test Dimension of Speaker Gender 386 

Figure 6 depicts accuracy in pretest and posttest by amusics and typical listeners as faceted 387 

by distribution condition and test dimension of speaker gender, with error bars representing one 388 

SE. This figure exhibits amusics’ degraded speech processing as their accuracy generally 389 

remained lower than controls; meanwhile, in bimodal condition, accuracies obtained by both 390 

groups were higher in the posttest than in the pretest, yet this was not obvious in unimodal 391 

condition.  392 

<Insert Figure 6 around here> 393 

Similar to the test dimension of base syllable, the mixed-effects models uncovered a 394 

significant main effect of test session [χ2 (1) = 13.50, p < .001] and an interaction between test 395 

session and modal distribution [χ2 (1) = 12.34, p < .001]. Further analysis of this interaction 396 

showed that in pretest, listeners in bimodal condition did not differ from those in unimodal 397 

condition regardless of being amusics or typical individuals (β = -0.30, SE = 0.20, t = -1.49, p 398 



= .14), while in posttest, listeners in bimodal condition outperformed those in unimodal 399 

condition (β = 0.70, SE = 0.25, t = 2.79, p < .01). Noteworthy was that pretest scores were 400 

significantly lower than posttest scores for bimodally trained amusic or control listeners (β = -401 

1.02, SE = 0.21, t = -4.79, p < .001), yet there was no difference between pretest and posttest 402 

scores for unimodally trained amusic or control listeners (β = -0.02, SE = 0.19, t = -0.1, p = .92).    403 

The models also revealed the significant main effects of group [χ2 (1) = 33.01, p < .001] 404 

and speaker gender [χ2 (1) = 7.06, p < .01], and their two-way interaction [χ2 (1) = 17.46, p 405 

< .001]. Further analysis of this interaction showed that control listeners obtained lower scores 406 

for the tokens uttered by the speaker with the novel gender than the trained gender (β = 0.70, 407 

SE = 0.29, t = 2.39, p < .05), suggesting typical listeners were more familiar with Thai tones 408 

recorded by the speaker with the trained gender. Notably, amusics (M = 0.83, SD = 0.37) were 409 

graded lower than controls (M = 0.96, SD = 0.19) for the tokens uttered by the speaker with the 410 

trained gender (β = -1.74, SE = 0.26, t = 6.62, p < .001); moreover, amusics (M = 0.79, SD = 411 

0.40) obtained lower scores than controls (M = 0.86, SD = 0.34) for the tokens recorded by the 412 

speaker with the novel gender (β = -0.58, SE = 0.19, t = -3.09, p < .001). In addition, the 413 

interaction between group and test session was insignificant [χ2 (1) = 1.62, p = .20], which 414 

indicated the similar magnitude of improvement between amusics and controls. Other effects 415 

were non-significant (ps > .05). 416 

In summary, on the test dimension of speaker gender, amusics performed less accurately 417 

than their matched counterparts across distribution conditions. This suggested that amusics’ 418 

lexical tone perception in speech was reduced than typical listeners in accordance with the well-419 

documented finding that amusia negatively affects speech perception (Liu et al., 2021). 420 



However, as test session effects were disclosed in bimodal condition in all of the 421 

aforementioned analyses, amusics’ distributional learning involving linguistic pitch 422 

information was likely to be preserved.  423 

4 Discussion 424 

The current study investigated whether bimodally trained individuals with amusia, a 425 

musical disorder affecting pitch processing across domains of music and language, would be 426 

able to learn phonological pitch information stemming from a novel lexical tone inventory. By 427 

presenting Chinese-speaking amusics with real Thai monosyllabic words (Ong et al., 2017a), it 428 

was found that stimulus frequency of statistical distribution influenced listeners’ learning 429 

outcome; that is, when amusics were exposed to the bimodal condition with two sounds near 430 

the endpoints occurring most frequently, scores in the posttest were higher than the pretest. This 431 

result was not likely due to practice or repetition effects, given that similar to the trained tokens, 432 

the scores in non-trained novel stimuli (different from the trained tokens in test syllable or test 433 

speaker gender) were also improved from pretest to posttest. This was in accordance with Maye 434 

et al. (2008), suggesting that listeners had acquired the target dimension via distributional 435 

learning, which referred to lexical pitch herein. Listeners in the unimodal condition did not 436 

increase their scores after being trained, presumably due to a single category they built in the 437 

training phase (Maye et al., 2002, 2008; Ong et al., 2017a, 2017b; Thiessen & Erickson, 2013). 438 

