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Abstract 

Previous studies have established that phonation contrasts can 

be, apart from pitch, an important dimension of tonal contrasts 

in some languages, and modern Wu Chinese is a good 

example in which the lower register tones are produced with 

breathier phonation than the upper register tones. 

Nevertheless, researchers have shown that such phonation 

contrast is declining among young speakers in Shanghai and 

Suzhou Wu. This pilot study is thus motivated to investigate 

children’s production in Kunshan Wu, a neighboring yet rather 

understudied dialect with more tones, in order to see if a 

similar trend is ongoing. Two male and two female school-age 

children (8;4 to 10;4) were recorded reading isolated 

monosyllabic words with different lexical tones, and 

simultaneous acoustic and electroglottographic (EGG) data 

were collected. Results of EGG and acoustic parameters 

demonstrate that at least near the onset of the vowel, glottal 

constriction is smaller and glottal closure is less abrupt in the 

lower register tones than in the upper register tones, 

suggesting that the lower register tones are generally produced 

with breathier phonation. Therefore, school-age child speakers 

of Kunshan Wu are still able to produce the phonation contrast 

between the tone registers. 

Index Terms: tone registers, phonation contrasts, voice 

quality, breathy voice, Wu Chinese 

1. Introduction 

Previous studies have established that tonal contrasts can be 

multidimensional in some languages [1, 2], which means tones 

can be distinguished by not only pitch differences but also 

contrastive phonation types. Although there is more phonetic 

research on either production or perception of tone in these 

languages in recent years, the acquisition process remains 

rather understudied. In several latest studies, the development 

of lexical tones involving creaky voice in Cantonese [3] and 

Mandarin [4] was assessed, but creakiness in Cantonese T4 

and Mandarin T3 is suggested to be mainly motivated by the 

low pitch targets [5], whereas non-modal phonation can be 

phonemic (e.g., Southern Yi [6]) or phonologically motivated 

as redundant cues (e.g., White Hmong [7], Northern 

Vietnamese [8]) in other languages. 

Since redundant cues are more prone to sound change, 

phonation contrasts tend to be lost if they are not phonemic or 

the primary cues in perception, for which Wu Chinese is a 

good example. In modern Wu dialects, tone register is 

correlated with pitch height, onset voicing and voice quality 

[9, 10], and the lower register tones are usually produced with 

breathier phonation than the upper register tones in the word-

initial position [9, 11, 12]. However, as the number of fluent 

Wu speakers is drastically decreasing in younger generations, 

the phonation contrasts have been found to be declining 

among younger speakers, for example, in Shanghai [13, 14, 

15] and Suzhou [16]. Furthermore, many children in the Wu-

speaking region are virtually like heritage speakers in that they 

acquire Wu almost exclusively from their primary caretakers 

at home while they mainly speak Mandarin elsewhere. Under 

such circumstances, research on children’s production and 

perception of the phonation contrasts in Wu Chinese is 

urgently needed. 

In addition, the acquisition of Wu Chinese tones is of great 

research interest to children’s development of tone and voice. 

First, researchers have shown that the acquisition of lexical 

tones starts at the earliest stage [17], and children can be 

considered to have generally acquired the tone systems by the 

age of 2 or 3 years in languages such as Cantonese [18], 

Mandarin [17] and Thai [19] using transcription data. 

However, the acquisition is believed to be complete much 

later if adultlike production accuracy and acoustic patterns are 

required, for example, no earlier than age of 6 years in 

Cantonese [3, 20]. In fact, scholars believe that children’s 

speech production development follows a protracted time 

course, which involves not only production sufficiently 

adultlike to be perceived and transcribed as accurate, but also 

adultlike speech motor control evaluated in acoustic and 

kinematic analysis [21]. This is important because for tone 

systems with phonation contrasts, the acquisition should 

additionally concern the development of children’s voices, and 

indeed the anatomy of the vocal folds change gradually and is 

not fully developed until after puberty, which affects their 

vocal range as well as voice quality [22]. Another interesting 

point from the perspective of perception is that while 

creakiness has been shown to enhance tone identification [8, 

23, 24], breathiness is expected to enhance register 

identification [15, 16, 25] but spoil periodicity and thus 

perception of pitch contrasts [26, 27], which is likely to pose 

difficulties for children to acquire the tone systems. 

To sum up, the superimposition of phonation contrasts on 

pitch contrasts in Wu Chinese may prolong the full acquisition 

of the tone systems, while redundant phonation contrasts tend 

to be lost and a decline has already taken place in some Wu 

dialects. Therefore, in this pilot study, school-age children’s 

production of Kunshan Wu, a neighboring yet rather 

understudied dialect of Suzhou and Shanghai Wu, is 

investigated to see if a similar trend is ongoing before further 

looking into the development of lexical tones in younger 

children and comparing them with the adults. Our recent 

acoustic study on the adult production of Kunshan Wu [28] 

measured various spectral tilts and noise measures, and the 

results confirmed that the phonation contrast between tone 

registers were still robust among the elderly (above 70 years 
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old) and middle-aged (35–50 years old) speakers, and the 

lower register tones were produced with breathier phonation 

than the upper register tones were. 

