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In some languages, breathy voice plays a pivotal role in tone split. After tone split, breathy voice can undergo fur-

ther changes. Suzhou Wu Chinese used to have a voicing contrast in initial obstruents, which has transphonolo-

gized to a tone contrast and resulted in a two-way tone split, with breathy voice in the low register tones. This study

investigates the change in breathy voice after the tone split in Suzhou Wu with apparent-time data from speakers

from three age groups. Simultaneous audio and electroglottographic recordings were collected. Principal compo-

nent analysis and linear discriminant analysis conducted on the acoustic measurements indicate that breathy

voice is used less by younger speakers. Generalized Additive Mixed Models were conducted to reveal the

changes in breathy voice during the time course of the vowel with regard to different low register tones. It is also

found that T2 and T8 are undergoing a decrease in breathy voice with tone changes, but breathy voice is decreas-

ing without tone change in T6. Younger female speakers are ahead of younger male speakers in the decrease in

breathy voice. This paper provides a valuable investigation of the change in breathy voice after tone split and con-

tributes to our understanding of the development of phonation types.

� 2023 Elsevier Ltd. All rights reserved.
1. Introduction

In East and Southeast Asian languages, the devoicing of
voiced initial consonants often results in the transphonologiza-
tion of a voicing contrast to a tone contrast on the following
vowel (Haudricourt, 1954, 1972; Maspero, 1912; Matisoff,
1973). This process of the emergence of tone contrast from
earlier non-tone contrast is usually called tonogenesis
(Michaud & Sands, 2020; Thurgood, 2020). Although tonogen-
esis can be induced by other factors, such as final laryngeal
consonants and vowel intrinsic pitch (Michaud & Sands,
2020), this study focuses on tone split, which refers to the
two-way tone contrast induced by the voicing contrast of the
initial consonants. A growing body of evidence has raised
the hypothesis that tone split may be mediated by a phonation
stage, in which breathy voice induced by voiced consonants
plays a pivotal role. When tone split is complete, breathy voice
can undergo further development. The further change in
breathy voice may interact with laryngeal features in conso-
nants and tones. However, most of the time, we only observe
the end result of the development of breathy voice, and few
studies have been done on a change in progress. This paper
presents a case study of Suzhou Wu Chinese, in which the
breathy voice induced by formerly voiced consonants is chang-
ing. The rest of the Introduction will review the role of breathy
voice in tone split and the possible outcomes of further change
in breathy voice after tone split. Previous studies on breathy
voice in Wu Chinese and the motivation for choosing Suzhou
Wu will be summarized in the next section. The research ques-
tion of this study is to investigate whether younger speakers of
Suzhou Wu differ from older and middle-aged speakers in the
production of breathy voice and whether they produce less
breathy voice. This will be laid out in more detail in the final part
of the Introduction.
1.1. The role of breathy voice in tone split

Tone split is often accompanied by a phonation stage, in
which syllables with originally voiceless initial consonants
retain modal voice and those with formerly voiced consonants
develop breathy voice. This is especially true in East and
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Southeast Asian languages (Haudricourt, 1965). The process
is represented schematically in (1). At first, the distinction is
between voiceless (T) and voiced (D) obstruents. The voiced
obstruents then devoice, becoming voiceless with breathy
voice and a low tone on the following vowel ( ), and the vowel
following the originally voiceless obstruents has a high tone
(V´) and with modal voice. The breathy voice can change fur-
ther after tone split (there is more discussion of this in Sec-
tion 1.2 below). There is some evidence of the role of
breathy voice in tone split. For example, tone split caused by
the merger of voiceless and voiced initials is in progress in
Tamang-Gurung-Thakali-Manangke (TGTM) languages, a
group of Tibeto-Burman dialects spoken in Nepal
(Mazaudon, 2005, 2012). Tone 1 and Tone 2 are associated
with voiceless initial consonants, while Tone 3 and Tone 4
are associated with the formerly voiced ones. A detailed
acoustic analysis revealed that a bundle of features, including
allophonic voicing, pitch and breathy voice, are used to charac-
terize Tone 3 and Tone 4 in Risiangku Tamang (Mazaudon &
Michaud, 2008). Similarly, the voicing contrast of the initial con-
sonants has also been lost and resulted in tonogenesis in
Kammu, a Mon-Khmer language spoken mostly in Laos
(Kirby, Pittayaporn, & Brunelle, 2023; Svantesson, 1989;
Svantesson & House, 2006). It is reported in some Kammu
dialects that the voiced stops are devoiced, with accompany-
ing breathy voice and low pitch (Premsrirat, 2003).
TV > T V́ > T V́ ð1Þ

DV > T > T /THV̀/TV̀
A two-way tone split caused by the devoicing of voiced ini-

tial consonants also occurred in Late Middle Chinese (8th-12th
century CE) (Ferlus, 2009; Pulleyblank, 1978). Voiceless initial
consonants gave rise to tones with higher pitch (Yin 阴), while
voiced ones gave rise to tones with lower pitch (Yang 阳). The
idea that the tone split was accompanied by an early stage of
breathy voice was entertained as early as Pulleyblank (1978).
He proposed that voiced initial consonants induced breathy
voice on the following vowel, like in Wu Chinese. He also drew
a parallel between breathy voice and the chest register in Mon-
Khmer languages (Henderson, 1952; Shorto, 1966), which
was also derived from voiced consonants. Impressionistic
description of breathy voice in syllables with voiced initial con-
sonants in Wu Chinese was first provided by Liu (1925) and
Chao (1928), and experimental evidence was later provided
by Cao and Maddieson (1992), which will be discussed below.
The plausibility of this proposal is further confirmed by the
presence of breathy voice in other Chinese dialects, such as
Gan and Xiang dialects (see Zhu (2010), who used the term
“slack voice” instead of breathy voice).

There is even a stage of breathy voice in the emergence of
tone induced by contrasts other than onset voicing. In Phnom
Penh Khmer, the trill /r/ in onset position is lost in colloquial
speech, resulting in aspiration, lower fundamental frequency
(henceforth f0), breathy voice, and diphthongization (Kirby,
2014). These cues all contribute to the contrast between /
CrV/ and /CV/ in perception. Breathy voice and aspiration
are employed as redundant cues, while f0 is the most salient
cue (Kirby, 2014). Kirby accounted for the incipient tonogene-
sis with the hypothesis that the frication noise often found in
trills extended to the vowel and caused breathy voice and
low pitch.

It should be noted that breathy voice is also involved in reg-
istrogenesis (Brunelle & Tạ, 2021; Diffloth, 1982) in which the
onset voicing is transphonologized to a register contrast in
the following vowel, where the vowel following voiced onsets
is more centralized and later causes a split of the vowel sys-
tem. (For a thorough review of register and registrogenesis,
see Brunelle and Tạ (2021).) For example, in Mon-Khmer lan-
guages, Huffman (1976) proposed a five-stage model of the
evolution of register. In the second or “transitional” stage,
voiced initial consonants induced slight aspiration and a lax
breathy voice in the following vowels. This has been supported
by experimental evidence. Although in most dialects of Khmer
the vocalic split is complete, Wayland and Jongman (2003)
found breathy voice in the low register in the Chanthaburi dia-
lect of Khmer.

Based on the parallels of breathy voice in registrogenesis
and tone split, some authors proposed a unified account for
both: a phonation stage mediates the original voicing contrast
and the split of the vowel system or tone split (Michaud, 2012;
Thurgood, 2002). This “laryngeally-based” account is physio-
logically plausible in that the production of voiced initial conso-
nants may have a lower laryngeal position and slacker vocal
folds, which could lead to a larger glottal opening and thus
breathy voice. Therefore, based on this account, the voiced ini-
tial consonants first induce breathy voice in the following
vowel, which later develops into a low tone or a more central-
ized vowel. Multiple acoustic cues can co-exist to contribute to
the contrast (Thurgood, 2002; Chen, 2015; Mazaudon, 2012).
It should be pointed out that not all languages that have under-
gone tone split had a phonation stage in which breathy voice is
involved. Evidence is also lacking of an automatic relationship
between voicing and breathy voice (See Brunelle, Tạ, Kirby, &
Giang, 2020; Brunelle, Brown, & Phạm, 2022 for more discus-
sion). For example, the tone split in Africaans goes directly
from the consonant voicing contrast to a tone contrast
(Coetzee, Beddor, Shedden, Styler, & Wissing, 2018) and no
phonation is involved in the incipient tone split in Seoul Korean
(Bang, Sonderegger, Kang, Clayards, & Yoon, 2018), although
it has been reported earlier that different types of stops in Kor-
ean are pronounced with different voice quality (Cho, Jun, &
Ladefoged, 2002). More recently, Kirby et al. (2023) investi-
gated the production of tone and voice quality in Northern
and Eastern Kmhmu' (also referred to as Khmu) and found
no evidence of phonation difference. Nevertheless, there is
evidence in other non-tonal languages (e.g., Yerevan Arme-
nian, Seyfarth & Garellek, 2018) that voiced stops are pro-
nounced with breathy voice, which could be a precursor to a
potential tonal contrast. To sum up, whether a phonation stage
is obligatory for tonogenesis and tone split is still unclear.
1.2. Further development of breathy voice after tone split

After tone split, breathy voice can undergo different
changes with regard to consonant and tone (Pittayaporn &
Kirby, 2017). First of all, breathy voice can be retained for a
long time as an enhancement feature of the tone contrast, as
represented by T `̤ in (1). Such is the case in Wu Chinese.
The breathy voice was reported impressionistically early on
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by Chao (1928), and it has been repeatedly confirmed by later
instrumental studies, as will become clear in the next section. It
has only very recently been reported that the breathy voice in
Shanghai Wu (Gao, 2016; Zhang & Yan, 2018) and Lili Wu
(Shi, Chen, & Mous, 2020) is disappearing, and only among
younger speakers (aged below 30). Therefore, it is likely that
the breathy voice has been well preserved for centuries.