4.1 Reduced Processing of Thai Lexical Tones in Amusics 439 

To begin with, we corroborated the well-established finding that amusics’ perception of 440 

lexical tone was degraded as compared with musically intact listeners (Chen & Peng, 2018, 441 



2020; Nguyen et al., 2009; Tillmann et al., 2011), even though amusics were trained with Thai 442 

stimuli in a distributional learning experiment.  443 

The current study followed the pretest-training-posttest design, with all procedures being 444 

identical between test sessions including exactly the same test manner and test items (e.g., 445 

discrimination in ABX format and two test dimensions of the stimuli). Results of pretest showed 446 

that amusics obtained lower accuracy than musically intact listeners. Analogous to pretest, 447 

results of posttest showed that amusics performed worse than controls. This study hence 448 

replicated and reinforced the prior finding that amusics’ lexical tone perception was degraded 449 

as compared with typical listeners (e.g., Shao et al., 2019; Tillmann et al., 2011; Zhang et al., 450 

2017b). Moreover, this study firstly verified that amusics’ lexical tone perception could not 451 

reach a level similar to typical listeners, even though they have finished perceptual training in 452 

distributional learning. This could result from two factors including the deficit of amusia and 453 

the training process. Firstly, with regard to the deficit of congenital amusia, prior studies have 454 

validated that amusia is an inborn pitch-processing disorder (Vuvan et al., 2015). It has been 455 

proven that lexical tone consists of two levels of information, namely, low-level acoustic cues 456 

and high-level tonal categories (Xi et al., 2010; Yu et al., 2017, 2019), and perception of lexical 457 

tone depends on listeners’ encoding of these two types of information (Chen & Peng, 2018; 458 

Peng et al., 2010; Zhao & Kuhl, 2015). Amusics’ degraded low-level pitch processing is 459 

assumed to extend to high-level phonological representations, which as a consequence become 460 

weakened or less stable than normal individuals (Chen & Peng, 2018, 2020). In the process of 461 

distributional learning of novel linguistic items of Thai tones, because of impairments in 462 

acoustic processing of pitch (Jiang et al., 2012; Vuvan et al., 2015), amusics may develop less 463 



robust phonological representations of tonal categories in comparison to musically intact 464 

listeners (Jiang et al., 2012; Chen & Peng, 2018, 2020). Presumably, deficiencies in both 465 

acoustic processing and phonological representations of lexical tones integrally led to amusics’ 466 

poorer performance than controls despite distributional learning. 467 

The second factor concerning amusics’ reduced accuracy than typical listeners in posttest 468 

possibly stems from the absence of feedback in the training process. Peretz (2016) pointed out 469 

that any training programs to improve amusia would be more positive when amusics were 470 

provided with external feedback. Although the current study was not aimed at amusics’ 471 

intervention but focused on the question of whether amusics’ distributional learning of pitch 472 

could be spared, future studies related to amusics’ learning/treatment could attempt to provide 473 

feedback in the training process in the hope of appraising whether amusia as a special 474 

developmental disorder can be mitigated. Meanwhile, one study by Escudero and Williams 475 

(2014) found that learning effects elicited by a modified distributional learning paradigm were 476 

far-reaching and apparent even after six and 12 months. In their training session, those listening 477 

to exaggerated vowels, i.e., in infant-directed speech style, reached a perceptual plateau earlier 478 

than those listening to normal vowels with original acoustic parameters, indicative of more 479 

rapid or efficient distributional learning effects. Previous literature shows that amusics’ 480 

insensitivity to pitch information is tightly connected with abnormally elevated pitch thresholds 481 

