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Does musicianship influence the perceptual integrality of tones
and segmental information?

William Choi1,a) and Veronica Ka Wai Lai2
1Academic Unit of Human Communication, Development, and Information Sciences, The University of Hong Kong, Pokfulam,
Hong Kong Special Administrative Region
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ABSTRACT:
This study investigated the effect of musicianship on the perceptual integrality of tones and segmental information

in non-native speech perception. We tested 112 Cantonese musicians, Cantonese non-musicians, English musicians,

and English non-musicians with a modified Thai tone AX discrimination task. In the tone discrimination task, the

control block only contained tonal variations, whereas the orthogonal block contained both tonal and task-irrelevant

segmental variations. Relative to their own performance in the control block, the Cantonese listeners showed

decreased sensitivity index (d0) and increased response time in the orthogonal block, reflecting integral perception of

tones and segmental information. By contrast, the English listeners performed similarly across the two blocks, indi-

cating independent perception. Bayesian analysis revealed that the Cantonese musicians and the Cantonese non-

musicians perceived Thai tones and segmental information equally integrally. Moreover, the English musicians and

the English non-musicians showed similar degrees of independent perception. Based on the above results, musician-

ship does not seem to influence tone-segmental perceptual integrality. While musicianship apparently enhances tone

sensitivity, not all musical advantages are transferrable to the language domain.
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I. INTRODUCTION

There are two fundamental questions in the study of

speech perception: first, how humans perceive segmental

(e.g., consonant and vowel) and suprasegmental (e.g., tone,

intonation, and stress) speech information (Freeman, 2023;

McClelland and Elman, 1986; Sinagra and Wiener, 2022),

and second, whether and how humans combine different

speech dimensions to form a unified mental percept (percep-
tual integration; Choi et al., 2017; Garner, 1974; Yu et al.,
2022). In the music-to-language transfer literature, most

studies pertain to the first fundamental question. For exam-

ple, they have identified the positive effect of musicianship

on tone perception (Choi, 2020; Zheng and Samuel, 2018),

stress perception (Choi, 2022a; Kolinsky et al., 2009), and

segmental perception (Cooper et al., 2017; Sadakata and

Sekiyama, 2011). Based on empirical works, theoreticians

have promisingly captured how musicianship enhances per-

ceptual sensitivities to segmental and suprasegmental infor-

mation (Patel, 2011, 2014; Tierney and Kraus, 2014).

Comparatively, no study to our knowledge has attempted to

address the second fundamental question (i.e., perceptual

integration) in the context of music-to-language transfer.

Addressing this research gap will inform cognitive psychol-

ogists of the need (or the lack thereof) to devise a theoretical

hypothesis on how musicianship influences tone-segmental

integrality. Taking the first step, the present study investi-

gated whether musicianship influences tone-segmental per-

ceptual integrality in Cantonese and English listeners.

A. Musicianship enhances perceptual sensitivities

The recent decade has seen emerging theoretical

accounts of how musicianship enhances speech sensitivity

(Patel, 2011; 2014; Tierney and Kraus, 2014). According to

the OPERA hypothesis, music training that satisfies five

conditions (overlap, precision, emotion, repetition, and

attention) would enhance the subcortical encoding of the

acoustic features of speech, thereby sharpening speech sen-

sitivity [for descriptions of the five conditions, see Patel

(2011, 2014)]. Focusing on the timing aspect of music and

speech, the precise auditory timing hypothesis posits that

music entrainment activities facilitate the detection of fine-

grained timing details in speech, in turn improving conso-

nantal and vocalic perception (Tierney and Kraus, 2014).

Indeed, empirical studies have identified robust links

between musicianship and speech sensitivity. Relative to

their non-musician counterparts, English and Italian musi-

cians discriminated Mandarin tones more accurately

(Alexander et al., 2005; Delogu et al., 2010). In a later
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study, English musicians were better able to detect tonal dif-

ferences in Mandarin phrases than English non-musicians

(Zheng and Samuel, 2018). This has reflected that the musi-

cal advantage also applies to the phrase level. A more recent

study tested English musicians and non-musicians on

Cantonese tone discrimination and sequence recall (Choi,

2020). In both tasks, the musicians outperformed the non-

musicians on some but not all Cantonese tones, suggesting

that their musical advantage was selective to some tones

rather than general. In addition to tones, English and French

musicians also discriminate and recall English stress

sequences more accurately than their non-musician counter-

parts (Choi, 2022a; Kolinsky et al., 2009). Segmentally,

English musicians outperformed English non-musicians on

discriminating phonemic length vocalic contrasts in Thai

language (Cooper et al., 2017). Subtle differences aside, the

above studies on tone, stress, and vocalic perception collec-

tively support the theoretical notion that musicianship

enhances speech sensitivities.

B. Effect of first language experience
on tone-segmental perceptual integrality

From a theoretical perspective, speech perception con-

cerns not only perceptual sensitivities but also how segmen-

tal and suprasegmental information are processed. In the

speech perception research field, a prominent question is

how language experience drives listeners to integrally (or

independently) perceive segmental and suprasegmental

information (Algom and Fitousi, 2016). Previous studies

have utilized the Garner paradigm (Lee and Nusbaum,

1993; Lin and Francis, 2014; Tong et al., 2008; Yu and

Zhang, 2018) and the mismatch negativity (MMN) additiv-

ity paradigm (Choi et al., 2017; Gao et al., 2012; Yu et al.,
2022) to address this question. As the present study is

behavioral in nature, we review the behavioral evidence in

greater detail.