On top of the methods previously used, analysis on 

electroglottography (EGG) is also incorporated in the current 

study, given that EGG waveforms are useful for reflecting 

glottal activities and have been used to study voice quality in 

adult speech of several languages, including Shanghai Wu 

[29]. Although for children EGG has been only used for 

research on pediatric voice disorders [30, 31], analyzing EGG 

data can help us constitute a more comprehensive 

understanding of the children’s phonation contrast in Kunshan 

Wu tones. 

2. Method 

2.1. Speakers 

Two female and two male Mandarin-Wu bilingual children at 

school-age (8;4 to 10;4, see Table 1) were recorded in this 

study. All the speakers were born and raised in Kunshan. They 

learnt Mandarin and Wu since birth and used both of them in 

daily life, while they spoke Kunshan Wu mostly to their 

primary caretakers who were all native speakers of the 

downtown dialect. All the child speakers were recognized by 

the first author who is a native Kunshan speaker to speak 

Kunshan Wu with native proficiency during an initial 15-

minute conversation about their home and school life. 

Table 1: Age of the speakers and auditory judgment 

results (percentages of breathy tokens).  

Speaker Age 
L1 

Upper 

L1 

Lower 

L2 

Upper 

L2 

Lower 

F1 8;4 16.2% 87.9% 10.8% 63.6% 

F2 9;10 5.3% 80.0% 2.7% 86.0% 

M1 8;6 9.7% 60.3% 6.9% 52.9% 

M2 10;4 4.5% 76.5% 0.9% 73.5% 

(Pooled) – 8.1% 76.5% 4.6% 71.1% 

 

2.2. Materials 

The wordlist contained 73 isolated monosyllabic words (see 

examples in Table 2). Each word contains an obstruent onset 

(/p b t d k ɡ f v s z tɕ dʑ/), a monophthong (/a, ɛ, ɪ, ɔ/), and 

carries one of the five unchecked tones (T1a mid-level, T1b 

rising, T2a high-falling, T3a high-dipping, T3b low-dipping). 

Table 2: Examples from the wordlist 

Tonal category 
Upper (a) 

modal 

Lower (b) 

breathy 

 /ka/ /ɡa/ 

Ping (1) 加 ‘plus’ 茄 ‘eggplant’ 

Shang (2) 假 ‘fake’ 
解 ‘loosen’ 

Qu (3) 嫁 ‘marry’ 

 

2.3. Procedure 

Simultaneous acoustic and EGG recordings were collected for 

two to three repetitions of the wordlist from each speaker at 

their home, using the Behringer ECM 8000 Ultra-Linear 

Measurement Condenser Microphone and the Glottal 

Enterprises EG2-PCX2 EGG unit. A total of 706 tokens were 

analyzed. To obtain an overall picture of the children’s 

accuracy of producing the phonation contrast, each token was 

auditorily judged by two listeners: a native speaker of 

Kunshan Wu (L1 = the first author) and a native speaker of 

another Wu dialect (L2 = the second author), who decided 

whether each token sounded breathy (see Table 1). 

F0 and EGG parameters were calculated from the EGG 

waveforms that were band-pass filtered following [32]. The 

EGG parameters are the Closed Quotient (CQ, the ratio of the 

duration of the closed phase to the whole period in a glottal 

cycle) [33], the Speed Quotient (SQ, the ratio of the duration 

of the closing phase to the opening phase in a glottal cycle) 

[34], and the Peak Increase in Contact (PIC, also called 

Derivative-EGG Closure Peak Amplitude, the positive peak 

amplitude in the first derivative of EGG) [35]. The results 

were sampled at nine equidistant points within the vowel 

(excluding onset and offset).  

F0, spectral tilts and noise measures were measured on the 

acoustic waveforms using VoiceSauce [36]. Spectral tilts are 

the differences between the amplitude of various harmonics 

(H1-H2, H1-A1, H1-A2, H1-A3, H2-H4, H4-H2K, H2K-H5K, 

H1-H4, H1-H2K, H1-H5K), which were corrected for formant 

influence (correction marked by * in Figure 2) [37]. Noise 

measures are the harmonics-to-noise ratios (HNR) and 

Cepstral Peak Prominence (CPP). The results were averaged 

on nine normalized-time intervals, i.e., ninths of the vowel. 

For each parameter, within-speaker normalization was 

done, with outliers discarded, and Soothing-Spline ANOVA 

(SSANOVA) was performed to analyze differences between 

the tone registers. 