(Foxton et al., 2004; Huang et al., 2015a, 2015b; Vuvan et al., 2015). In light of the above 482 

discussion, future studies could adopt infant- or foreigner-directed speech as the training tokens, 483 

in an effort to further investigate whether the modified paradigm, i.e., the combination of the 484 

exaggerated speech and distributional learning, would contribute to amusics’ greater perceptual 485 



gains approaching control listeners in distributional learning.  486 

4.2 Preserved Distributional Learning of Thai Tones in Amusics 487 

One more intriguing finding in this study involved the preserved distributional learning of 488 

Thai in amusics. Given that all participants were native Mandarin Chinese speakers who had 489 

no prior knowledge of Thai, this finding extended the existing literature by showing that 490 

amusics were able to learn a second language with novel tone inventory through distributional 491 

learning despite amusia.  492 

Firstly, in line with the studies by Ong and colleagues (Ong et al., 2015a, 2015b, 2016, 493 

2017a), bimodally trained listeners in the two groups improved their scores in contrast to their 494 

unimodally trained counterparts. This was thought to result from the tracking of stimulus 495 

frequency of statistical distribution (Thiessen, 2017). In the training phase, the distribution of 496 

auditory items reflected the intended categories of the continuum, thereby bimodal training led 497 

listeners to establish two distinct clusters of tokens along the continuum, yet only one cluster 498 

was presented through unimodal training (Hayes-Harb, 2007). With this regard, a bimodal 499 

distribution elicited listeners’ perception of the test stimuli as exemplars from two disparate 500 

sound categories in speech, whereas a unimodal distribution induced listeners’ perception of 501 

the test stimuli as exemplars from a single speech sound category (Erickson & Thiessen, 2015; 502 

Wanrooij et al., 2013). Similar to typical listeners, amusics who received bimodal rather than 503 

unimodal training increased their scores from pretest to posttest. This improvement was found 504 

not only for the trained tokens (male /na:/ tone pair), but also for the non-trained novel ones 505 

whose base syllable was shifted (i.e., the test dimension of base syllable: /na:/ and /kha:/) or 506 

which were recorded by the speaker with the different gender (i.e., the test dimension of speaker 507 



gender: male and female). This offered persuasive evidence that instead of practice or repetition 508 

effects from training, amusics were capable of extending what they had learned in “old” tokens 509 

(lexical tone categories) to those “new” ones (with similar lexical pitch register and contour), 510 

which shared the common critical feature in perception (Maye et al., 2008).  511 

The generalization effects found from the current study were not unexpected. In a similar 512 

vein, prior studies of distributional learning have widely reported the generalization effects in 513 

auditory perception, for example, from trained to novel Hindi consonants with variable voice 514 

onset times (Maye et al., 2008), from synthetic to naturally produced Dutch vowels (Escudero 515 

et al., 2011), and from trained to novel Thai lexical tones characterized by different F0 akin to 516 

the current study (Ong et al., 2015a, 2015b, 2016, 2017a).  517 

A line of novel evidence for amusics’ statistical learning was therefore provided by the 518 

current study. Several previous studies claimed that amusics’ statistical learning of language 519 

was preserved since amusics could track regularities of transitional probabilities that 520 

distinguished within-word and between-word syllables similarly to control listeners; 521 

nevertheless, the training and test stimuli they exploited involved words whose pitch 522 

information was removed (Omigie & Stewart, 2011) or did not play a phonological role (Peretz 523 

et al., 2012). Besides, although Zhu et al. (2022) revealed amusics’ successful computation of 524 

speech when pitch was involved, their tokens that amusic participants heard were however from 525 

their native language. As a result, it was unclear whether amusics were truly able to compute 526 

the statistics embedded in the linguistic input with novel tone categories in the process of 527 

learning. Using real Thai monosyllabic words as new materials to participants who had no pre-528 

existing knowledge of Thai, the current study revealed that amusic and control listeners showed 529 



a consistent pattern in performance profiles in that bimodally trained listeners obtained 530 

improvement while the unimodally trained counterparts did not (Maye et al., 2002; Escudero 531 

et al., 2011; Wanrooij et al., 2013). Moreover, as mentioned in the section of Method, the test 532 

stimuli for each minimal pair were solely discrepant in F0 because a common base waveform 533 

was chosen to bear the contrastive lexical tones, following Ong and colleagues (Ong et al., 534 