The behavioral-based Garner paradigm typically com-

prises a speeded classification task with a control block and

an orthogonal block (Garner, 1974). In the control block,

only the target dimension (e.g., tones) varies. By contrast,

the orthogonal block contains both target (e.g., tones) and

non-target (e.g., vowels) variations. Known as Garner inter-

ference, the increase in response time in the orthogonal

block relative to the control block indicates integral percep-

tion of the target and non-target dimensions [for a review,

see Algom and Fitousi (2016)]. Based on the same principle,

Choi and Tsui (2022) developed a more sensitive tool to

probe Garner interference—the modified AX discrimination

task. On each trial, listeners discriminate a target dimension

in the presence (orthogonal block) or absence of non-target

variations (control block). Unlike in the speeded classifica-

tion task, Garner interference manifested not only as

increased response time but also as decreased sensitivity

index and accuracy (Choi and Tsui, 2022).

For tone language listeners, behavioral and neural evi-

dence suggests that they perceive tone and segmental infor-

mation integrally in their first language (e.g., Choi et al.,

2017; Repp and Lin, 1990; Yu and Zhang, 2018). An early

study adopted a speeded classification paradigm in which

Mandarin and English listeners classified consonants (/b/ or

/d/), vowels (/a/ or /u/), and tones (high or falling) in the

control and orthogonal conditions (Repp and Lin, 1990). In

the control condition of the tone classification task, the two

tones were embedded in the same syllable (e.g., /ba-high/

/ba-falling/ /ba-falling/ /ba-high/). In the orthogonal condi-

tion, the two tones were embedded in different syllables

(e.g., /ba-high/ /bu-high/ /ba-falling/ /bu-falling/). The lis-

teners were asked to ignore task-irrelevant changes (e.g.,

vowel) and attend only to the task-relevant information

(e.g., tones). Relative to their own performance in the

respective control blocks, the Mandarin listeners were

slower in classifying tones, consonants, and vowels in the

orthogonal blocks. In a more recent study, Mandarin and

English listeners completed a speeded vowel classification

task with the control blocks (e.g., /da-rising/ /du-rising/ /du-

rising/ /da-rising/) and the orthogonal block (e.g., /da-rising/

/du-falling-rising/ /du-falling-rising/ /da-rising/) (Yu and

Zhang, 2018). As in the early study (Repp and Lin, 1990),

the Mandarin listeners were slower in the orthogonal block

than in the control block. Furthermore, the Mandarin listen-

ers’ behavioral Garner interference effect correlated with

their subcortical frequency-following responses for

Mandarin tone contours, suggesting a native language neural

commitment at the subcortical level [Yu and Zhang, 2018;

see also Zhang et al. (2005)]. In addition to Mandarin listen-

ers, MMN additivity studies have shown that Cantonese lis-

teners perceive tones and vowels integrally (Choi et al.,
2017; Yu et al., 2022). Collectively, behavioral and neuro-

physiological evidence has indicated that Cantonese and

Mandarin listeners perceive tones and segmental informa-

tion integrally (e.g., Choi et al., 2017; Repp and Lin, 1990;

Yu and Zhang, 2018).

Is tone-segmental integrality transferrable to non-native

speech? The above studies only tested the tone language lis-

teners on their first languages (e.g., Choi et al., 2017; Repp

and Lin, 1990; Yu and Zhang, 2018). Thus, it was unclear

whether their perceptual integrality was transferrable across

languages. In a modified AX discrimination task, Cantonese

listeners discriminated Thai tones with and without segmen-

tal variations, i.e., orthogonal and control blocks, respec-

tively (Choi and Tsui, 2022). In the orthogonal block, the

Cantonese listeners showed increased response time,

decreased sensitivity index, and decreased accuracy. These

suggested that their tone-segmental perceptual integrality

further applies to non-native tones and segments (Choi and

Tsui, 2022).

For English listeners, behavioral studies have suggested

that they perceive tones and segmental information indepen-

dently (Choi and Tsui, 2022; Lin and Francis, 2014; Zou

et al., 2017; cf. Lee and Nusbaum, 1993; Repp and Lin,

1990). In a previous study, English listeners classified

Mandarin tones and consonants with similar response time

across the control and orthogonal blocks (Lin and Francis,

2014). In a modified Thai tone AX discrimination task,
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segmental variation did not affect English listeners’

response time, accuracy, and sensitivity index (Choi and

Tsui, 2022). That said, Repp and Lin (1990) reported a

Garner interference effect of vowel variation on tone classi-

fication in English listeners. Nevertheless, the English lis-

teners experienced a weaker Garner interference effect than

the Mandarin listeners. Taken together, the above studies

have reflected that English listeners perceive tones and seg-

mental information independently (e.g., Choi and Tsui,

2022; Lin and Francis, 2014) or at least less integrally than

tone language listeners (e.g., Repp and Lin, 1990).