On the other hand, breathy voice can be reanalyzed as
aspiration of the initial consonant, thus changing the originally
voiced consonants to voiceless aspirated consonants, repre-
sented by TH in (1). The process can be across-the-board,
in which voiced consonants become voiceless aspirated con-
sonants for all tones. This has been found in several Chinese
dialects, for example, the Hakka dialect (Hashimoto, 1973,
1992), the Gan dialect (Sagart, 2002), and the Jin dialect
(Sagart, 1990). In addition to Chinese dialects, this situation
is also commonly found in Southeast Asian languages. In the
She language (畲语) spoken in southern China, the previously
voiced initial consonants have become voiceless aspirated
consonants, while in other Hmong-Mien languages voiced ini-
tial consonants have become voiceless unaspirated conso-
nants or voiceless consonants with breathy voice (Mao &
Meng, 1986). The change of voiced initials to voiceless aspi-
rated initials has also been reported for Central Thai
(Abramson & Erickson, 1992) and Lao (Osatananda, 1997).
This process can also be interrupted by other factors, which
results in voiceless aspirated consonants, but only in certain
tones. In Mandarin Chinese1, only the originally voiced obstru-
ents in Tone 2 became voiceless aspirated consonants, and no
aspiration has been found in other tones. Pulleyblank (1978)
proposed that breathy voice was lost in these other tones earlier
than in Tone 2 due to dissimilation to the syllable-final /-h/. The
reanalysis of breathy voice to aspiration in Tone 2 is prevalent
in Northern Mandarin dialects of Chinese.

Tone change can also influence the development of breathy
voice. In some languages, the loss of breathy voice can be
accelerated by tone change. Mazaudon (2012) reported that
Tone 3 and Tone 4 in Tamang are associated with formerly
voiced initial consonants and both have breathy voice and a
low pitch. However, in some dialects, Tone 3 or Tone 4 is no
longer produced with breathy voice. For example, breathy
voice is only retained in Tone 3 in Taglung Tamang and Marpha
Thakali. Similarly, in Manang, there is only breathy voice in
Tone 4 but not in Tone 3. Tone 4 in Taglung Tamang and Mar-
pha has changed to a high falling tone [51] and Tone 3 in Man-
ang has become [54]. Mazaudon (2012) proposed that when
the pitch changes to a high pitch, breathy voice is no longer
compatible with the articulation because breathy voice’s artic-
ulatory settings of glottal opening and slacker vocal folds would
inhibit the rate of vibration of the vocal folds. Therefore, as one
of the features contributing to the tone contrast, a change in
breathy voice and its possible loss may be influenced by tone
change.

These findings show that breathy voice can have two pos-
sible outcomes, either to be preserved or to be lost. As a
1 There are four tones in Mandarin Chinese. Pingsheng (平声, level) in Middle Chinese
split into Tone 1 (high level) and Tone 2 (low rising) in Mandarin. Shangsheng (上声, rising)
with voiced initials merged with those in Qusheng (去声, entering), which gave rise to Tone
4 (high falling) in Mandarin. Tone 3 (dipping) consists of Shangsheng (上声) with originally
voiceless and sonorant initials only (Pulleyblank, 1978).
phonation type, breathy voice can interact with other voice
source features. It can be transformed into aspiration of the ini-
tial consonant. The pitch of tones may also exert an influence
on breathy voice and in some cases facilitate its loss.
1.3. The breathy voice of the low register tones in Wu Chinese

Wu Chinese is a dialect group spoken in eastern China,
mainly in the Southern Jiangsu Province, Zhejiang Province
and Shanghai. One of the defining features of Wu Chinese is
that it retains the voicing contrast of obstruents in Middle Chi-
nese (4th-12th century CE). There is a co-occurrence restric-
tion between initial consonants and tones in Wu Chinese.
Wu Chinese has a three-way contrast in plosives, with voice-
less unaspirated plosives, voiceless aspirated plosives and
voiced plosives. Tones in Wu Chinese can be divided into high
and low registers, and voiceless unaspirated and aspirated ini-
tial consonants only co-occur with tones in the high register,
whilst voiced consonants can only appear with the low register
tones. Moreover, the previously voiced obstruents are now
realized with no pre-voicing but with non-modal phonation on
the following vowel. The non-modal phonation was initially ter-
med as “voiceless sound with voiced aspiration” (清音浊流,
Chao (1928, 1967), translation by Ren (1992, p. 9)). The
non-modal phonation was also referred to as slack voice
(Ladefoged & Maddieson, 1996, pp. 64–65), whispery voice
(Rose (1989) for Zhenhai Wu, and Tian and Kuang (2021)
for Shanghai Wu), and more often as breathy voice (see
Tian and Kuang (2021) and references therein). This study
uses the term breathy voice to refer to the non-modal phona-
tion, yet with caution, as it may have some differences from
typical breathy voice which is mainly caused by the larger glot-
tal opening than modal voice, as found in Gujarati (Khan,
2012).

Suzhou Wu is a Northern Wu Chinese dialect spoken in
Suzhou, a city to the west of Shanghai. There are seven tones
in Suzhou Wu, including five unchecked tones, and two
checked tones which occur only in syllables with a final glottal
stop, as shown in Table 1. The tone names in the head row are
inherited from Chinese historical phonology and their mean-
ings (in italics) are thought to be indicative of their original tonal
values. The tonal values of Suzhou Wu are transcribed using
Chao’s tone numerals (1930b; Chao, 1930a), where 5 repre-
sents the highest pitch level and 1 the lowest. As in other
Wu dialects, Suzhou Wu also has a tone system where the
voicing of onset consonant, pitch, and phonation type are inter-
dependent. T1, T3, T5, and T7 are high register tones with
modal voice and can only co-occur with voiceless unaspirated
and aspirated initial consonants, while T2, T6, and T8 (histor-
ically T4 merged with T6) are low register tones with breathy
voice which can only co-occur with voiced initial consonants.
While T1, T2, T3, T5, and T6 are unchecked tones which
appear in open syllables or syllables ending with a nasal coda,
T7 and T8 are checked tones which only appear in syllables
with a glottal stop coda and are shorter in duration. Although
initial consonant voicing, phonation type and pitch are interde-
pendent, f0, as the acoustic correlate of pitch, is the dominant
cue for tones in Wu Chinese. For example, when listeners of
different language backgrounds were asked to identify whether
the initial consonant was voiced, the results showed that only a



Table 1
Tones in Suzhou Wu, their pitch values and consonant voicing co-occurrence.

Ping平声 level Shang上声 rising Qu去声 departing Ru入声 entering

high register, voiceless T1 [44] T3 [51] T5 [412] T7 [55 ʔ]
low register, voiced T2 [223] T6 [231] T8 [23 ʔ]
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low f0 can induce the response of voiced consonants, espe-
cially for listeners with a language background in Wu Chinese
(Cao, 1987). This indicates that the tone split in Wu Chinese
(especially for Northern Wu) is already complete.

Compared to Shanghai Wu, the most well studied Wu dia-
lect, studies on Suzhou Wu have only investigated a few
speakers and a comprehensive study is still lacking. More
importantly, Suzhou Wu has been chosen for this study
because it has a more conservative tone inventory than
Shanghai Wu. Suzhou Wu has seven tones with three pairs
(T1 vs. T2, T5 vs. T6, T7 vs. T8) in different registers. For
Shanghai Wu, most of the studies focused on the unchecked
tone pair (Tone 2 vs. Tone 3), while our study takes all the tone
pairs (both unchecked and checked) in Suzhou Wu into con-
sideration, thus providing a more comprehensive picture of
the change in breathy voice. Moreover, Suzhou Wu tones
are undergoing some changes in pitch, as reported by Bei
(2011). The pitch of the low register tones is slightly higher
for younger speakers than for older speakers, especially at
the beginning of the vowel. This potential tone change might
have an influence on the change in breathy voice, as demon-
strated by the change in breathy voice in Tamang (Mazaudon,
2012), which is dependent on a change in pitch contours. Addi-
tionally, the checked tones have a glottal coda, which can often
be implemented as creaky voice. Although it has been
reported by Gao and Kuang (2022) that the glottal stop in the
checked tones of Shanghai Wu has mostly been lost, close
inspection during segmentation showed that the glottal stop
in the checked tones of Suzhou Wu is largely intact. It can
be realized as a glottal stop or creaky voice at the end of the
vowel. With conflicting articulatory settings within a short dura-
tion, the breathy voice in T8 would also be expected to be dif-
ficult to maintain. Therefore, by including all the tone pairs in
the Suzhou tone inventory, the study investigates whether
the change in breathy voice is at the same pace for all the
low register tones.

Thus, it is of interest to investigate the development of
breathy voice in Wu Chinese after tone split and Suzhou Wu
is ideal as a representative dialect of Wu Chinese, as it is more
conservative than Shanghai Wu and is undergoing potential
tone change. As reviewed above, breathy voice could be
retained as an enhancement cue to the tone contrast, or it
can be reanalyzed as consonant aspiration. It can also disap-
pear, which may be influenced by tone change.

There have been some studies of the breathy voice in Wu
Chinese, especially for Shanghai Wu. A summary of these
studies is shown in Table 2. Apart from VOTand f0, commonly
used acoustic measurements are H1-H2 (as f0-H2 by Shi,
1990, the difference between the amplitudes of the first and
the second harmonics) and H1-A1 (as F1-f0 in Shi, 1990 and
H1-F1 in Ren, 1992, the difference between the amplitude of
the first harmonic and that of the harmonic near the first for-
mant). Several articulatory investigations have also been
made. Air pressure was measured using Air Flow/Air Pressure
by Cao and Maddieson (1992) and intraoral pressure (Po) by
Iwata (1995). Electroglottography (EGG) was also used and
Open Quotient (OQ, the ratio of the open phase to an entire
vocal vibration cycle, Holmberg, Hillman, Perkell, Guiod, &
Goldman, 1995), Contact/Closed Quotient (the reverse of
OQ), Speed Quotient (the ratio of the contacting duration to
the decontacting duration) and Peak Increase Contact (PIC)
were measured. Some studies also used other articulatory
technologies such as electromyography (EMG, Iwata, 1995)
and electrophotoglottography (EPGG, Gao, Hallé, Honda,
Maeda, & Toda, 2011). Although different measurements have
been used, some consistent acoustic and articulatory proper-
ties have been reported. For the breathy voice following voiced
consonants, there is more energy in the first harmonic and
more noise than for the modal phonation following voiceless
unaspirated consonants. In terms of articulation, the vowel fol-
lowing the voiced consonants is pronounced with a larger OQ
than that of the vowel following the voiceless unaspirated
consonants.

It is widely reported that the low register tones in Wu Chi-
nese are pronounced with breathy voice with larger amplitude
in the first harmonic (H1) relative to that of H2 and to the ampli-
tude of the harmonics adjacent to the first three formants (A1,
A2, A3). The earliest experimental study by Cao and
Maddieson (1992) reported lower H2-H1 (i.e., higher H1-H2)
and F1-H1 (i.e., higher H1-A1) for the low register tones at
30 ms after the initial stop release, using data from four Wu dia-
lects, including both Northern (Shanghai, Changyinsha,
Ningbo) and Southern (Wenzhou) Wu dialects. Consistent
results were also reported by Ren (1992), and more recently
by Gao and Hallé (2017) and Tian and Kuang (2021) for
Shanghai Wu, and Xu and Mok (2021) for Kunshan Wu.