2015a, 2017a). For that reason, amusics’ statistical learning of pitch which plays a phonological 535 

role in a second language was considered preserved despite the pitch-processing disorder of 536 

amusia.  537 

One potential explanation for amusics’ consistent performance as typical listeners in 538 

distributional learning of speech might be the hierarchy of impairments of amusia. Namely, as 539 

a developmental disorder of pitch processing (Vuvan et al., 2015), amusia leads to severe 540 

impairments in music processing but only mild impairments in speech processing (Ayotte et al., 541 

2002; Hutchins et al., 2010; Liu et al., 2021). According to previous questionnaire-based data, 542 

congenital amusics are always struggling to experience music such as their inability to 543 

recognize familiar music without the help of lyrics (Tillmann et al., 2014), which was also 544 

reported by the current amusic sample. However, amusics seldom report having difficulties in 545 

speech (e.g., in Mandarin, Jiang et al., 2010; in English, Liu et al., 2010). This was possibly 546 

because music and speech are different in certain aspects. For instance, although both music 547 

and speech involve pitch for communicative purposes, the use of pitch in music can express 548 

composition (e.g., the key forming a piece) and affect (e.g., “sadness” conveyed by a minor 549 

chord), yet pitch shifts in speech depict pragmatic (e.g., intonation) and semantic (e.g., lexical 550 

tone) meanings (Alexander et al., 2008). The execution of pitch patterns mainly needs to satisfy 551 



contrastive adequacy for representing functional contrasts in speech (Xu, 2005), which are 552 

however required to be perfected in music for musical performance (Patel, 2008; Liu et al., 553 

2013). Given music and speech as form-driven and function-driven respectively (Patel, 2008), 554 

amusics may have less difficulty in processing linguistic pitch variations and can be aided by 555 

cues other than linguistic pitch in context (Nan et al., 2010). In this regard, Chinese-speaking 556 

amusics in the present study were capable of learning a second language with novel tone 557 

inventory via distributional learning, even if they were afflicted with the pitch disorder of 558 

amusia.  559 

An alternative account regarding amusics’ preserved distributional learning concerns their 560 

spared abilities of categorization across cognitive domains (Hutchins et al., 2010; Jiang et al., 561 

2012; Pralus et al., 2019). Categorization is central for successful distributional learning since 562 

category membership developed in training impacts on listeners’ sound classification in posttest 563 

after exposure (Erickson & Thiessen, 2015). In spite of impaired pitch processing, amusics can 564 

establish mental linguistic or musical lexicon relating to pitch. For example, in the domain of 565 

language, Chen and Peng (2018) found that amusics were outperformed by typical listeners in 566 

identifying and discriminating lexical tones; nevertheless, similar to typical individuals, 567 

amusics obtained higher accuracy in perceiving between-category lexical tone comparisons 568 

than within-category lexical tone counterparts, which serves as a milestone of categorical 569 

perception in line with Xu et al.’s (2006) model of lexical tone categorization. With the aid of 570 

the technique of event-related potentials, Chen and Peng (2020) further revealed amusics’ 571 

degraded lexical tone perception but comparable perceptual patterns to categorize lexical tones 572 

as controls. Likewise, being an important pitch-related unit in speech, intonation was perceived 573 



with lower accuracy in amusics than controls; however, despite amusics’ insensitivity to minor 574 

pitch variations of intonations, they could readily identify whether the pitch contour belonged 575 

to the type of statement or question (e.g., Hutchins et al., 2010; Patel et al., 2005, 2008). This 576 

is similar to amusics’ categorization of musical materials. Tillmann et al. (2014) played 577 

instrumental musical excerpts to amusics and typical listeners and asked them to provide 578 

relevant familiarity judgement; notably, these musical pieces had been segmented into different 579 

lengths, hence listeners needed to rate the familiarity of the stimuli with variable acoustic 580 

information which could be sufficient or insufficient for them to access the mental musical 581 

lexicon. Results showed that amusics were able to judge the stimulus familiarity as controls 582 

even though minimal acoustic information was heard, suggesting amusics’ formation of the 583 

mental musical lexicon despite amusia profoundly interfering with their musical pitch 584 

processing in everyday life. In brief, the aforementioned studies point to an agreement that 585 

amusics are able to form high-level mental representations about pitch across cognitive domains 586 

despite their abnormal pitch processing (Chen & Peng, 2018, 2020; Cheung et al., 2021; 587 