Based on the above findings, Choi and Tsui (2022) pro-

posed the dimension transfer hypothesis of tone-segmental

integrality. The hypothesis posits that tone-segmental inte-

grality (or non-integrality) is transferrable to non-native

speech. Although the Thai tones and segmental information

are absent in Cantonese, Cantonese listeners still perceived

them integrally in the previous study (Choi and Tsui, 2022).

As such, the hypothesis postulates that the transfer is cogni-

tively driven rather than phonetically driven. Specifically,

the transfer does not involve the transfer of a particular L1

phoneme, tone, or acoustic cue, but rather the cognitive

experience of integrating segmental and tonal information.

In a similar vein, English listeners process English segmen-

tal and suprasegmental (tonal) information independently as

separate information (e.g., Choi and Tsui, 2022; Lin and

Francis, 2014) or at least less integrally than tone language

listeners (e.g., Repp and Lin, 1990). Thus, their cognitive

experience in not (or at least weakly) integrating segmental

and tonal information transfers to non-native speech, e.g.,

Mandarin and Thai. In brief, the dimension transfer hypoth-

esis posits that language experience shapes tone-segmental

integrality in non-native speech. As detailed below, it is also

possible that musicianship and language experience can

jointly influence tone-segmental integrality in non-native

speech (Hansen et al., 2022; Neuhaus and Kn€osche, 2008;

Prince, 2011). If that is indeed true, it would highlight the

theoretical need to incorporate the music factor into the

dimension transfer hypothesis.

C. Is the musicianship effect on perceptual
integration transferrable to the language domain?

There are mixed findings on the effect of musicianship

on perceptual integrality. On the one hand, ample evidence

shows that musicianship drives listeners to process multiple

music features integrally (Hansen et al., 2022; Neuhaus and

Kn€osche, 2008; Prince, 2011). In a behavioral study, musi-

cians and trained non-musicians completed a goodness rat-

ing task (Prince, 2011). The participants heard melodic

sequences with various degrees of conformity to the pitch

and timing aspects of typical Western music (Berkowitz

et al., 1997; Ottman, 1986). On each trial, an explicit

instruction required the participants to evaluate how well

formed the melodic sequence was by attending only to the

pitch (i.e., ignore time), time (i.e., ignore pitch), or both.

Prince (2011) found that the musicians and non-musicians

were unable to ignore time when rating pitch, and vice

versa. Moreover, the musicians experienced a stronger inter-

ference effect than the non-musicians. These findings sug-

gested that musicianship induces perceptual integrality, at

least for pitch and time (Prince, 2011). This was consistent

with a neurophysiological study that found that musicians

perceived pitch and time more integrally than non-

musicians (Neuhaus and Kn€osche, 2008). In addition to

pitch and time, a recent MMN additivity study examined

whether musicians and non-musicians perceived pitch,

intensity, and perceived location of musical notes integrally

(Hansen et al., 2022). Relative to the non-musicians, the

musicians showed more integrative perception of the three

musical features. Taken together, the behavioral and neural

findings suggest that musicianship induces perceptual inte-

grality of music features (Hansen et al., 2022; Neuhaus and

Kn€osche, 2008; Prince, 2011). This allows musicians to effi-

ciently combine multiple features to form complex represen-

tations (Hansen et al., 2022). If the positive effect of

musicianship on perceptual integrality applies to the lan-

guage domain, musicianship should enhance tone-segmental

perceptual integrality in Cantonese listeners. As such,

Cantonese musicians should exhibit a higher degree of

tone-segmental perceptual integrality than Cantonese non-

musicians. Additionally, musicianship should induce tone-

segmental perceptual integrality in English listeners. While

English non-musicians perceive tonal and segmental infor-

mation independently, English musicians should show inte-

gral perception.

On the other hand, there is as much evidence showing

that musicianship drives listeners to process multiple music

features independently (Ahissar and Hochstein, 2004;

Ahissar et al., 2009). Music training often involves analyti-

cal experience in breaking down various music elements,

such as individual notes, instruments, rhythms, and harmo-

nies. Thus, it is possible that musicianship inhibits percep-

tual integrality. A previous study showed that timbre

variations interfered with pitch perception (Allen and

Oxenham, 2014). Relative to non-musicians, musicians

were less affected by timbre variations when discriminating

pitch (Pitt, 1994), and vice versa (Melara and Marks, 1990).

These findings have suggested that musicians show less inte-

gral processing than non-musicians. If the negative effect of

musicianship on perceptual integrality applies to the lan-

guage domain, musicianship should decrease tone-

segmental perceptual integrality in Cantonese listeners.

Thus, Cantonese musicians should perceive tonal and seg-

mental information less integrally than Cantonese non-

musicians. Even without music learning experience, English

listeners are already perceiving tonal and segmental infor-

mation independently (Choi and Tsui, 2022; Lin and

Francis, 2014). Therefore, English musicians and non-

musicians should not differ in terms of perceptual

integrality.

Given the possible positive (Hansen et al., 2022;

Neuhaus and Kn€osche, 2008; Prince, 2011) or negative

effect of musicianship (Ahissar et al., 2009; Melara and

Marks, 1990; Pitt, 1994) on perceptual integrality within the
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music domain, this study investigates whether such an effect

is transferrable to the language domain. In the music-to-

language transfer literature, empirical and theoretical

works have largely focused on perceptual sensitivities

(Cooper et al., 2017; Kolinsky et al., 2009; Patel, 2014;

Sadakata and Sekiyama, 2011; Tierney and Kraus, 2014).