Although most of the early studies concentrated on spectral
tilt measurements, noise measurements are also important in
Wu breathy voice. The voiced stops in Suzhou Wu are pro-
duced with stronger aspiration than voiceless unaspirated
stops, but smaller aspiration than voiceless aspirated stops,
which was demonstrated by Shi (1983) with a simple experi-
ment. In the experiment, an ignited match was put in front of
the speaker’s mouth. While the flame was extinguished when
pronouncing the aspirated stop, it only swayed for the voiced
stop and unaffected by the voiceless unaspirated stop. Acous-
tic measurements have also shown that there is a strong noise
component for the voiced stops. It has been reported that
there is a stronger noise component in the breathy voice of
the low register tones in Jiashan Wu (Jiang & Kuang, 2016)
and Shanghai Wu (Tian & Kuang, 2021; Zhang & Yan, 2018)
with a lower cepstral prominence peak (CPP) and/or
Harmonic-to-Noise Ratio (HNR). Tian and Kuang (2021)
reported that the noise component is even more important
than spectral measures for Shanghai Wu. They conducted a
linear discriminant analysis (LDA) and found that CPP and



Table 2
A summary of previous studies on the phonation distinction in Wu Chinese.

source Wu variety speakers method acoustic measurements articulatory measurements

Shi, 1983 Suzhou 2 M, 2F acoustic VOT, f0, amplitude N/A
Shi, 1990 Suzhou 3 M, 1F acoustic f0-H2, F1-f0 N/A
Cao & Maddieson,

1992
Shanghai, Changyinsha,
Ningbo, Wenzhou

2 M, 2F for Shanghai, 2 for each
other dialects

acoustic, airflow H2-H1, F1-H1 AF/AP (Air Flow/Air Pressure)

Ren, 1992 Shanghai 3 M, 1F acoustic, airflow, fiberscope and
transillumination

H1-H2, H1-F1 OQ, SQ, maximum and minimum
airflow

Iwata, 1995 Suzhou not mentioned fiberscope, EMG N/A Po, EMG
Chen, 2010 Shanghai not mentioned acoustic, EGG H1-H2 OQ
Chen, 2011 Shanghai 2 M, 4F acoustic ACT (After closure time), f0, H1-H2 N/A
Gao et al., 2011 Shanghai 6 young (3 M), 4 old (3 M) acoustic, EPGG

(electrophotoglottography)
H1-H2, HNR location and amplitude of glottal

opening maximum
Gao, 2016 Shanghai 6 young (24–25, 3 M), 4 old (64–

72, 3 M)
acoustic, EGG H1-H2, H1-A1, H1-A2, CPP (Cepstral Prominence Peak), F1 OQ

Jiang & Kuang,
2016

Jiashan 6 M, 6F acoustic H1*–H2*a, H1*-A1*, H1*-A2*, H1*-A3*, CPP N/A

Gao & Hallé, 2017 Shanghai 12 young (6 M); 10 old (4 M) acoustic, EGG H1-H2, HNR, OQ
Zhang & Yan,

2018
Shanghai 5 M, 5F acoustic VOT, f0, H1*–H2*, CPP N/A

Kuang, Tian, &
Jiang, 2019

Shaoxing 4 M, 4F acoustic H1*–H2*, H1*-A1*, H1*-A2*,
H1*-A3*, CPP

N/A

Tian & Kuang,
2021

Shanghai 20 M, 32F acoustic, EGG H1*–H2*, H1*-A1*, H1*-A2*, H1*-A3*, CPP, HNR CQ, SQ, PIC

Zhang, Xu & Mok,
2019

Wenzhou 4 young (2 M), 4 old (2 M) EGG N/A CQ

Shi et al., 2020 Lili 20 young, 20 middle, 20 old acoustic H1*–H2* N/A
Xu & Mok, 2021 Kunshan 6 young (3 M), 6 old (3F) acoustic H1*-A1*, H1*-A2*, H1*-A3*, H2*-H4*, H4*-H2K*, H2K*-H5K*, H1*-H4*,

H1*-H2K*, H1*-H5K*, HNR, CPP
N/A

a The asterisk indicates formant corrected values of the spectral measurements.
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HNR contribute more to the discrimination of breathy voice
from modal voice.

Breathy voice in Wu Chinese also differs from modal voice
in articulatory measurements. Iwata (1995) investigated the
voiced consonants in Suzhou Wu using fiberscopy and elec-
tromyography (EMG) and found that the activities of the
cricothyroid (CT) and vocalis (VOC) muscles are inhibited for
voiced consonants, and they are characterized by an
aryepiglottic constriction and lowering of the larynx. This is
consistent with the tension hypothesis proposed by Halle and
Stevens (1971) that the low pitch related to voiced consonants
should be attributed to the lower CT activity and the lower lar-
ynx position. Using airflow and transillumination data mea-
sured at the initial and medial points of the vowel, Ren
(1992) found that voiced stops in Shanghai Wu are pro-
nounced with more abducted glottis than voiceless stops, but
they are not as abducted as voiceless aspirated stops. Gao
et al. (2011) reported earlier and lower glottal-opening peaks
for syllables with breathy voice in Shanghai Wu using elec-
trophotoglottography (EPGG). Larger OQ for breathy voice
was reported by Ren (1992) using airflow, and also by Chen
(2010), Tian and Kuang (2021) and Zhang, Xu, and Mok
(2019) using EGG.

The time course of the breathy voice in Wu has also been
investigated. It was reported by Shi (1983), Cao and
Maddieson (1992), Ren (1992), and Gao and Hallé (2017) that
breathy voice was not limited to the consonant release and
continued at least until the midpoint of the vowel. Breathy voice
can even continue throughout the syllable for checked tones in
Kunshan Wu (Xu & Mok, 2021). Moreover, it has also been
reported that the difference between breathy voice and modal
voice decreases towards the end of the syllable (Cao &
Maddieson, 1992; Ren, 1992).

It should be noted that not all studies have consistent find-
ings, and the influence of gender and age should be high-
lighted. Shi (1990) found that although H1-H2 was higher
for the low register tones for three male speakers in Suzhou
Wu, it was lower than the high register tones for the one
female speaker. Chen (2011) also showed that H1-H2 was
higher for voiced consonants than voiceless consonants in
syllables with /o/, but not for those with /ɪ/. More recent stud-
ies revealed less difference between the low and high register
tones in phonation for younger speakers than older speakers.
Zhang and Yan (2018) reported no significant difference in
H1*–H2* and CPP with data from younger Shanghai Wu
speakers (aged 19–30). Furthermore, by examining the pro-
duction of older and younger speakers, Gao (2016) reported
that the breathy voice in Shanghai Wu is disappearing. She
also found that the loss of breathy voice is more advanced
for female speakers and attributed it to the contact with Stan-
dard Chinese. The decrease in breathy voice was also
reported by Shi et al. (2020) for Lili Wu. Their data also
showed that the voicing ratios of voiced fricatives were
decreasing but no significant difference was found between
the VOTs of voiceless unaspirated and voiced stops. There-
fore, the breathy voice in Shanghai and Lili Wu is gradually
disappearing and it does not seem to be reanalyzed as aspi-
ration of the initial consonant, as it is in the case of Hakka
and Gan Chinese.
1.4. The present study

As pointed out in Section 1.1, breathy voice can interact
with tone and the laryngeal features of initial consonants after
tone split. The first aim of the present study is to document the
current state of tone and initial consonant in Suzhou Wu and to
investigate whether speakers of different age groups pro-
nounce tone and initial consonant differently. Apart from that,
this study will concentrate on the difference in phonation type
among speakers of different age groups. Although a number
of studies have been done on breathy voice in Wu Chinese,
they had several limitations. First, although recent studies in
Shanghai Wu are sophisticated in their measurements (e.g.,
Tian & Kuang, 2021), the spectral measurements in Suzhou
Wu have not been corrected for formant frequencies. In Shi
(1990), the uncorrected measurements were aggregated for
vowels of different heights, which makes the results even more
tentative. In other studies, inappropriate rhymes were used.
For example, the rhymes used in Chen (2011) were /ɪN/ and /
oN/, and the nasal final would introduce nasalization to the
vowel, especially for /ɪN/, which was described as a nasalized
vowel elsewhere. Nasalization would influence the measure-
ment of H1-H2 as an indicator of breathiness (Garellek,
Ritchart, & Kuang, 2016; Simpson, 2012). Apart from these,
recent studies on the change in breathy voice may not be suf-
ficiently fine-grained in the time course of vowels. For example,
LDA was conducted on the averaged values of the acoustic
measurements over the entire vowel in Gao (2016), and only
three measurement points were used in Shi et al. (2020).
These approaches may miss critical information as they can-
not reveal how the time course of breathy voice changes within
a syllable. Furthermore, as demonstrated by Kuang (2017),
voice quality can covary with pitch. It becomes creakier when
pitch lowers. This is especially pertinent to Suzhou Wu
because in Suzhou Wu, tones in the high and low register
tones have distinct pitch contours, unlike T1 and T3 in Shang-
hai Wu, which both have a rising pitch contour. Additionally,
since we included checked tones in this study, the glottal stop
coda can introduce glottalization, which may interact with the
breathy voice in T8. Therefore, to overcome the limitations,
the current study used CV syllables only and corrected the
spectral measurements for vowel formant frequencies using
VoiceSauce (Shue, Keating, Vicenik, & Yu, 2011). Due to the
different pitch contours between the high and low register
tones in Suzhou Wu, the phonation measurements were com-
pared combining high and low register tones using Principal
Component Analysis (PCA) and LDA. Also, in light of the fact
that phonation can covary with pitch, and in order to demon-
strate the interaction between breathy voice and the glottal
stop coda in the checked tones, the time course of breathy
voice was also investigated using Generalized Additive Mixed
Models (GAMM, Wood (2017); Wieling (2018)).

To investigate changes in breathy voice in Suzhou Wu, this
study aims to answer the following questions.



Table 3
Number of speakers in different genders and age groups.

Age group Female Male Mean age (age range)

younger 5 5 24 (21–29)
middle-aged 10 6 49.8 (43–54)
older 5 5 71.3 (65–84)
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1. Are there any differences between younger, middle-aged and older
speakers in initial consonants and pitch contours of tones?

2. Is the breathy voice of the low register tones used less by younger
speakers than by older and middle-aged speakers?

3. What are the differences in the time course of breathy voice
between younger, middle-aged and older speakers? Do older and
middle-aged speakers have more extensive breathy voice in low
register tones than younger speakers?