Hutchins et al., 2010; Jiang et al., 2012; Pralus et al., 2019), which is necessary for them to 588 

establish sound categories and complete the classification task of distributional learning 589 

(Erickson & Thiessen, 2015; Thiessen, 2017). 590 

We also notice a potential account regarding the native language’s influence on the non-591 

native language’s learning (e.g., Best, 1995; So & Best, 2014). The test lexical tones were mid-592 

level and falling tones in Thai, which can be transcribed as Thai Tone 33 and Tone 241, 593 

individually (Ong et al., 2017a), with the numerals representing the relative pitch level within 594 

a talker’s frequency range (1 as the lowest and 5 as the highest, Chao, 1930). Our amusics spoke 595 



Mandarin Chinese which contains four lexical tones as high-level (Tone 55), mid-rising (Tone 596 

35), low-dipping (Tone 214), and high-falling (Tone 51) tones (Burnham et al., 2015). A recent 597 

study by Best and colleagues has found that for Chinese-speaking listeners, Thai Tone 33 was 598 

categorized as Chinese Tone 55, since both of them belong to the level tones; however, Thai 599 

Tone 241 remained uncategorized, because this tone is phonetically rising-falling and Chinese 600 

does not have such a phonological category (Chen et al., 2020). We additionally analyzed 601 

accuracies of respective mid-level and falling tones and found that controls were more sensitive 602 

to pitch information in these two tones than amusics, but both groups perceived the mid-level 603 

tone more accurately than the falling tone. It was likely that the language experience of Chinese 604 

in our listeners affected how they recognized Thai tones; namely, they might perceive Thai 605 

Tone 33 as Chinese Tone 55, but Thai Tone 241 as a new tone or a tone candidate between 606 

Chinese Tone 55 and Tone 51 (Chen et al., 2020). This could lead to the higher accuracy for the 607 

mid-level tone than the falling tone. Based on the current study as a preliminary endeavor, 608 

future studies may want to shed light on the question of how similarity to native tonal categories 609 

affects the perception and learning of L2 tonal categories. Related to this point, it may also be 610 

interesting to compare amusics with tonal and non-tonal language backgrounds in distributional 611 

learning of non-native lexical tones.  612 

In addition, we note that for bimodally trained listeners, amusics showed parallel 613 

improvement as typical, musically intact individuals. A caveat is that this finding does not 614 

eliminate possibly different results in future studies, especially those with a more complex 615 

design than the current experiment. For example, in the amusia literature, previous studies have 616 

identified that amusics were poorer than controls in lexical tone perception (Chen & Peng, 2018; 617 



Jiang et al., 2012; Tillmann et al., 2011). However, most of these studies examined amusics 618 

with lexical tones in a low-variability context (a small number of types of lexical tones, base 619 

syllables, speakers, etc.). More recently, by using high-variability tokens, amusics are further 620 

revealed with a possible “anchoring” deficit (Liu et al., 2021; Shao & Zhang, 2018; Shao et al., 621 

2019), a deficit hypothesis originally proposed to explain dyslexia (Ahissar, 2007; Ahissar et 622 

al., 2006). Shao et al. (2019) designed low-variation condition of syllable, high-variation 623 

condition of syllable, low-variation condition of talker, and high-variation condition of talker 624 

to examine amusics’ lexical tone perception. Their results showed that as compared with 625 

amusics, typical listeners displayed a greater magnitude of increase in discrimination sensitivity 626 

from high-variation to low-variation conditions. Notably, Shao et al. (2019) employed 24 words 627 

carrying all the six Cantonese tones. These stimuli created a high-variability context that 628 

possibly triggers group differences in the magnitude of increase between amusics and controls, 629 

which was not always observed in previous studies whose stimuli were relatively simple. With 630 

this respect, although our study did not find the magnitude differences between groups, future 631 

experiments with a different and more sophisticated method could likely trigger any possible 632 

magnitude differences in terms of distributional learning between amusic and typical 633 

individuals. 634 

To summarize, amusics’ improvement of accuracy rates from pretest to posttest 635 

manifested their preserved distributional learning mechanism. Notably, this development was 636 

observed in both trained and non-trained novel Thai lexical tones carried by different base 637 

syllable and different speaker gender. This was in line with the transfer effects among featurally 638 

analogous speech contrasts as reported in prior studies (Maye et al., 2008; Ong et al., 2015a, 639 