3. Results 

3.1. F0 

The F0 calculated from the periods of the glottal cycles is 

normalized and the contours are plotted in Figure 1 (left), 

while the F0 measured on acoustic data adopting the 

STRAIGHT algorithm [38] is shown in Figure 1 (right). The 

results were highly consistent. It is obvious that the upper 

register tones had a higher pitch onset, and the pitch in either 

register did not cross the overall mean until the midpoint of 

the vowel, showing that the tone register contrast was well 

maintained during at least the first half of the vowel. Mean 

duration of the lexical tones across the speakers is summarized 

in Table 3. 

Figure 1: Normalized F0 contours of the lexical tones 

(left: EGG; right: acoustic). 

Table 3: Mean duration (ms) of the lexical tones.  

Tone 1a 1b 2a 3a 3b Pooled 

Duration 313 314 231 368 413 322 
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3.2. Auditory Judgment 

The percentages of tokens that sounded breathy to each 

listener in each register are summarized in Table 1. The 

overall inter-rater reliability was moderate (Cohen’s Kappa = 

0.59), so two listeners’ judgment results were further analyzed 

separately. Either listener’s judgement indicates that the 

children were generally more likely to produce breathy tokens 

for the lower register tones than for the upper register tones 

(Boschloo’s test: p < 0.001), which is also true for them 

individually (Boschloo’s tests: p < 0.001). 

In pairwise comparison, the child M1 was found to be less 

likely to produce breathiness for the lower register tones than 

F1 and F2 based on the first author’s judgment, or than M2 

and F2 based on the second author’s judgment (Boschloo’s 

tests: p < 0.005). Both listeners agreed that M1 produced some 

lower register tokens with remarkably harsh voice quality, 

which was not found in the other children’s production. 

Figure 2: SSANOVA plots of selected EGG and 

acoustic parameters (α = 0.01). 

3.3. EGG parameters 

The results of SSANOVA on the EGG parameters are plotted 

in Figure 2. On the one hand, CQ was generally smaller in the 

lower register than in the upper register throughout the vowel, 

suggesting a shorter closed phase within a glottal cycle, thus 

smaller glottal constriction in the lower register. On the other 

hand, SQ was generally larger in the lower register than in the 

upper register throughout the vowel, suggesting a more 

gradual increase in vocal fold contact, thus less abrupt glottal 

closure in the lower register. PIC was smaller in the lower 

register at the first six time points, which means the peak 

velocity was lower at the instant of glottal closure. Although 

this coincides with the expectation that the glottal closure is 

less abrupt, the interpretation of this parameter requires 

attention and is discussed in Section 4.2. 

3.4. Acoustic parameters 

Significant differences were found in most of the spectral tilts 

and noise measures (i.e., H1*-H2*, H1*-A1*, H1*-A2*, H1*-

A3*, H2*-H4*, H2K*-H5K, H1*-H4*, H1*-H2K*, H1*-

H5K, HNR05, CPP). The spectral tilts were generally larger in 

the lower register than in the upper register over at least the 

first half the vowel. Among these parameters, a larger H1*-

H2* is believed to indicate smaller glottal constriction [39], 

and a larger H1*-An* is believed to reflect less abrupt glottal 

closure, with H1*-A1* also related to a posterior glottal 

opening [40]. This is consistent with the findings based on the 

EGG parameters. Moreover, the noise measures were 

generally smaller in the lower register than in the upper 

register over at least the first half the vowel, meaning that 

there was comparatively more noise or higher aperiodicity in 

the lower register. The results of SSANOVA on these 

representative acoustic parameters (H1*-H2*, H1*-A1*, H1*-

A3*, HNR05, CPP) are plotted in Figure 2. 

4. Discussion 

4.1. Pitch 

Since F0 is usually measured from the acoustic data in recent 

phonetic studies on tone, the close resemblance between the 

F0 contours calculated from the EGG waveforms and those 

measured from the acoustic waveforms first confirms that 

EGG can reliably reflect the glottal activities of children. 

Furthermore, as the pitch contours produced by the children 

highly resemble those by the adults in our earlier study [28], 

children at school age can already produce fairly adult-like 

lexical tones in terms of pitch patterns. 