To answer these questions, simultaneous audio and elec-
troglottographic (EGG) data of monosyllabic words were col-
lected from younger, middle-aged, and older speakers. By
including speakers from three age groups and all the tones
in the tone inventory, this study will contribute to our under-
standing of the change in breathy voice after tone split, and
the change in phonation type in general.
2. Method

2.1. Speakers

Thirty-six native speakers of Suzhou Wu were recruited to
participate in the production experiment. The ages of these
speakers at the time of recording ranged from 21 to 84. The
speakers were divided into three age groups, where older
speakers were those aged over 60 (l = 71.3, r = 6.15),
younger speakers were aged under 30 (l = 24, r = 2.71),
and the middle-aged speakers were in-between (l = 49.8,
r = 2.99). Table 3 summarizes the number of speakers in
each gender and age group. The gender ratio was balanced
for the older and younger speakers, while there were more
females in the middle-aged group. All speakers were native
speakers of Suzhou Wu and spoke Suzhou Wu to their family
members. They also spoke Mandarin Chinese and all the
younger speakers had also learned English in school from
an early age.
2 Although the zero onset is sometimes realized as a glottal stop, it is weak in articulation
and does not induce creaky voice in the following vowel. The voiced glottal fricative is used
to indicate the presence of breathy voice. The zero onset and the voiced glottal fricative are
usually treated as voiceless and voiced counterparts in previous literature on Wu Chinese
(see Li, 1966 on Wenling Wu), parallel to other voiceless and voiced obstruent onsets.
2.2. Materials

Test words used in this study were monosyllabic words of
CV (unchecked tones) or CVʔ (checked tones) structures.
The onsets were stops, fricatives, or zero, that is /p b t d k ɡ
f v s z ø ɦ/ (here ø indicates zero onset), and the rhymes were
/ɑ ɪ e/ for unchecked tones and /aʔ ɪʔ əʔ/ for checked tones.
Syllables of all seven tones were included. Therefore, there
should ideally be 12 tokens for each voiceless onset, and 9
for each voiced onset. However, due to phonotactic con-
straints, some combinations are not possible and there were
103 tokens in total. Affricate and nasal onsets were not used
because there are only a few syllables with the low register
tones. Aspirated stops were also not used because the aspira-
tion would induce some breathy voice in the following vowel
and complicate the data. Note that we treated voiced glottal
fricative /ɦ/ as the counterpart of zero onset in the low register.
The zero onset is usually realized as a glottal stop. Thus, the
zero onset and the voiced glottal fricative is parallel to voice-
less and voiced stops2. Although the articulation of the glottal
fricative /ɦ/ should have a spread-glottis configuration, it is likely
that it is no stronger than that in voiced stops, as there is also a
similar configuration in voiced stops due to stronger aspiration.
The aspiration of voiced stops was demonstrated by Shi
(1983) match experiment, as reviewed in Section 1.3. On the
other hand, no creaky voice was found after glottal stops. There-
fore, the inclusion of the glottal sounds should have little effect
on the results. Table A1 in the Appendix shows the test words.
2.3. Procedure

The monosyllabic test words in Chinese characters were
printed on a sheet of paper and were read in isolation by the
speakers. The order of the words was randomized, and all
speakers read the material in the same randomized order. All
speakers read the word list three times. Therefore, there were
309 tokens for each speaker.

Simultaneous audio and electroglottographic (EGG) record-
ings were made for all the speakers. The recordings were in
two channels, with the first as audio signals and the second
as EGG. EGG signals were recorded through the Glottal Enter-
prises EG2-PCX EGG equipment and audio signals using a
Behringer ECM8000 microphone through the Scarlett Solo
Studio 2nd Gen audio interface. The EGG electrodes were
attached to the speaker’s neck, at the Adam’s apple, where
the thyroid cartilage is located. Both audio and EGG signals
were sampled at 44,100 Hz with a 16-bit precision.
2.4. Measurements and analyses

The recordings were manually segmented in Praat
(Boersma, 2020). Each syllable was segmented into a conso-
nant interval and a vowel interval. For stops, VOT was marked
between the release burst and the zero crossing of the first
periodic pulse. For fricatives, the duration was marked as vis-
ible frication until the first periodic pulse of the vowel. The
vowel interval was defined as the portion between the zero
crossing of the first periodic pulse and the end of F2. During
segmentation, all voiced initial consonants were found to be
phonetically voiceless. The voiced portion during the voiced
fricative was also segmented but it turned out that there were
only a few voiced pulses before the vowel, which is not differ-
ent from a voiceless fricative (but see Gao and Hallé, 2017 for
different patterns in Shanghai Wu, which have longer voicing
ratios for voiced fricatives). Another point worth noting is that
the initial /ɦ/ has a very short duration of voiced aspiration
(Schertz and Khan, 2020; Garellek, Chai, Huang, & Doren,
2021). Some tokens had a short interval of voiceless frication
while some other tokens (especially those preceding the high
front vowel /i/) had no frication at all. For the former, the
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frication was excluded from the vowel interval, and for the latter
the whole syllable was taken as the vowel interval. The
acoustic and EGG measurements were made during the vowel
interval.

During segmentation, some of the tokens were found to
have been mispronounced and these tokens were excluded.
The mispronunciation can be classified into the following cate-
gories. In the first category, the speaker's pronunciation of the
syllable was not the same as intended by the experimental
design due to literary or colloquial readings3. Another category
is that some speakers merged some tokens of T5 to T3, and
these merged T5 tokens were also excluded. Some other tokens
were simply that the speakers wrongly pronounced the charac-
ter, either due to misidentification of the character or slips of the
tongue. The judgements were made by the first and second
authors, who are both native Wu speakers. The exclusion of
these tokens resulted in 6.3% of data loss and there were
10,427 valid tokens in total.

Acoustic measurements were made using VoiceSauce
(Shue et al., 2011). The acoustic measurements were aver-
aged over ten intervals during the vowel duration. F0 was
measured using the STRAIGHT algorithm, and formants
using the SNACK Toolkit. Spectral tilt measurements (H1*–
H2*, H1*-A1*, H1*-A2*, H1*-A3*) and noise measurements
(CPP, HNR in 0–500, 0–1500, 0–2500, 0–3500 Hz bands)
were measured. All spectral tilt measurements were cor-
rected for vowel formants and their bandwidths using the
algorithm in Iseli, Shue, and Alwan (2007) and marked with
an asterisk (*). We included various acoustic measurements
to capture different aspects of breathy voice. Breathy voice
has higher H1*–H2* than modal voice, which is correlated
with a larger opening of the glottis (Kreiman, Iseli,
Neubauer, Shue, Gerratt, & Alwan, 2008) and decreased
medial surface thickness (Zhang, 2016a). Higher H1*-A1*
reflects larger posterior opening related to the membranous
part of the vocal folds (Hanson, Stevens, Kuo, Chen, &
Slifka, 2001), while H1*-A2* and H1*-A3* are thought to
reflect abruptness of the vocal fold adduction (Hanson
et al., 2001; Holmberg et al., 1995). Breathy voice also has
a stronger noise component than modal voice, which can
be quantified using Cepstral Peak Prominence (CPP,
Hillenbrand, Cleveland, and Erickson (1994)) and Harmonic-
to-Noise Ratio (HNR, de Krom (1993)).

EGG measurements were made using a MATLAB program.
EGG signals were high-passed at 20 Hz. However, even after
high-pass filtering, the EGG signals of some speakers were
still too noisy. The EGG data of six speakers were removed.
These included two older female speakers (F07, F20), one
middle-aged female speaker (F13), and three younger speak-
ers (F15, F16, M01). Thus, the EGG analyses consisted of the
data of 15 female speakers and 15 male speakers. Note that
the acoustic data of these speakers were not excluded. Each
glottal cycle was identified in the signal using the EGG peak.
The highest point of dEGG signal during each glottal cycle
was taken as the dEGG peak. CQ was calculated based on
the dEGG peak and 25% threshold of the current EGG cycle's
3 In Chinese dialects, some characters have more than one pronunciation, in which the
colloquial reading is used in an informal context and the literary reading is borrowed from
the standard dialect and used in more formal contexts.
amplitude, i.e., using the hybrid method (Henrich,
d’Alessandro, Doval, & Castellengo, 2004; Herbst &
Ternström, 2006; Howard, 1995). An example of EGG and
dEGG signals of /pɑ1/ (top) and /bɑ2/ (bottom) produced by
the same speaker is shown in Fig. 1. The solid blue lines are
EGG signals and the orange dashed lines are dEGG signals.
The solid vertical line represents the position of the dEGG
peak and the vertical dashed line the position of the 25%
threshold of the amplitude of the EGG peak. The interval
between the previous dEGG peak and the 25% threshold is
the closed phase, while that between the 25% threshold and
the following dEGG peak is the open phase. The figure is rep-
resentative in that /bɑ2/ has a longer open phase than /pɑ1/.
The reason for not using the negative dEGG peak to determine
the beginning of glottal opening (as done by Mazaudon and
Michaud (2008), DiCanio (2009) and Tian and Kuang (2021))
is that the negative peak is usually not clearly defined, as
can be seen from the dEGG signal in Fig. 1, especially in the
bottom panel. Breathy voice has a smaller CQ than modal
voice, indicating shorter glottal constriction (DiCanio, 2009;
Mazaudon & Michaud, 2008). Like the acoustic measure-
ments, the EGG measurements were averaged over ten inter-
vals during the vowel interval.
2.5. Statistical analyses

To investigate whether the breathy voice is used less by the
younger speakers, principal component analysis (PCA) was
conducted using all the phonation measurements (both spec-
tral and noise measurements) averaged over the duration of
the whole vowel. All measurements were centered around
the mean and scaled by one standard deviation within speaker.
Data beyond 2.5 standard deviations were discarded and not
included in the analyses. PCA was done separately for
unchecked and checked tones. Linear discriminant analysis
(LDA) was also conducted using all the averaged acoustic
measurements as predictors, following Gao (2016) and Tian
and Kuang (2021), in order to compare the results with those
for Shanghai Wu.