2015b). The observed performance was largely due to the built categories in training, which 640 

allowed amusics to classify different sound identities in posttest.  641 

4.3 Limitations and Future Directions 642 

We conclude by noting the limitations of the study. First of all, it remains less clear as to 643 

whether our findings would hold to different sub-types of amusics. The amusia literature 644 

documents two sub-types of amusics in terms of their lexical tone processing abilities, known 645 

as pure amusics and tone agnosics (Nan et al., 2010). Tone agnosics consistently showed their 646 

insensitivity in lexical tone perception than pure amusics and typical, musically intact 647 

individuals (Huang et al., 2015a, 2015b; Nan et al., 2016; Tang et al., 2018). Because the current 648 

study did not separate amusics as pure amusics and tone agnosics, future experiments with this 649 

special group (i.e., tone agnosics diagnosed following Nan et al., 2010) would further contribute 650 

to the understanding of distributional learning as a function of amusia. As a young and active 651 

research area, this topic of processing statistical information and acoustic cues of speech from 652 

the unique window of amusia is likely to prompt the development of research on statistical 653 

learning (Saffran, 2003; Erickson & Thiessen, 2015; Thiessen, 2017).  654 

Second, although the current results were principally attributed to distributional learning 655 

in line with previous studies (e.g., Escudero & Williams, 2014; Maye et al., 2002, 2008; Ong 656 

et al., 2017a), a very recent exploratory study has identified that listeners’ prior language 657 

experience might affect their performance in the post-training test (Chládková & Šimáčková, 658 

2021). With this respect, as discussed earlier, it is yet unclear about whether findings from 659 

amusics as native and skillful lexical tone users could be extended to those amusics who speak 660 

non-tonal languages. Future studies may recruit English-speaking amusics, for example, to 661 



investigate second language learners’ distributional learning influenced by amusia. Third, a 662 

more ecological environment is preferable than a laboratory setting. Future experiments could 663 

adopt multi-talker tokens or tones with various base syllables to develop the high-variability 664 

context among amusic and control listeners (e.g., Shao et al., 2019). Any group differences in 665 

the magnitude of improvement of distributional learning are likely to be triggered by this 666 

challenging auditory environment. Fourth, expect for the short-term effects of distributional 667 

learning found in this study, future studies may include the delayed posttest(s) to further 668 

evaluate whether long-term effects of distributional learning reported in typical listeners (e.g., 669 

after six months, Escudero & Williams, 2014) would also be present in amusics. Meanwhile, 670 

future studies may also translate the current results to real-life learning situations in which more 671 

dynamic factors are at interplay. This would not only advance the understanding of amusia but 672 

also pave the way for researchers, pathologists, and educators to support amusics in acquiring 673 

a second tone language, earning a meaningful and happy life at their will.  674 
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Tables 908 

Table 1 Demographic characteristics of amusics and controls.  909 

Subject information Amusics Controls p values 

No. of participants (Female) 21 (12) 23 (12) N/A 

Age in years (SD) 19.38 (0.86) 19.39 (0.78) 
ps > .05 

Working memory (SD) 14.24 (1.09) 14.39 (0.94) 

Online identification test of congenital amusia (SD) 

   Out-of-key  66.24 (8.61) 88.17 (6.91) 

ps < .001 
   Offbeat  64.33 (14.10) 80.09 (8.91) 

   Mistuned  52.95 (7.14) 85.74 (8.61) 

   Global score 60.86 (6.44) 84.78 (5.42) 

Note. The p values indicate results from independent-samples t-tests between the two groups. 