However, there are still a few differences between the 

children and the adults that are even perceptible to the first 

author as a phonetically trained native speaker. For example, 

the children’s T1a sounded “protracted”. This is consistent 

with the data where the mean duration of the children’s T1a 

was apparently longer than the adults’, for whom the lower 

register tones were found to be generally longer than their 

upper register counterparts (e.g., T1a < T1b) [28]. Besides, 

T1a also sounded “flatter”, which again concurs with the level 

contour of the children’s T1a, in contrast with a visible rise in 

F0 of the adults’ T1a [28]. It is very likely that the children 

produce T1a in a way that resembles how they produce 

Mandarin T1 due to the strong influence from Mandarin, but it 

is not impossible that these are covert differences [41] that 

simply reflect incomplete development and will be fine-tuned 

later. Data from young speakers (e.g., in 20s) who are also 

early Mandarin-Wu bilinguals is needed to confirm if there is 

a similar pattern that could have persisted into their adulthood. 
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4.2. Phonation 

The auditory judgement results show that breathiness was 

highly associated with the lower tone register, indicating that 

children at school age have acquired the phonation contrast, 

while further comparison with the adults’ performance is 

needed to determine whether they can achieve adult-like 

accuracy. Based on such observation, both EGG and acoustic 

parameters relevant to voice quality were calculated, and the 

results show that the glottal constriction was smaller (smaller 

CQ and larger H1*-H2*), and the glottal closure was less 

abrupt (larger SQ and larger H1*-An*) in the lower register, 

which altogether implies that the phonation type of the lower 

register tones is breathier than that of the upper register tones. 

Therefore, children at school age can still produce the 

phonation contrast between the tone registers. 

Compared with adult production [28], larger spectral tilts 

and smaller noise measures were found in the lower register 

for both groups of speakers. Nevertheless, H1*-H2* and H1*-

H2K* exhibited consistent differences between tone registers 

among the children, but not among the adults. Based on the 

assumption that, for example, H1*-H2* is correlated with 

glottal open quotient [39], speakers may have varied the 

magnitude of their phonation contrast and the specific breathy 

phonation sub-type produced (e.g., breathy voice versus 

whispery voice). While such differences seem to be merely 

covert inter-speaker variation that may not concern the native 

speakers as long as they all sound breathy, it is also possible 

that the differences constitute sociophonetic contrasts that are 

related to their identity, including age, gender, social class and 

stereotype [42, 43]. 

For example, in Kunshan Wu, H1*-H2* was smaller in the 

lower register in middle-aged female speech, as opposed to a 

larger H1*-H2* in the lower register in male speech [28]. This 

implies that the middle-aged female speakers could have 

produced a somewhat different phonation type, although in 

general it still sounded breathy to the first author. Meanwhile, 

although the data of young speakers were not collected, 

impressionistically many young female speakers sound less or 

even not breathy to the first author. Based on the first author’s 

social experience, it is then hypothesized that young female 

speakers in Kunshan tend to produce weaker breathiness to 

sound less harsh and more elegant, probably because an 

authentic and canonical accent can be associated with a 

stereotypical impression of being low-ranked, provincial and 

poorly educated, which is not uncommon concerning the use 

of dialects other than the lingua franca [42, 44]. More 

research, including analysis on the EGG data of adult 

production and perception, need be done to provide more 

evidence. Regardless of inter-speaker variation among adults, 

it is still an interesting question whether and, if any, how the 

children will alter their phonation behavior when growing up, 

especially during and after puberty when there are rapid 

anatomical changes in the larynx. 

Finally, it is worth noting that the pattern of PIC found in 

the current study is unusual. In Kunshan Wu, PIC was smaller 

while SQ was larger in the lower register, both of which 

suggest less abrupt glottal closure. This is consistent with our 

expectation that the phonation type of the lower register is 

breathier. In previous studies where researchers started to 

extensively use PIC to distinguish different phonation types, 

PIC was, contrary to the researchers’ initial expectation, larger 

for breathier phonation types (e.g., in Southern Yi and White 

Hmong [6, 7, 45]). While a larger PIC should indicate faster 

glottal closure, the researchers proposed some hypotheses and 

accepted the usefulness of PIC [45]. However, PIC also 

showed no significant difference in Gujarati [46] and 

Shanghai Wu [29]. Therefore, at the current stage, it is still not 

clear whether such discrepancy is a result of cross-linguistic 

differences, or just because PIC is actually not a reliable 

parameter due to measurement or definitional issues. 

5. Conclusion 

In summary, the results of EGG and acoustic parameters show 

that at least near the onset of the vowel, glottal constriction 

was smaller and glottal closure was less abrupt in the lower 

register tones than in the upper register tones, which indicates 

that the lower register tones were generally produced with 

breathier phonation than the upper register tones were. 

Therefore, the school-age children in Kunshan are still able to 

produce the phonation contrast between tone registers in Wu 

Chinese, as opposed to a declining trend found among young 

speakers in Shanghai and Suzhou. Besides, although the 

children could produce fairly adultlike pitch contours and the 

phonation contrast, some covert or perceptible differences 

from adult production were also found, suggesting that the 

acquisition of the tone system might not be complete, or there 

can be age differences partly due to the strong influence from 

Mandarin. Future research on the production of younger 

children and young adults (in their 20s) and the perception of 

all age groups is thus called for to reveal the development of 

the tone system. 
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