Generalized Additive Mixed Models (GAMM, Wood (2017);
Wieling (2018)) were fitted to acoustic and EGG measure-
ments to compare the time course of breathy voice between
two register tones and across age groups. The acoustic and
EGG measurements used in GAMM were normalized within
speaker. GAMMs were fitted using the bam() function in the
mgcv (Wood, 2017) package in R (R Core Team, 2021). Visu-
alization was realized with the help of the itsadug package
(van Rij, Wieling, Baayen, & van Rijn, 2020). To fit GAMM on
the entire data would result in many interactions and interpre-
tation would be difficult. Moreover, to fit the data using the
smooth over the year of birth as in Sóskuthy, Hay, and Brand
(2019) would also not be appropriate. The reason is that the
age distribution is sparse and modeling the smooth over such
a sparse distribution of year of birth would result in overfitting.
Therefore, separate GAMM was fitted for each age group and
for unchecked and checked tones. Tone and Gender were
combined to construct an ordered factor toneGender, to sep-
arate intercept and non-linear differences (Sóskuthy, 2021;
Wieling, 2018). For each model, the factor toneGender was
included as the intercept. The factor smooth over measure-



Fig. 1. Examples of EGG (solid blue) and dEGG (orange dashed) signals of /pɑ1/ (top) and /bɑ2/ (bottom).

4 The initial obstruents occurring in the low register tones are referred to in this study as
voiced initial consonants, because (1) it is indicative of their historical origin and (2) they are
phonetically voiced in intervocalic positions, though phonetically voiceless in isolation.
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ment point by toneGender was also included in the model.
Gender was included because previous studies have shown
that the disappearance of breathy voice in Shanghai Wu is
more advanced for females (Gao, 2016). The model also
included the random smooth over measurement point by word
item and Repetition. The by-speaker random smooth was not
included because gender and subject are covariates and the
inclusion of subject resulted in failure to converge. The number
of basis functions specifies how wiggly the curve is. Since the
number of measurement points is 10, we set the number of
basis functions k as 9. T1 and T7 were treated as reference
levels for unchecked and checked tones respectively, so that
the low register tones were compared to T1 (for unchecked
tones) or T7 (for checked tones). T1 was chosen as the refer-
ence level because it is a high level tone and it has the most
stable modal voice. For checked tones, T7 was treated as
the reference level. For Gender, male was treated as the refer-
ence level. Therefore, the reference level is T1.Male or T7.
Male for the ordered factor toneGender. The measurement
point was from 0 to 9. The autocorrelated error was handled
by specifying the AR1 correlation parameter rho as the error
at lag 1 (the correlation between the values of immediately
adjacent points), following the practice of Baayen, Vasishth,
Kliegl, and Bates (2017). To illustrate the time course of phona-
tion type, the fitted values and the confidence intervals were
plotted using plot_smooth(). The difference curves between
T1-T2, T1-T6 and T7-T8 pairs were also plotted to compare
the time course of the differences between T1 and T2, T1
and T6, as well as T7 and T8 across age groups with the func-
tion plot_diff() in itsadug. As this study is exploratory in
nature, p values will not be reported in the text because the
interpretation of p values of multiple-level factors in GAMM is
not straightforward (see Sóskuthy (2021) for a discussion of
significance testing in GAMM), and only visualization is
presented.
measurement � toneGender +
# factor smooth by tone and gender
s(point, by = toneGender, k = 9) +
# random smooth by word item and repetition
s(point, item, bs = "fs", m = 1) +
s(point, repetition, bs = "fs", m = 1)

3. Results

3.1. The initial consonants and tones across age groups

First, we shall look at the initial consonants and the pitch
contours of tones in Suzhou Wu across age groups, as these
may interact with the change in breathy voice. Voiced initial
consonants in Suzhou Wu are all phonetically voiceless and
there is no voicing during closure for stops or in frication for
fricatives4. For initial consonants, if the breathy voice has been
reanalyzed as aspiration, there would be a remarkably longer
interval between the stop release and voice onset (i.e., a longer
VOT for stops or a longer duration of frication for fricatives) for
voiced obstruents than voiceless obstruents. Also, if the voiced
obstruents are changing to voiceless aspirated, the difference
between voiced and voiceless obstruents would be larger for
younger speakers than older and middle-aged speakers.
Fig. 2 shows the VOT of voiceless and voiced stops and the
duration of voiceless and voiced fricatives for the three age
groups. The voiced and voiceless obstruents are represented
by red and blue bars, respectively. For stops, linear mixed
effects models were fitted on VOT, with voicing, place, age
group, and the interaction between voicing and place as fixed
effects, and subject and word item as random intercepts. The
inclusion of voicing improved the model significantly



Fig. 2. Bar plot of VOT (in ms) of stop (a) and duration (in ms) of fricative (b) initial consonants for the different age groups. The error bar shows the standard error.

Fig. 3. Pitch contours of Suzhou Wu tones by gender and age groups.
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(v2(1) = 12.63, p < 0.01), while the inclusion of age group
(v2(1) = 2.95, p = 0.23) and the interaction between voicing
and place did not (v2(1) = 2.41, p = 0.29). Nevertheless, the
VOT of voiced stops is only 2.3 ms longer than for voiceless
stops and the difference is too small to be called aspiration.
As a matter of fact, slightly longer VOT for voiced stops was also
reported by Shi (1983). The same was also found for the dura-
tion of fricatives5. Only voicing significantly improved the model
(v2(1) = 5.40, p = 0.02) and the duration of voiced fricatives is
13 ms shorter than voiceless fricatives. Moreover, although
there are some small differences in duration between voiceless
and voiced obstruents, age group does not have an influence.
That is to say, the duration difference between voiced and voice-
less obstruents is not changing across age groups. Therefore,
we can conclude that the breathy voice has not been reanalyzed
as voiceless aspiration.

For the pitch contours, there were also some differences
between younger and older speakers, similar to that reported
by Bei (2011). The averaged f0 contours for the three age
groups are shown in Fig. 3. F0 was normalized by speaker.
5 Note that the glottal fricative and zero onset (glottal stop) were not included here. The
reason is that it is often hard to identify separate intervals of glottal fricatives (the "visible
aspiration", as in Shertz and Khan 2020:19). The realization of the voiced glottal fricative /ɦ/
and its voiceless counterpart /h/ in Suzhou Wu is different from that reported in Garellek
et al. (2021) and it is presumably due to the convention that /ɦ/ is used to transcribe the
breathy voice in Wu Chinese rather than a clearly defined segment (Chao, 1930b:217).
The general patterns across age groups are similar, although
with notable differences, especially for the younger speakers.
T1 and T6 are not changing in that T1 is level and T6 is
rising-falling for all three age groups. There is a tendency that
T3 and T5 are merging for the younger speakers, in that their
pitch contours are becoming very similar. This was noted dur-
ing segmentation, and some speakers confused T3 and T5 in
their pronunciation. T5 tokens which were merged to T3 were
excluded from analysis, as explained in Section 2.3. Neverthe-
less, both T3 and T5 are high register tones, and the potential
merge will not influence our analysis of breathy voice in the low
register tones. More importantly, there is another difference
across age groups, which involves the low register tones (T2
and T8). For the two low rising tones T2 and T8, the point at
which rising starts is gradually shifting towards the middle or
even the end of the syllable from the older speakers to the
middle-aged and younger speakers. The pattern is most
remarkable for the younger speakers' T2, which is in a dipping
shape. T2 seems to change from a rising tone to a falling-rising
tone, and T8 is also showing such a trend, which is less dra-
matic. Moreover, inspection of the waveforms and spectro-
grams shows that the younger speakers pronounced T2 with
heavy creaky voice in the middle of the syllable, especially
female speakers, who almost always pronounced T2 with
creaky voice. Fig. 4 shows a representative token of T2 pro-
duced by a younger female speaker. A large portion in the mid-



Fig. 4. The waveform and spectrogram of an example of T2 produced by a younger
female speaker.
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dle of the vowel shows highly irregular pulses, and only the
start and end of the vowel show a regular waveform. What is
also clear from the spectrogram is that at both ends of the
vowel, the formant structure is clear and no aperiodic voice
typical of breathy voice is visible. Thus, in this token, T2 is pro-
nounced without breathy voice, but rather with creaky voice.
On the other hand, although T8 has a similar change in the
pitch contour as T2, there is no creaky voice, even for younger
female speakers. The tone changes in T2 and T8 may influ-
ence the breathy voice in these two tones, especially T2, which
is pronounced as creaky voice by younger females. Neverthe-
less, another low register tone T6 has similar pitch contours for
the younger, middle-aged and older speakers. A change in
breathy voice in T6, if any, would not be the consequence of
a tone change in T6.

3.2. Breathy voice in the three age groups

3.2.1. The change in breathy voice across age groups

To compare the breathy voice across age groups, PCA was
conducted on all phonation measurements. All measurements
were averaged over the entire vowel. As the pitch contours of
the high and low register tones in Suzhou Wu have quite differ-
ent shapes, it is expected that f0 would play a larger role in dis-
tinguishing the two registers. Because our primary concern is
on phonation, f0 and VOT were thus excluded. PCA was done
separately for unchecked and checked tones. For unchecked
Fig. 5. The scores of the first principal component (PC1) of unch
tones, the first principal component (PC1) accounted for 50%
of the variance and the second principal component (PC2)
accounted for 18%, while for checked tones, PC1 accounted
for 46% and PC2 accounted for 26%. For both the unchecked
and checked tones, PC1 was highly correlated with noise mea-
surements (HNR15: �0.91, HNR25: �0.91, HNR35: �0.87 for
unchecked tones; HNR15: �0.91, HNR25: �0.90, HNR35:
�0.85 for checked tones), and also with spectral tilts (H1*-
A1*: 0.72, H1*-A2*: 0.73, H1*-A3*: 0.56, for unchecked tones;
H1*-A1*: 0.61, H1*-A2*: 0.64, H1*-A3*: 0.56, for checked
tones). The highest correlations were found between PC2
and H1*-A1* for both the unchecked (0.60) and checked tones
(0.71). The PCA results show that noise measurements are
the most important cues for breathy voice, followed by the
amplitude difference between the first harmonic and those
near the first three formants. The phonation contrast between
the two registers is mainly captured by PC1, and the difference
across age groups also varies along PC1. The detailed results
are included in the supplementary materials and only PC1 is
reported. Fig. 5 shows the scores for PC1 of the high and
low register tones by gender and age groups for unchecked
and checked tones, respectively. For unchecked tones, all
three age groups have similar scores in the high register tones
for both male and female speakers, and the scores of the low
register tones decrease from the older and middle-aged speak-
ers to the younger speakers. The difference between the high
and low register tones was smaller for the younger speakers
than for the older and middle-aged speakers. Thus, the differ-
ence between the high and low register tones in phonation is
decreasing gradually from the older and middle-aged to the
younger speakers. The same is also true for checked tone in
that the difference between T7 (high register) and T8 (low reg-
ister) is also decreasing.