  910 



Table 2 Summary of eight training stimuli from the continuum of mid-level tone and falling tone 911 

of Thai. Steps 1 and 8 denote mid-level and falling tones, respectively. Duration (in ms) and fundamental 912 

frequency (F0, in Hz) at three normalized time points as well as the overall average of the tone space are 913 

tabulated.  914 

Training Stimulus Tone Space F0 (Hz) 

Step Duration (ms) 10% 50% 100% Mean 

1 567 95  94  91  95  

2 567 97  99  90  97  

3 567 99  104  88  100  

4 567 101  109  87  102  

5 567 102  113  86  105  

6 567 104  118  84  107  

7 567 105  123  83  110  

8 567 107  128  81  112  

  915 



Table 3 Summary of all experimental items of Thai monosyllabic words used in pretest and posttest. 916 

Duration (in ms) and fundamental frequency (F0, in Hz) at three normalized time points as well as the 917 

overall average of the tone space are tabulated. The duration remains constant in each minimal pair 918 

though it differs across minimal pairs. 919 

Speaker/Syllable 
Test Item Tone Space F0 (Hz) 

Tone Exemplar Duration (ms) 10% 50% 100% Mean 

Male /na:/ 

Mid-level tone 1 567 95  94  91  94  

Mid-level tone 2 567 91  94  84  91  

Mid-level tone 3 567 93  95  93  94  

Falling tone 1 567 105  128  82  112  

Falling tone 2 567 102  120  92  114  

Falling tone 3 567 102  124  88  112  

Male /kha:/ 

Mid-level tone 1 508 100  98  98  98  

Mid-level tone 2 508 101  97  96  97  

Mid-level tone 3 508 96  95  94  95  

Falling tone 1 508 123  126  85  115  

Falling tone 2 508 121  125  100  120  

Falling tone 3 508 121  126  78  110  

Female /na:/ 

Mid-level tone 1 658 212  210  176  204  

Mid-level tone 2 658 215  204  180  202  

Mid-level tone 3 658 207  203  181  200  

Falling tone 1 658 239  251  182  232  

Falling tone 2 658 244  262  177  239  

Falling tone 3 658 252  278  169  245  

Female /kha:/ 

Mid-level tone 1 770 231  216  216  218  

Mid-level tone 2 770 243  225  220  227  

Mid-level tone 3 770 239  217  211  220  

Falling tone 1 770 271  280  179  242  

Falling tone 2 770 270  264  182  235  

Falling tone 3 770 271  256  185  233  

  920 



Table 4 Mean accuracy rates (SD) of Thai lexical tones in pretest and posttest by bimodally and 921 

unimodally trained amusics and musically intact listeners.   922 

Test 
Amusics Controls 

Bimodal Unimodal Bimodal Unimodal 

Pretest 0.77 (0.42) 0.82 (0.39) 0.89 (0.32) 0.90 (0.30) 

Posttest 0.86 (0.35) 0.81 (0.39) 0.96 (0.19) 0.90 (0.30) 

  923 



Figures 924 

Figure 1 The schematic illustration of bimodal and unimodal distributions used in distributional 925 

learning studies. In bimodal distribution, Token 2 and Token 7 are heard more often, yet in unimodal 926 

distribution, Token 4 and Token 5 occur most frequently. Two endpoints have the same occurrence 927 

frequency across bimodal and unimodal distributions. 928 

 929 

Figure 2 F0 curves of Thai mid-level tone and falling tone uttered by the male speaker. 930 

 931 

Figure 3 F0 curves of Thai mid-level tone and falling tone uttered by the female speaker. 932 

 933 

Figure 4 The (a) bimodal distribution and (b) unimodal distribution of Thai lexical tones settled in 934 

distributional learning. The eight training stimuli, generated from the pitch continuum, were reflected 935 

by different colors, with line types representing different frequencies of statistical distribution. The solid 936 

lines (on the left: Token 2 and Token 7; on the right: Token 4 and Token 5) denote the stimuli that were 937 

heard more often than other tokens.  938 

 939 

Figure 5 Mean correct responses as measured on the test dimension of base syllable in different 940 

distribution conditions and test sessions by amusics and controls, with error bars showing one 941 

standard error of the mean. 942 

 943 

Figure 6 Mean correct responses as measured on the test dimension of speaker gender in different 944 

distribution conditions and test sessions by amusics and controls, with error bars showing one 945 

standard error of the mean. 946 
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