To our knowledge, there has been no attempt to address how

musicianship shapes perceptual integrality in the language

domain. The lack of relevant empirical data has inherently

limited the theoretical work that could be done. Therefore, it

is theoretically important to address this research gap. A

positive or negative result will provide grist for a theoretical

model pertaining to the joint effect of musicianship and first

language experience on non-native speech perceptual inte-

grality. A null result will inform theoreticians of the limita-

tion of music-to-language transfer and the lack of need to

devise the aforementioned model.

In short, this study aimed to investigate whether musi-

cianship and first language experience jointly influence

tone-segmental perceptual integrality in non-native speech.

Regarding first language experience, it was established that

Cantonese listeners perceive non-native tonal and segmental

information integrally, whereas English listeners perceive

them separately (Choi and Tsui, 2022). Concerning musi-

cianship, there are three possible results. The first possibility

is that musicianship increases perceptual integrality in

Cantonese listeners and induces it in English listeners. The

second possibility is that musicianship decreases perceptual

integrality in Cantonese listeners and exerts no effect on

English listeners. The third possibility is that musicianship

does not affect perceptual integrality in Cantonese listeners

and English listeners.

II. METHODS

A. Participants

The final sample contained 112 participants, including 30

Cantonese musicians, 25 Cantonese non-musicians, 27

English musicians, and 30 English non-musicians. All

Cantonese listeners (i) had learnt and spoke Cantonese as their

first language, (ii) had not learnt Thai, and (iii) reported hav-

ing typical hearing. All English listeners (i) had learnt and

spoke English as their first language, (ii) had not learnt any

tone language, and (iii) reported having typical hearing. Based

on pre-established criteria, musicians are individuals with (a)

over 7 years of continuous formal music training and (b) self-

reported ability to play one or more musical instruments

(Choi, 2020, 2022b; Cooper and Wang, 2012). Non-musicians

are individuals with (a) no more than 2 years of music train-

ing, (b) no formal music training in the past 5 years, and (c)

self-reported inability to play any musical instruments. In any

case, typical classroom-based school music lessons were not

counted as music training (Miya, 2005).

All participants completed a music background question-

naire (Choi, 2021). On average, the Cantonese musicians

received 10.8 years [standard deviation (SD)¼ 2.9 years] of

music training starting from 7.8 years old (SD¼ 3.5 years),

the Cantonese non-musicians received 0.3 years

(SD¼ 0.6 years) of music training starting from 12.3 years

old (SD¼ 6.9 years), the English musicians received

10.4 years (SD¼ 3.2 years) of music training starting from

9 years old (SD¼ 3.5 years), and the English non-musicians

received 0.4 years (SD¼ 0.7 years) of music training starting

from 11.6 years old (SD¼ 2.9 years). At time of testing, their

mean ages were 23.8 years old (SD¼ 4.0 years), 25.0 years

old (SD¼ 5.7 years), 22.5 years old (SD¼ 4.7 years), and

27.8 years old (SD¼ 6.3 years), respectively.

To abide by the social-distancing law during the COVID-

19 pandemic, data collection switched from face-to-face to an

online experimental platform (Gorilla; Anwyl-Irvine et al.,
2020). An automatic procedure ensured that the participants

could only access the platform with a desktop or laptop com-

puter. Prior to the experiment, the participants were asked to

stay in a quiet environment and calibrate their headphones/

earphones to a comfortable volume. To monitor their atten-

tion, we pseudo-randomly inserted five attention-check trials

throughout the experiment. On each trial, participants indi-

cated whether the two sounds they heard were the same. The

two sounds were always acoustically identical, so the

attention-check trials could be answered accurately with ade-

quate attention. To be empirically stringent, we had excluded

participants who made more than one mistake, i.e., below

80% accuracy. Five Cantonese non-musicians and three

English musicians had been excluded from the dataset for this

reason. The mean attention-check accuracy was very high in

the remaining Cantonese musicians [mean (M)¼ 97.33%,

SD¼ 6.92%], Cantonese non-musicians (M¼ 96.80%, SD

¼ 7.48%), English musicians (M¼ 94.07%, SD¼ 9.31%),

and English non-musicians (M¼ 96.00%, SD¼ 8.14%).

B. Modified Thai tone AX discrimination task

1. Stimuli

Two native Thai speakers (one male and one female)

recorded the stimuli in a soundproof room at The University

of Hong Kong. They naturally produced the five Thai tones

(mid, low, falling, high, and rising) in each of the four Thai

syllables (/tˆhO:/, /kh�+/, /thi+a/, and /wu+a/). There were

altogether 40 stimuli (5 tones� 4 syllables� 2 speakers).

The acoustic profiles of these stimuli were described in the

previous study (Choi and Tsui, 2022).