The data were also submitted to LDA, to compare the
results with those for Shanghai Wu (Gao, 2016). Data used
in LDA were also all the phonation measurements (both spec-
tral tilt and noise measurements) averaged over the entire
vowel. LDA was done separately for unchecked and checked
tones, and also separately for each age group and each gen-
der. Wilk’s Lambda was calculated for each LDA model. The
results are shown in Table 4. A greater value means a larger
unexplained variance. Wilk’s Lambda is greatest for younger
speakers in both unchecked and checked tones, indicating
that high and low register tones are produced less discrimi-
nately by the younger speakers than by the older and
ecked (a) and checked (b) tones by gender and age groups.



Table 4
Wilk’s Lambda of the LDA model for each age group and gender (higher value means
greater variance unexplained).

tone age group Female Male

unchecked older 0.60 0.57
middle-aged 0.67 0.55
younger 0.75 0.73

checked older 0.43 0.40
middle-aged 0.48 0.36
younger 0.57 0.56
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middle-aged speakers. Wilk’s Lambda is also increasing grad-
ually for female speakers from the older and middle-aged to
the younger speakers. However, Wilk’s Lambda of middle-
aged male speakers is comparable to that of older male speak-
ers for unchecked tones and even smaller for checked tones.
This suggests that the difference between breathy voice and
modal voice is decreasing gradually for female speakers, but
is retained well by middle-aged male speakers and is only
decreasing for younger male speakers. Compared with the
results of Shanghai Wu (Gao, 2016), the values for younger
speakers of Suzhou Wu are smaller for both unchecked and
checked tones. For example, the LDA model of unchecked
tones in Shanghai Wu has Wilk’s Lambda of 0.88 for female
and 0.74 for male younger speakers. That is to say, the acous-
tic measurements are less efficient for the younger speakers in
Shanghai Wu than Suzhou Wu in discriminating the low regis-
ter tones from the high register tones. To sum up, both PCA
and LDA confirmed that the breathy voice of the low register
tones in Suzhou Wu is decreasing for the younger speakers.
6 Note that the difference as represented by the difference curve is in a point-by-point
manner (Sóskuthy, 2021).
3.2.2. The time course of the breathy voice across age groups

As the averaged values of the acoustic measurements were
used in PCA and LDA, much information may be hidden in the
time course of the measurements. The case is even subtler for
T2 as it is creaky voiced in the middle of the vowel for younger
speakers. Therefore, GAMMs were carried out on the acoustic
and EGG measurements to investigate the differences in the
time course of breathy voice across age groups. The acoustic
and EGG measurements were normalized within speaker.
GAMMs use splines to fit non-linear patterns in time series
data and can deal with autocorrelated errors (Baayen et al.,
2017, 2018; Wood, 2017). Furthermore, the itsadug package
provides the plot_diff function, which plots the difference curve
between levels of factors (van Rij et al., 2020). This would be
very informative for the comparison of the time course of
breathy voice in the low register tones with reference to the
high register tones across age groups in this study. The esti-
mated difference curves were reported in the text and the esti-
mated smooth curves were included in the supplementary
materials. Because some of the acoustic measurements were
highly correlated, only the results for H1*–H2*, H1*-A3* and
HNR15 are reported here. H1*-A3* was highly correlated with
H1*-A1* (0.54) and H1*-A2* (0.52), and HNR15 was highly
correlated with CPP (0.52), HNR05 (0.72), HNR25 (0.96) and
HNR35 (0.92). H1*–H2* is also reported not only because it
is one of the most commonly used spectral tilt measurements,
but also because it can illustrate the creaky voice in younger
female speakers' T2. Furthermore, as reported in the EMG
study by Iwata (1995), breathy voice in Suzhou Wu is differen-
tiated from modal voice by the inhibition of the activity of CT
and VOC, and thus the slackness of the vocal folds. It is pos-
sible that the main articulatory mechanism underlying the
breathy voice in Suzhou Wu is not the larger vocal fold open-
ing, but the slackness of the vocal folds. Therefore, we also
chose these measurements because they capture different
aspects of phonation and we would like to show a fuller picture
of the change in breathy voice.
3.2.2.1. H1*–H2*. The estimated difference curves of H1*–H2*
are plotted in Fig. 6. The values of T1 and T7 are used as
the references since T1 has stable modal voice and T7 is
the only high register checked tone. The top panel shows the
estimated difference curves of the unchecked tones, where
T1-T2 is represented by a solid line and T1-T6 by a dashed
line. The estimated difference curves of the checked tones
are shown in the bottom panel, showing the difference
between T7 and T8. The ribbons represent the 95% confi-
dence interval of the estimated difference. The zero line is
marked by a horizontal dashed line. If the ribbon includes the
zero line, it indicates that there is no significant difference
between the tone pair6. If the ribbon is below the zero line, it
means that the high register tones have a lower H1*–H2* than
the low register tone, and vice versa if the ribbon is above the
zero line. Therefore, the ribbons would be below the zero line
if the low register tones are breathier than T1 or T7.

It is clear from Fig. 6 that there are differences across age
groups in the differences in H1*–H2* between the high and
low register tones. For T1-T2 at the top panel, most of the dif-
ference curve includes the zero line for females, and only a
small portion at the start of the vowel is below the zero line.
The same is also true for T1-T6. For males, the difference
curves have a large part below the zero line for older and
middle-aged speakers for both T1-T2 and T1-T6 pairs, but
the ribbons of both T1-T2 and T1-T6 overlap with the zero line
throughout for younger males, and the ribbon is even above
the zero line at the end for T1-T6. These patterns indicate that,
unlike for the older and middle-aged speakers, H1*–H2* of T2
and T6 is no longer higher than that of T1, suggesting smaller
differences in glottal opening between T2, T6 and T1 for the
younger speakers than for the older and middle-aged speak-
ers. At the end of T6 and at the middle of T2 for females,
H1*–H2* is even lower than T1, meaning that T6 is creakier
at the end and T2 is creakier at the middle of the vowel than
T1.

The difference curves of the checked tones are shown in
the bottom panel of Fig. 6. Although a considerable part of
the difference curve between T7 and T8 is below the zero line
for the older and middle-aged speakers, it is mostly above the
zero line for younger females. For younger male speakers,
however, the difference curve is still below the zero line, indi-
cating higher H1*–H2* for T8 than T7. Thus, there is a gender
difference for the checked tones. Although the younger female
speakers' T8 is not breathier than T7, the breathy voice is pre-
served to some extent by the male speakers.

Taken together, H1*–H2* of the low register tones of the
younger speakers is no longer higher than that of the high reg-
ister tones, except for T8 of younger males. The low register



Fig. 6. Estimated difference curve of H1*–H2* for T1-T2 (solid line), T1-T6 (dashed line) pairs (a) and T7-T8 pair (b) across genders and age groups.
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tones are no longer breathy voiced in terms of H1*–H2* and
they are even creaky voiced in the middle of T2 and the end
of T6. Female speakers are more advanced in the change in
H1*–H2* of the low register tones for both unchecked and
checked tones. Younger male speakers still maintain higher
H1*–H2* of T8 than T7.

3.2.2.2. H1*-A3*. While H1*–H2* is usually thought to correlate
with how open the glottis is (Kreiman et al., 2008; Zhang,
2016b), H1*-A3* correlates with the gradualness of the glot-
tal closure, i.e., how fast the vocal folds adduct (Hanson
et al., 2001; Holmberg et al., 1995). It was suggested by
DiCanio (2009) that the opening of the glottis and the grad-
ualness of glottal closure can be controlled independently. It
is possible that the difference is maintained in H1*-A3* while
it is no longer for H1*–H2*. The GAMM-predicted difference
curves of H1*-A3* for the unchecked and checked tones are
shown in the top and bottom panels of Fig. 7. On the top
panel, both the difference curves of the T1-T2 and T1-T6
pairs overlap with the zero line for the younger female
speakers, while they are mostly below the zero line for the
older and middle-aged speakers. The difference curves are
below the zero line for only a brief portion at the onset of
the vowel. Therefore, T2 and T6 are also less breathy for
younger female speakers than older and middle-aged female
speakers. H1*-A3* of the T1-T6 pair for the younger male
speakers also has a large part of overlap with the zero line,
but that of T1-T2 is mainly below the zero line. T6 of the
younger male speakers is less breathy than that of the older
and middle-aged males, but T2 is similarly breathy voiced,
as measured by H1*-A3*.

The difference between T7 and T8 in H1*-A3* is also smal-
ler for the younger speakers than for the older and middle-aged
speakers, but H1*-A3* of T8 is still higher than T7 for the
younger speakers. As shown by the difference curves in
Fig. 7 (b), although the curves are still below the zero line,
the difference between T7 and T8 is smaller for the younger
speakers. For the female speakers, the ribbon is very close
to the zero line. For H1*-A3*, even if both female and male
younger speakers have higher values for T8, the difference
is decreasing compared to the older and middle-aged
speakers.



Fig. 7. Estimated difference curve of H1*-A3* for T1-T2 (solid line) and T1-T6 (dashed line) pairs (a) T7-T8 pair (b) across genders and age groups.
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Compared to H1*–H2*, H1*-A3* is better maintained by the
younger speakers, although the difference between the high
and low register tones is also decreasing. Similar to H1*–
H2*, the difference in H1*-A3* is better maintained by the
younger male speakers than by the younger female speakers.
3.2.2.3. HNR15. HNR15 is the Harmonic-to-Noise Ratio in the
0–1500 Hz band. Breathy voice has lower HNR15 values than
modal voice, indicating a stronger noise component. There-
fore, if the difference curve is below the zero line, it means
the low register tones are noisier than the high register tones,
and vice versa. The difference curves of the unchecked and
checked tones estimated by GAMM are plotted in Fig. 8. Unlike
the spectral measurements, the largest difference between the
high and low register tones appears in the middle of the vowel.
It is perhaps due to the effect of the initial consonant at the
beginning and the boundary effect at the end. Lower HNR at
both ends was also reported for White Hmong (Garellek,
2012). In the same manner as spectral measurements,
HNR15 of T2 and T6 was also compared to that of T1, the tone
with the most stable modal voice. But the difference curves
show dramatically different patterns from the spectral tilt mea-
surements. Only in the first half of the T1-T6 pair for the
younger females does the ribbon include the zero line. The
younger male speakers show only slightly lower curves than
the older and middle-aged speakers. The difference between
the younger females' T1 and T2 is even larger than that of
the older and middle-aged females, especially in the middle
of the vowel. This is not unexpected, though. As has been
shown above, the younger females' T2 is creaky voiced in
the middle of the vowel and creaky voice also has lower
HNR than modal voice, as reported in Mazatec (Garellek &
Keating, 2011), and Hmong (Garellek, 2012).