2. Stimuli presentation

The task comprised a control block and an orthogonal

block. On each trial, listeners heard two audio stimuli with an

inter-stimulus interval of 500 ms. After the second stimulus

was fully presented, the listeners were asked to judge as

quickly as possible whether the two audio stimuli were identi-

cal or different. To prevent the use of an ad hoc acoustic strat-

egy, the two audio stimuli on each trial were always

produced by different speakers. Even on the “identical” trials,

the two audio stimuli were acoustically distinct. Across the

trials, the gender order (male-female or female-male) was

counterbalanced. In the control block, the segmental
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information was constant on each trial, e.g., /kh�+-high/–/

kh�+-low/ or /thi+a-high/–/thi+a-low/ for a “different” trial and

/kh�+-high/–/kh�+-high/ or /thi+a-high/–/thi+a-high/ for an

“identical” trial.

In the orthogonal block, each trial contained two stimuli

with different segmental information. Their tones could be

identical or different, e.g., /kh�+-high/–/ thi+a-low/ for a

“different” trial and /kh�+-high/–/ thi+a-high/ for an

“identical” trial. Listeners were asked to ignore the segmen-

tal variations and judge only the tones. In the control and

orthogonal blocks, the frequencies of occurrence of each

syllable (/tˆhO:/, /kh�+/, /thi+a/, and /wu+a/) and Thai tone

contrast (mid-low, mid-falling, mid-high, mid-rising, low-

falling, low-high, low-rising, falling-high, falling-rising, and

high-rising) were equal. Each block began with three prac-

tice trials and 80 experimental trials (5 tones� 4 sylla-

bles� 2 speakers� 2 repetitions). The order of presentation

of the two blocks was counterbalanced across participants.

On each experimental trial, the accuracy and response time

were recorded. The internal consistencies were high in the

control (Cronbach’s a¼ 0.86) and orthogonal blocks

(Cronbach’s a¼ 0.80).

III. RESULTS

A. Computation of d 0

In each block of the modified Thai tone AX discrim-

ination task, the d0 was calculated by subtracting the z-

transform of the hit rate by that of the false alarm rate

(MacMillan and Creelman, 2005). Each correct “different”

trial was a hit, whereas each incorrect “identical” trial was a

false alarm. To avoid infinity d0, we manually adjusted

perfect hit (1.0) and false alarm (0) rates to 0.995 and 0.005,

respectively (Bidelman et al., 2013; Choi et al., 2019).

Figure 1 summarizes the mean d0 and response time of the

groups in the control and orthogonal blocks.

B. Conventional analyses of d0 and response time
across blocks

To examine how language experience and musicianship

shape tone-segmental perceptual integrality, we conducted a

three-way mixed analysis of variance (ANOVA) on d0 with

block (control and orthogonal) as the within-subject factor

and language (Cantonese and English) and musicianship

(musicians and non-musicians) as the between-subjects fac-

tors (see Fig. 1, top). ANOVA revealed significant main

effects of block, F(1, 108)¼ 43.91, p< 0.001, gp
2¼ 0.29;

language, F(1, 108)¼ 32.03, p< 0.001, gp
2¼ 0.23; and

musicianship, F(1, 108)¼ 8.48, p¼ 0.004, gp
2¼ 0.07. The

interaction between block and language was significant, F(1,

108)¼ 48.71, p< 0.001, gp
2¼ 0.31, but not the interaction

between block and musicianship, p¼ 0.589; language and musi-

cianship, p¼ 0.466; and the three-way interaction, p¼ 0.290.

We conducted simple effect analysis to unpack the

interaction between block and language. The Cantonese lis-

teners showed a significantly lower d0 in the orthogonal

block than in the control block, p< 0.001. However, the

English listeners showed similar d0 values across the orthog-

onal and control blocks, p¼ 0.801. These findings indicate

that the Cantonese listeners perceived tones and segmental

information integrally, whereas the English listeners per-

ceived them independently. Additionally, the main effect of

FIG. 1. Mean d0 (top), and response

time (bottom) of the Cantonese and

English listeners. Error bars, 95% con-

fidence interval (CI).
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musicianship indicated that the musicians outperformed the

non-musicians across the two blocks.

To supplement the above analysis, we further conducted

three-way mixed ANOVAs on response time with block

(control and orthogonal) as the within-subject factor and

language (Cantonese and English) and musicianship (musi-

cians and non-musicians) as the between-subjects factors

(see Fig. 1, bottom). There were significant main effects of

block, F(1, 108)¼ 30.78, p< 0.001, gp
2¼ 0.22, and lan-

guage, F(1, 108)¼ 6.70, p¼ 0.011, gp
2¼ 0.06. The interac-

tion between block and language was significant, F(1,

108)¼ 16.02, p< 0.001, gp
2¼ 0.13. However, the main

effect of musicianship, p¼ 0.423; the interaction between

language and musicianship, p¼ 0.592; and the three-way

interaction, p¼ 0.609, were not significant.

We conducted simple effect analysis to unpack the

interaction between block and language. Relative to their

own performance in the control block, the Cantonese listen-

ers were significantly slower in discriminating Thai tones in

the orthogonal block, p< 0.001. However, the English lis-

teners showed similar response time across the orthogonal

and control blocks, p¼ 0.272. Consistent with the d0 analy-

sis, the Cantonese listeners perceived tones and segmental

information integrally, whereas the English perceived them

independently.

C. Garner d0 and RT indexes

To avoid overcomplicating the Bayesian models (see

Sec. III F), we devised the Garner d0 and RT indexes to

quantify the Garner effects on d0 and response time. For

each participant, the Garner d0 index was obtained by sub-

tracting the d0 in the orthogonal block from that in the con-

trol block. The more positive the value of the Garner d0

index, the larger the Garner effect is on the participant’s d0.
Similarly, the Garner RT index was calculated by subtract-

ing the response time in the orthogonal block from that in

the control block. The more negative the value of the Garner

RT index, the larger the Garner effect is on the participant’s

response time. Figures 2 and 3 summarize the mean Garner

d0 and RT indexes of the four groups.

D. Conventional analysis of Garner d0 and RT indexes

We conducted a two-way mixed ANOVA on Garner d0

index with language (Cantonese and English) and musician-

ship (musicians and non-musicians) as the between-subjects

factors. The main effect of language was significant,

F(1, 108)¼ 48.71, p< 0.001, gp
2¼ 0.31, but not the main

effect of musicianship, p¼ 0.589, and the interaction

between language and musicianship, p¼ 0.290. Consistent

with the previous study, the Cantonese listeners experienced

a larger Garner interference effect than the English listen-

ers, p< 0.001 (Choi and Tsui, 2022). Pertinent to our

research questions, musicianship had no effect on tone-

segmental perceptual integrality in Cantonese and English

listeners.

To supplement the above analysis, we conducted the

same set of ANOVAs on Garner RT index. The main effect

of language was significant, F(1, 108)¼ 16.02, p< 0.001,

gp
2¼ 0.13, but not the main effect of musicianship,

p¼ 0.286, and the interaction between language and musi-

cianship, p¼ 0.609. Consistent with the Garner d0 index

analysis, musicianship did not significantly influence tone-

segmental perceptual integrality in Cantonese and English

listeners. These results are fully consistent with the three-

way ANOVAs reported in Sec. III B.

E. Analytic issues and statistic strategies

The research question is whether musicianship influen-

ces tone-segmental perceptual integrality in Cantonese and

English listeners. From a statistical perspective, the ques-

tion is whether there is a main effect of musicianship

and/or its interaction with language on the Garner indexes.

If the main effect of musicianship (or interaction thereof) is

present, one can conclude that musicianship influences

tone-segmental perceptual integrality in Cantonese and

English listeners. If otherwise, one can conclude that musi-

cianship does not influence their perceptual integrality. In

Sec. III D, we reported the data analysis based on the null-

hypothesis significance testing that has been conventionally
FIG. 2. Mean Garner d0 index of the Cantonese and English listeners. Error

bars, 95% CI.

FIG. 3. Mean Garner RT index of the Cantonese and English listeners.

Error bars, 95% CI.
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used for psycholinguistic research. The limitation of null-

hypothesis significance testing is that it can only reject or

not reject a null hypothesis (Ly et al., 2019). Although

the p-value is larger than 0.05, researchers cannot conclude

the absence of an effect. To overcome this challenge,

we have adopted Bayesian hypothesis testing and will

report it below (Wagenmakers, 2007). Unlike null hypothe-

sis significance testing, the Bayesian approach quantifies

evidence both for alternative and null hypotheses (Dienes,

2014, 2016). In other words, it can provide not only evi-

dence of presence but also evidence of absence of the main

effect of musicianship and its interaction with language.

Bayes factor (BF10) refers to the ratio of predictive ade-

quacies of two competing statistical models (Sch€onbrodt

and Wagenmakers, 2018). A BF10 of 10 indicates that

the data are ten times more likely under the alternative

hypothesis than under the null hypothesis. Conversely, a

BF10 of 0.1 indicates that the data are ten times more likely

under the null hypothesis than the alternative hypothesis.

Lee and Wagenmakers (2013) heuristically classified dif-

ferent values of BF10 as different levels of evidence (see

Table I).

F. Bayesian analysis of Garner d0 index

To address the research question, we conducted

Bayesian two-way between-subjects ANOVA with JASP

0.17.1 (Love et al., 2019). The dependent variable was

Garner d0 index, and the fixed factors were language

(Cantonese and English) and musicianship (musicians and

non-musicians). There were four models in total. Model 1

only includes the main effect of language. Model 2 includes

the main effects of language and musicianship. Model 3

includes the two main effects and the interaction between

language and musicianship. Model 4 only includes the main

effect of musicianship. Given the lack of previous findings,

we adopted a uniform prior that is relatively objective

(Jaynes, 2003). Below, we summarize the results of the model

comparison relative to the null hypothesis and the best-fit

model. Annotated .jasp files, including distribution plots, data,

and input options, are available on Open Science Framework

(https://osf.io/zqdrj/?view_only=5bd911ccddd24fcfb02e85

3f4babcd63).

Table II shows the model comparison relative to the

null hypothesis. Bayes factors indicate that the data best

support model 1 (B10¼ 3.07� 107), followed by model 2

(B10¼ 7.22� 106) and model 3 (BF10¼ 2.97� 106), each of

which has extreme evidence for the alternative hypothesis.

The data do not support model 4 (BF10¼ 0.20), with moder-

ate evidence for the null hypothesis.

Table III shows the model comparison relative to the

best-fit model (model 1). Bayes factors indicate that the data

are less likely observed under model 2 with moderate evi-

dence (BF10¼ 0.24), under model 3 with strong evidence

(BF10¼ 0.097), and under model 4 (BF10¼ 6.52� 10�9)

and null model (BF10¼ 3.25� 10�8) with extreme evidence.