The largest difference in HNR15 between T7 and T8 is also
in the middle of the vowel. Nonetheless, the younger females
show overlap of the ribbons with the zero line, whilst the
middle-aged females have only a brief portion that does not
include the zero line, as shown in Fig. 8. The younger male
speakers, on the other hand, also show a smaller difference
than the older and middle-aged males. Moreover, at both ends
of the vowel, there is no significant difference between T7 and
T8 for the younger males.



Fig. 8. Estimated difference curve of HNR15 for T1-T2 (solid line) and T1-T6 (dashed line) pairs (a) T7-T8 pair (b) across genders and age groups.
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The noise measurements show some different, yet consis-
tent, patterns as compared to the spectral tilt measurements.
The younger females are ahead of the males in the change
in breathy voice in the low register tones, although they have
more noise in the middle of T2, probably due to creaky voice.
The younger males still maintain the difference in HNR15 in
T1-T2, T1-T6 and T7-T8, yet to a smaller extent than the older
and middle-aged male speakers.
3.2.2.4. CQ. CQ was measured from the EGG signals, and due
to the noisy signals, the data of several speakers (mostly
female) were removed (see Section 2.4). Breathy voice has
a shorter closed phase and thus a smaller CQ. The GAMM-
estimated difference curves are shown in Fig. 9. For the
unchecked tones, among all three age groups, only the older
speakers show a considerable part of the curve above the zero
line, i.e., a smaller CQ for the low register tones than T1,
except for the T1-T6 of younger females. In all other cases,
T2 and T6 have a CQ similar to or greater than T1. The dipping
in T2 of the younger females is reminiscent of the pattern in
H1*–H2*, indicating the presence of creaky voice. However,
the first half of T6 for younger females is smaller than T1,
which contradicts the pattern in all acoustic measurements.

Clear patterns can be seen for the checked tones, and they
are highly consistent with H1*–H2*. The middle-aged and
younger female speakers show no significant difference in
CQ between T7 and T8, with only a lower CQ of T8 than that
of T7 at the end of the vowel for the younger females. Due
to the glottal stop coda, it indicates less creaky voice at the
end of T8. The younger males also show only a slight differ-
ence in the latter half of the vowel.

CQ shows generally similar patterns with H1*–H2*, except
for the younger females' T6. For T2 and T8, the differences
in CQ from T1 or T7 are becoming smaller for both the younger
females and males. But for younger females T6 is different in
CQ from the acoustic measurements.
4. Discussion

This study aimed to investigate the difference in breathy
voice of the low register tones in Suzhou Wu across age
groups and whether breathy voice is used less by younger
speakers than by older and middle-aged speakers. Acoustic



Fig. 9. Estimated difference curve of CQ for the T1-T2 (solid line) and T1-T6 (dashed line) pairs (a) T7-T8 pair (b) across genders and age groups.
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and articulatory data from three age groups were analyzed.
PCA and LDA were used to compare the differences in breathy
voice across age groups and GAMM was used to explore the
differences in time course. In the following discussion in Sec-
tion 4.1, we first summarize the main findings of this study
and answer the research questions raised. In Section 4.2,
based on the results, we will discuss the decrease in breathy
voice in Suzhou Wu and speculate about the possible reasons
for this change. In Section 4.3, the tone changes of T2 and T8
in Suzhou Wu will be discussed. The implications of this study
for our understanding of the diachronic change in phonation
type are elaborated in Section 4.4.

4.1. The change in breathy voice in Suzhou Wu

This study investigated the change in breathy voice in Suz-
hou Wu and asked three research questions. First of all, as
reviewed in the Introduction (Section 1.2), the change in
breathy voice is related to the initial consonants and tone pitch
contours. Comparisons of VOT and the duration of fricatives
across age groups indicate that the younger speakers have
similar initial stops and fricatives to those of the older and
middle-aged speakers. That is to say, initial consonants are
not becoming aspirated. However, two of the low register
tones, T2 and T8, are undergoing tone change. Their pitch
contours are changing such that the point at which rising starts
is shifting towards the middle of the vowel. Most remarkably,
younger female speakers pronounce T2 with creaky voice in
the middle of the vowel. Secondly, this study used PCA and
LDA to compare the differences in breathy voice across age
groups. The scores of PC1 and Wilk’s Lambda both show that
breathy voice is used less by the younger speakers than by the
older and middle-aged speakers. Compared with Shanghai
Wu, the acoustic measurements in Suzhou Wu are more suc-
cessful at discriminating the low register tones from the high
register tones. Methodological decisions may be the main rea-
son for this difference. This study included the data within 2.5
standard deviations, while Gao (2016), in a study of Shanghai
Wu, only included the data within two standard deviations.
With less variance in the data, the results of Shanghai Wu
would be more extreme.

Furthermore, fine-grained patterns of the changes in
breathy voice are revealed using GAMM on the acoustic and
EGG measurements. The breathy voice of Suzhou Wu is grad-
ually decreasing for all three low register tones. T2 is changing
from rising to falling-rising and has become creaky voiced for
younger female speakers, who have almost entirely lost the
breathy voice. T8 is also undergoing a similar tone change to



C. Ge et al. / Journal of Phonetics 98 (2023) 101239 17
T2 but without creaky voice. Breathy voice in T2 and T8 is
decreasing. On the other hand, T6 is not influenced by tone
change and its pitch contour is not changing across age
groups, but its breathy voice is also decreasing.

In terms of time course, the older and middle-aged speak-
ers show the largest difference in spectral tilt measurements
and CQ at the onset of the vowel between the high and low
register tones, which disappears towards the end of the vowel.
This is consistent with previous studies that found that breathy
voice in Wu Chinese is most obvious at the beginning of the
vowel and gradually decreases towards the end of the vowel.
But for younger speakers, even the large difference at the
onset of the vowel is disappearing. One of the reviewers raised
the possibility that the difference in phonation may be simply
due to the fact that the measurements covary with f0 (Kuang,
2017). However, if that is the case, the covariation would be
uniform across all age groups. Given the similarity of the pitch
contour across age groups as in Fig. 3 (except for T2 and T8),
we would expect that there would also be a large difference at
the onset of the vowel for the younger speakers. Take T6 as an
example, which has no pitch contour change across age
groups. The differences between T6 and T1 in H1*–H2* and
H1*-A3* are also smaller for the younger than for the older
and middle-aged speakers. Therefore, there is indeed distinc-
tion in phonation in Suzhou, which should not be attributed to
covariation with f0 alone. Nevertheless, T2 and T8 exhibit a
more remarkable decrease in breathy voice than T6, which
suggests that the covariation with f0 does have some contribu-
tion to the phonation contrast.

To better understand the change in breathy voice, the
checked tones were also included in this study. The glottal
stop coda may have some influence on phonation, and close
inspection of our data show that while most speakers still
have the glottal stop coda in the checked tones, one of
the younger female speakers has lost the glottal stop coda
(F15), and another female had only a few tokens with a glot-
tal stop (F17). The loss of the glottal stop coda is also
reported in Deqing Wu by Zhu and Jiao (2011) and in
Shanghai Wu by Gao and Kuang (2022). Inspection of the
spectrograms also shows that when the glottal stop disap-
pears, it takes with it the glottalization and creaky voice in
the vowel. CQ shows some signs of this change. In
Fig. 9, towards the end of the syllable in the checked tones,
there is no difference between T7 and T8 for the older and
middle-aged speakers, but the younger speakers' T7 has
greater CQ than T8. That is to say, the loss of glottal stop
is more frequent in T8 than in T7. The results show no dif-
ference in HNR15 and CQ between T7 and T8 at the onset
of the vowel, and less difference in H1*–H2* and H1*-A3* for
the younger than the older and middle-aged speakers.
Therefore, it is likely that T8 is changing from a tone with
complex phonation of both breathy and creaky voice to a
more modal-voiced tone.
4.2. The decrease in breathy voice

The results of this study show that breathy voice in Suzhou
Wu is decreasing, similar to that reported in Shanghai Wu
(Gao, 2016; Zhang & Yan, 2018) and Lili Wu (Shi et al.,
2020). Although the reason for this decrease still requires fur-
ther investigation, the analyses in this study can shed some
light on its cause.

It is possible that breathy voice is a secondary cue in tone
split. As f0 becomes dominant, breathy voice becomes redun-
dant and its importance diminishes. This is similar to the shift-
ing of the primary cue of the register contrast in Southern Yi
from phonation to formant (Kuang & Cui, 2018). In Suzhou
Wu, breathy voice seems to have also been a secondary
cue for a long time, since in Suzhou Wu tones of the two reg-
isters have quite distinct pitch contours and pitch alone can
provide sufficient information for the discrimination of the
tones. Therefore, it is possible that the tone system of Suzhou
Wu is changing from one that is based on both pitch and
phonation to one that is based on pitch alone.

Another factor that may be at play is the change in tone
pitch. The results show that T2 and T8 are more advanced
in the decrease in breathy voice than T6, which is not undergo-
ing tone change. It is reminiscent of the observation that
breathy voice disappears in some tones but remains intact in
other tones in the Tamang-Gurung-Thakali-Manangke (TGTM)
languages (Mazaudon, 2012). But it is still doubtful that tone
change and the decrease in breathy voice may be simply
occurring simultaneously, with no causal relationship between
the two. Further study is needed to investigate whether there is
a causal relationship between tone change and the change in
phonation type.
4.3. Tone changes in T2 and T8 in Suzhou Wu

Apart from the decrease in breathy voice, this study has
another interesting finding. There are ongoing tone changes
in T2 and T8. The pitch contour of T2 is changing from ris-
ing to falling-rising, which is accompanied by creaky voice,
especially for the younger female speakers. The rise in T8
is also shifting gradually towards the middle of the vowel.
T2 and T8, as rising tones, show a similar trend of tone
change, in that the time at which the rise starts is delayed
for the younger speakers. The delay of the rise in a rising
tone is not uncommon cross-linguistically. As a matter of
fact, it is the most frequent tone change found by Yang
and Xu (2019), reviewing data from Sinitic, Tai-Kadai,
Hmong-Mien, and Tibeto-Burman languages. For example,
Bangkok Thai has acoustic recordings starting at the dawn
of experimental phonetics (the early 1900s) through until
quite recently and a comparison of these recordings showed
that Tone 5 has changed from mid rising to low rising, with
rising only starting in the second half of the syllable
(Pittayaporn, 2018; Zsiga, 2008). It can also be seen in
the speech of King Rama IX of Thailand between 1959
and 1997 (Yang, Pittayaporn, Kirby, & Jitwiriyapont, 2021).
The inflection point of Tone 5 has been gradually shifting
from the beginning to near the middle, and its shape was
more typically rising during recordings from 1959 to 1969,
but was falling-rising during recordings from 1991 to 1997.
In Chinese dialects, the change of low rising tone to
falling-rising was also reported for Taiwan Mandarin (Tone
2, Sanders, 2008), Taiwanese Min (Tone 2, Chiung, 2003),
Shanghai and Wuxi Wu (Zhang, 2014), and the Chongqing
dialect (Tone 4, Ming & Zhang, 2015).
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In addition to the change in pitch contour, T2 is also becom-
ing creaky voiced for the younger female speakers. One of the
reasons is that creaky voice is related to low pitch in Suzhou
Wu. As a matter of fact, creaky voice is also found with low
pitch targets in other tones. For example, creaky voice also
occurs at the end of T3, T6 and the second half of T5. The
same is also reported for Mandarin, where creaky voice is also
found in Tone 2 and Tone 4, in addition to Tone 3 (Kuang,
2017). It is possible that creaky voice in Suzhou Wu is driven
by the low pitch target. In this respect, creaky voice in Suzhou
Wu is similar to creaky voice in Tone 3 of Mandarin and Tone 4
of Cantonese (Yu & Lam, 2014) in that it is pitch-dependent
(Kuang, 2017).