As shown in Table IV, the analysis of effects yields extreme

evidence for the main effect of language

(BFincl¼ 2.27� 107) and moderate evidence against the

main effect of musicianship (BFincl¼ 0.22) and its interac-

tion with language (BFincl¼ 0.31). Taken together, Bayesian

analysis reveals (i) the presence of the main effect of lan-

guage and (ii) the absence of main effect of musicianship

and its interaction with language.

G. Bayesian analysis of Garner RT index

To supplement the above results, we conducted the

same set of analysis on Garner RT index. Table V shows the

model comparison relative to the null hypothesis. Bayes fac-

tors indicate that the data best support model 1

(BF10¼ 157.36) with extreme evidence for the alternative

hypothesis. The second- and third-best-fit models are mod-

els 2 (BF10¼ 51.57) and 3 (BF10¼ 14.62) with very strong

and strong evidence, respectively. The data do not support

TABLE I. Bayes factor and evidence strength.

Bayes factor (BF10) Hypothesis supported Evidence strength

>100 Alternative hypothesis Extreme

30–100 Alternative hypothesis Very strong

10–30 Alternative hypothesis Strong

3–10 Alternative hypothesis Moderate

1–3 Alternative hypothesis Anecdotal

1 None No evidence

1/3–1 Null hypothesis Anecdotal

1/10–1/3 Null hypothesis Moderate

1/30–1/10 Null hypothesis Strong

1/100–1/30 Null hypothesis Very strong

<1/100 Null hypothesis Extreme

TABLE II. Model comparison relative to null model of Garner d0 index.

Models P(M) P(Mjdata) BFM BF10 Error (%)

Null model 0.20 2.44� 10�8 9.77� 10�8 1.00

Model 1 (LG)a 0.20 0.75 12.06 3.07� 107 1.97� 10�10

Model 2 (LG þMS)b 0.20 0.18 0.86 7.22� 106 4.48

Model 3 (LG þMS þ LG*MS) 0.20 0.07 0.31 2.97� 106 1.32

Model 4 (MS) 0.20 4.90� 10�9 1.96� 10�8 0.20 0.03

aLanguage (LG).
bMusicianship (MS).
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model 4 (BF10¼ 0.26) with moderate evidence for the null

hypothesis.

Table VI shows the model comparison relative to the

best-fit model (model 1). Bayes factors indicate that the data

are less likely observed under model 2 (BF10¼ 0.328) with

moderate evidence, under model 3 (BF10¼ 0.09) with strong

evidence, and under model 4 (BF10¼ 0.002) and null model

(BF10¼ 0.01) with extreme evidence. As shown in

Table VII, the analysis of effects yields extreme evidence

for the main effect of language (BFincl¼ 118.75) and

moderate evidence against the main effect of musicianship

(BFincl¼ 0.28) and its interaction with language

(BFincl¼ 0.28). Consistent with the Garner d0 index analysis,

Bayesian analysis on Garner RT index reveals the main

effect of language and the absence of main effect of musi-

cianship and its interaction with language.

IV. DISCUSSION

The present study investigated whether musicianship

influenced non-native tone-perceptual integrality in

Cantonese and English listeners. There were three possibili-

ties, i.e., musicianship enhances, inhibits, or does not affect

perceptual integrality. As detailed below, our findings sup-

port the third possibility.

The principal finding is that musicianship does not

influence tone-segmental perceptual integrality. Consistent

with previous research, the Cantonese listeners integrally

perceived Thai tones and segmental information, whereas

the English listeners showed independent perception (Choi

and Tsui, 2022). We originally believed that musicianship

might enhance (or inhibit) tone-segmental perceptual inte-

grality in Cantonese listeners and English listeners. Contrary

to our expectation, the Cantonese musicians and Cantonese

non-musicians showed similar degrees of tone-segmental

perceptual integrality. Furthermore, both English musicians

and English non-musicians perceived Thai tones and seg-

mental information independently. Collectively, musician-

ship neither enhanced nor decreased tone-segmental

perceptual integrality. In other words, musicianship simply

has no effect on tone-segmental perceptual integrality.

Based on past and present findings, the effect of musi-

cianship on perceptual integrality seems to be restricted to

the music domain. In a previous MMN additivity study,

Dutch musicians and non-musicians completed two passive

oddball paradigms, one with musically relevant stimuli

(using Alberti bass as standard; see Hansen et al., 2022,

p. 4) and one with musically less-relevant stimuli (using

chromatic notes as standard). In the musically relevant para-

digm, the musicians showed more integral perception of

music features than the non-musicians (Hansen et al., 2022).

However, in the musically less-relevant paradigm, the musi-

cians no longer showed more integral perception than the

non-musicians. Extending the previous study, our findings

suggest that the musicianship effect is not transferrable to

the language domain. Instead, the effect of musicianship on

perceptual integrality only applies to domain-relevant

stimuli.

From a theoretical perspective, there is little need to

introduce a music element into the dimensional transfer

hypothesis (Choi and Tsui, 2022). In the analyses of Garner

d0 and RT indexes, the main effect of language revealed that

the Cantonese listeners had a higher degree of tone-

segmental perceptual integrality than the English listeners.

Consistent with the previous study, the present results indi-

cate that first language experience shapes tone-segmental

perceptual integrality in non-native speech (Choi and Tsui,

2022). Extending the previous study, our results further

added that musicianship does not seem to play a significant

role, if any. In its current form, the dimension transfer

hypothesis posits that first language functional importance

determines whether foreign suprasegmental and segmental

information are integrally or independently perceived (Choi

and Tsui, 2022). In Cantonese, segmental and tonal informa-

tion are important constituents of phonological representa-

tions (Shen et al., 2021). To maximally support word form

detection, Cantonese listeners are perceptually wired to inte-

grate segmental and tonal information. English has no tones,

and only very few words are suprasegmentally contrastive

TABLE IV. Analysis of effects in Garner d0 index.

Effects P(incl) P(excl) P(incljdata) P(excljdata) BFincl

LG 0.60 0.40 1.00 2.93� 10�8 2.27� 107

MS 0.60 0.40 0.25 0.75 0.22

LG*MS 0.20 0.80 0.07 0.93 0.31

TABLE V. Model comparison relative to null model of Garner RT index.

Models P(M) P(Mjdata) BFM BF10 Error (%)

Null model 0.20 0.004 0.02 1.00

Model 1 (LG) 0.20 0.70 9.33 157.36 1.14� 10�8

Model 2 (LG þMS) 0.20 0.23 1.19 51.57 0.83

Model 3

(LG þMS þ LG*MS)

0.20 0.07 0.28 14.62 2.40

Model 4 (MS) 0.20 0.001 0.01 0.26 0.03

TABLE III. Model comparison relative to best-fit model of Garner d0 index.

Models P(M) P(Mjdata) BFM BF10 Error (%)

Model 1 (LG) 0.20 0.75 12.06 1.00

Model 2 (LG þMS) 0.20 0.18 0.86 0.24 1.00

Model 3 (LG þMS þ LG*MS) 0.20 0.07 0.31 0.097 1.32

Null model 0.20 2.44� 10�8 9.77� 10�8 3.25� 10�8 1.97� 10�10

Model 4 (MS) 0.20 4.90� 10�9 1.96� 10�8 6.52� 10�9 0.03
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(e.g., noun and verb forms of import and suspect) (Cutler,

2012). Thus, our English listeners processed segmental and

tonal information independently as separate information.

Our study further shows that musicianship does not alter

how they integrate (or not) segmental and tonal information.

In the theoretical aspect, the present findings suggest that

the dimension transfer hypothesis has adequately accounted

for tone-segmental perceptual integrality. As such, there is

little need to incorporate the musicianship element into the

hypothesis.

In addition to the dimension transfer hypothesis, other

theories may account for the present findings too. According

to the native language neural commitment (NLNC) theory,

early language experience wires a listener’s neural circuitry

for optimal perception and acquisition of first language pho-

nological structures (Kuhl, 2010; Zhang et al., 2005). For

our Cantonese listeners, they have a neural commitment to

process Cantonese tones and segmental information inte-

grally (Choi et al., 2017; Yu et al., 2022). With extensive

Cantonese experience, the Cantonese listeners may have

developed strong neural representations of tonal information

that are difficult to ignore even when attending to other

dimensions of the stimuli. Crucially, such a neural commit-

ment is transferrable to non-native speech perception. Like

the dimensional transfer hypothesis, NLNC theory posits

that first language neural commitment is malleable, for

example, by second language learning (Zhang et al., 2009;

Zhang et al., 2011). Indeed, Dutch listeners with extensive

Mandarin learning experience perceived Mandarin tones

and segmental information integrally, whereas Mandarin-

naive Dutch listeners did not (Zou et al., 2017). Our behav-

ioral results further imply that musicianship does not alter

the neural commitment on tone-segmental integrality.

Future studies can seek to replicate the current findings

in the opposite direction. Previous studies showed Garner

interference in tone and segmental perception tasks (e.g.,

Repp and Lin, 1990; Tong et al., 2008). In the present study,

we only tested the effect of task-irrelevant segmental varia-

tion on tone discrimination. To supplement the current

evidence, future studies can test Cantonese and English lis-

teners in the opposite direction, i.e., requesting them to dis-

criminate Thai segmental information while ignoring task-

irrelevant tonal variations. Based on the current findings, we

expect that musicianship would not alter the Garner effect

(or the lack thereof) of tone variation on segmental discrimi-

nation. Due to the COVID pandemic, we could only test par-

ticipants online with post hoc attention monitoring.

Whenever possible, future studies should test participants

face-to-face in a well-controlled acoustic environment.

In conclusion, musicianship has no effect on tone-

segmental perceptual integrality in Cantonese and English

listeners. Consistent with previous research, tone-segmental

perceptual integrality hinges on first language experience

(Choi and Tsui, 2022; Lin and Francis, 2014). While musi-

cianship (Choi, 2020; Delogu et al., 2010; Zheng and

Samuel, 2018) or music training (Moreno et al., 2009; Nan

et al., 2018) apparently enhances speech sensitivity, not all

musical advantages are transferrable to the language

domain. From the theoretical perspective, the dimensional

transfer hypothesis has adequately accounted for tone-

segmental integrity in non-native speech perception (Choi

and Tsui, 2022). There is little need to add a musicianship

element to the hypothesis.
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