However, creaky voice does not always appear in the
younger male speakers' T2, although they share the same
pitch contour as the younger females. Other factors must
be involved, apart from the correlation between creaky voice
and a low pitch. A possible source of this discrepancy may
be the contact with Mandarin Chinese. With the change in
pitch contour, T2 in Suzhou Wu becomes similar to the
low-dipping Tone 3 [214] in Mandarin Chinese. Now that
the younger speakers are bilingual in Suzhou Wu and Man-
darin Chinese, they may have employed the same articula-
tory strategy as Mandarin Tone 3 to realize a similar pitch
contour, which is usually creaky in the middle of the vowel.
It has been demonstrated by Yao and Chang (2016) that
Mandarin Chinese as L2 can reverse the ongoing vowel
merger in Shanghai Wu as L1. A perceptual link between
L1 and L2 can be formed when the two pronunciations in
L1 and L2 are phonetically similar, which would give rise
to the convergence of these pronunciations. This also seems
to be the case for T2 in Suzhou Wu, which has a very sim-
ilar pitch contour to Tone 3 in Mandarin. Furthermore, the
effect of gender is also expected in this scenario. It has long
been noted that young women take the lead in sound
change (Labov, 2001). Similarly, young women are also
found to be ahead of young men in the loss of breathy voice
in Shanghai Wu (Gao, 2016) and the tone change in Shang-
hai Wu (Zhang, 2014). Therefore, creaky voice of T2 in Suz-
hou Wu may appear due to its correlation with low pitch as
well as the contact with Mandarin.
4.4. The diachronic change in phonation

In addition to contributing to our understanding of how
breathy voice changes after tone split, this study also has
important implications for our understanding of diachronic
change in phonation. This study demonstrates differences
between breathy voice and creaky voice in how they can
appear and disappear in languages. Both breathy voice
and creaky voice are related to low pitch, and it is pro-
posed that they are alternative means of achieving a low
pitch target (Kuang, 2017). However, the conditions under
which breathy voice and creaky voice can appear are differ-
ent. It is proposed by Kuang (2013, 2017) that non-modal
phonation can be divided into pitch-dependent and pitch-
independent phonations, which are the result of different
physiological mechanisms. Extremely low pitch is sufficient
to induce creaky voice, but less able to induce breathy
voice. For example, Tone 3 in Mandarin Chinese is a low
tone and usually creaky voiced. Although Zheng (2006)
observed breathy voice with Tone 3, Kuang (2017) did
not find any tokens with breathy voice. In contrast, breathy
voice is usually induced by aspiration or a strong airflow.
Voiced stops have slack vocal folds and a low laryngeal
position, which can induce breathy voice. The strong airflow
required by trills can also lead to breathy voice, as in
Phnom Penh Khmer (Kirby, 2014). On the other hand, there
is another difference between breathy voice and creaky
voice in relation to their loss. As shown in this study and
the previous studies reviewed in the Introduction, breathy
voice can be lost even when pitch remains low. However,
this seems not to be the case for creaky voice. As long
as the pitch reaches the bottom of the pitch range, creaky
voice consistently occurs (Kuang, 2013, 2017). These two
aspects together show that compared with breathy voice,
creaky voice is more closely related to pitch. There is also
evidence in perception that breathy voice is less correlated
with a low pitch than creaky voice. For example, in White
Hmong, the listeners mainly employed pitch to identify the
creaky voiced tone, while breathy voice was essential for
the identification of the breathy-voiced tone (Garellek,
Keating, Esposito, & Kreiman, 2013). It is possible that
the characteristics of breathy voice and creaky voice in pro-
duction and perception are key factors influencing their dia-
chronic change.

Much effort has been made to understand the physical
properties of phonation, its relationship with pitch, and its role
in linguistic contrasts. However, to get a complete understand-
ing of phonation, a further step ought to be taken towards
understanding how it can change in languages and this study
is a valuable attempt towards this direction.
5. Conclusion

This study investigated the change in breathy voice after
tone split in Suzhou Wu with apparent-time data from three
age groups. PCA and LDA conducted on acoustic measure-
ments indicated that breathy voice is decreasing in all the
low register tones among the younger speakers. More detail
was revealed by GAMM. Different measurements show differ-
ent degrees of change. H1*–H2* is the most susceptible to
change, followed by H1*-A3* and HNR15. It is likely that
breathy voice will be eventually lost after tone split. We pro-
pose that as the tone system of Suzhou Wu is changing to
be more pitch-based, breathy voice as a secondary cue will
diminish. It is also noted that T2 and T8 are undergoing tone
change. The change in T2 possibly results from a low pitch
as well as from language contact with Mandarin. This study
presents a valuable endeavor in understanding changes in
breathy voice and contributes to our understanding of diachro-
nic change in phonation type. The finding of the decrease in
breathy voice raises a further question. Now that the younger
speakers use breathy voice less as the older speakers, does
breathy voice still have a role to play in their lexical tone per-
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ception? Further investigation of the perception of breathy
voice is underway.
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Table A1
Test words used in this study.

Tone IPA character gloss IPA ch

T1 pɑ 巴 ‘bar’ - -
T2 bɑ 牌 ‘card’ - -
T3 pɑ 摆 ‘put’ - -
T5 pɑ 拜 ‘bow’ tɑ 带

T6 bɑ 败 ‘fail’ dɑ 汏

T7 paʔ 百 ‘hundred’ taʔ 搭

T8 baʔ 拔 ‘pull’ daʔ 达

T1 - - - sɑ 筛

T2 - - - zɑ 柴

T3 - - - sɑ 洒

T5 - - - sɑ 啥

T6 - - - zɑ 惹

T7 faʔ 发 ‘distribute’ saʔ 杀

T8 vaʔ 罚 ‘fine’ zaʔ 闸

T1 pɪ 边 ‘class’ tɪ 颠

T2 bɪ 便 ‘cheap’ dɪ 田

T3 pɪ 扁 ‘flat’ tɪ 点

T5 pɪ 变 ‘change’ tɪ 店

T6 bɪ 便 ‘convenient’ dɪ 电

T7 pɪʔ 笔 ‘pen’ tɪʔ 跌

T8 bɪʔ 别 ‘separate’ dɪʔ 敌

T1 fɪ 飞 ‘fly’ sɪ 鲜

T2 vɪ 肥 ‘fat’ zɪ 齐

T3 - - - sɪ 选

T5 fɪ 肺 ‘lung’ sɪ 线

T6 vɪ 未 ‘not yet’ zɪ 序

T7 - - - sɪʔ 雪

T8 - - - zɪʔ 席

T1 pe 班 ‘class’ te 堆

T2 be 赔 ‘lose’ de 台

T3 pe 板 ‘board’ te 胆

T5 pe 扮 ‘disguise’ te 对

T6 be 办 ‘deal’ de 蛋

T7 pəʔ 拨 ‘stir’ təʔ 德

T8 bəʔ 荸 ‘’ dəʔ 掉

T1 fe 翻 ‘overturn’ se 三

T2 ve 烦 ‘annoying’ ze 馋

T3 fe 反 ‘inverted’ - -
T5 fe 贩 ‘peddle’ se 散

T6 ve 饭 ‘meal’ ze 赚

T7 fəʔ 弗 ‘not’ səʔ 色

T8 vəʔ 佛 ‘buddha’ zəʔ 石
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aracter gloss IPA character gloss

- kɑ 家 ‘home’
- gɑ 茄 ‘eggplant’
- kɑ 假 ‘fake’
‘lace’ kɑ 嫁 ‘marry’
‘wash’ gɑ 解 ‘unfasten’
‘take’ kaʔ 夹 ‘clip’
‘arrive’ gaʔ 轧 ‘squeeze’
‘sieve’ ɑ 挨 ‘near’
‘firewood’ ɦɑ 鞋 ‘shoes’
‘sprinkle’ ɑ 矮 ‘short’
‘what’ - - -
‘provoke’ - - -
‘kill’ aʔ 鸭 ‘duck’
‘brake’ ɦaʔ 盒 ‘box’
‘top’ - - -
‘farm’ - - -
‘point’ - - -
‘shop’ - - -
‘electricity’ - - -
‘fall’ - - -
‘enemy’ - - -
‘fresh’ ɪ 烟 ‘sorrow’
‘uniform’ ɦɪ 盐 ‘salt’
‘select’ ɪ 演 ‘perform’
‘string’ ɪ 咽 ‘pharynx’
‘order’ ɦɪ 盐 ‘pickle’
‘snow’ ɪʔ 一 ‘one’
‘mat’ ɦɪʔ 叶 ‘leaf’
‘heap’ ke 该 ‘should’
‘table’ - - -
‘gallbladder’ ke 改 ‘change’
‘correct’ ke 盖 ‘cover’
‘egg’ ge 隑 ‘lean’
‘virtue’ kəʔ 鸽 ‘pigeon’
‘lost’ gəʔ 搿 ‘that’
‘three’ e 哀 ‘sorrow’
‘gluttonous’ ɦe 咸 ‘salty’
- - - -
‘scattered’ e 晏 ‘late’
‘earn’ ɦe 害 ‘harm’
‘color’ əʔ 遏 ‘prevent’
‘stone’ ɦəʔ 合 ‘together’
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