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Sibilant Contrast: Perception, Production, and Sound Change
Abstract

This study examines sibilant place contrast in the [_i] context in terms of its typology across
Chinese dialects and its role in the historical development of Mandarin sibilants. The typology
across 170 Chinese dialects reveals that (i) for dialects that have sibilants at three places (dental,
palatal, and retroflex), place contrasts in the [_i] context are generally avoided, e.g., */si-¢i-si/; (ii)
for dialects that have sibilants at two places, mostly dental vs. palatal, place contrasts in the [_i]
context also tend to be avoided, e.g., */si-¢i/; (iii) for dialects that do have contrastive dental vs.
palatal sibilants in the [_i] context, the place contrast of affricates implies that of fricatives. The
first two patterns are mirrored in the sound changes of Mandarin in that contrastive dental and
palatal sibilants in the [ _i] context that emerged from independent processes have always been
enhanced or avoided. In addition, the sound changes also showed an avoidance of contrastive
dental vs. palatal in the [_i] context with the shift of palatal sibilants into retroflex sibilants from
the 11™ to the 14™ century.

The connection between the synchronic typology and the diachronic changes raises a
number of research questions: (i) Does the vowel context affect the perceptual distinctiveness of
sibilant place contrasts, e.g., is [si-ei] less distinct than [sa-ca]? (ii) Do place contrasts differ in
perceptual distinctiveness, e.g., is [si-ei] less distinct than [si-si]? (iii) Do different manners of
articulation differ in perceptual distinctiveness, e.g., is [tsi-tei] less distinct than [si-ci]? These

issues were investigated through a speeded AX-discrimination experiment, which has been



shown to be able to evaluate the relative perceptual distinctiveness of sound pairs independent of
the listener’s native phonology. Twenty-nine listeners were put under time pressure to judge if a
CV pair is the same or not, where the sibilant onsets of the CV pairs contrast in place (e.g., [si-¢i])
and the vowels were [i] vs. other vowels (e.g., [Si-ei] vs. [Sa-ea] vs. [S1-ei]). Assuming that a
longer response time indicates less perceptual distinctiveness, the results showed that (i) the [ _i]
context reduces the perceptual distinctiveness of the place contrasts of dental vs. palatal sibilants;
(i1) the introduction of the apical vowel enhances the perceptual distinctiveness between the
contrastive sound pairs; (iii) the dental vs. retroflex contrasts are more distinct than the dental vs.
palatal contrasts. These findings match the observations in the cross-linguistic typology and the
historical development of Mandarin and support the claim that perceptual distinctiveness
regulates the phonological system.

The reduced distinctiveness of dental vs. palatal sibilants in the [ _i] context suggests that
contrastive dental vs. palatal sibilants are unstable and are likely to be avoided in sound change.
A phonetic study was conducted on the sibilants in Xiangtan, a Chinese dialect reported to have
the same sound system as 18" century Mandarin (i.e., [s1 Si ¢i s]) with fully contrastive dental vs.
palatal sibilants in the [ _i] context. It is predicted that in Xiangtan, the pre-[i] dentals in /si tsi
tshi/ may show signs of being palatalized and thus neutralized with the palatals. Natural
productions of /si tsi ts"i/, /el tei te"i/, and /sy tsy ts"y/ syllables with matched tones were recorded
from 11 native female speakers of Xiangtan. Center of gravity, energy dispersion, intensity, and
duration were extracted for three types of sibilants: Canonical dentals as in /sj/, canonical

palatals as in /ei/, and pre-[i] dentals as in /si/. A discriminant analysis was performed by first
iv



training a classifier on the canonical dentals and canonical palatals and then using the classifier
to predict the place (dental vs. palatal) of the pre-[i] dentals. Native Mandarin listeners were also
recruited to identify the isolated first half of the pre-[i] dental sibilants as being dental vs. palatal.
The results from both studies showed that (i) some Xiangtan speakers have palatalized the
dentals in /si tsi ts"i/, and (ii) certain speakers variably produce dental and palatal sibilants for the
same lexical item. Therefore, the results support the contention that dental and palatal contrasts
are perceptually less distinct in the [ _i] context and the variation in the realization of the pre-[i]
dentals indicates that a merger replicating the development of Mandarin is in process.

In general, the perceptual experiment reveals that dental vs. palatal sibilants in the [ i]
context form weak contrasts, based on the psychoacoustic similarity of the contrastive elements.
The avoidance of weak contrasts is observed in cross-linguistic typology, historical sound
change, and speech production. This study thus establishes an empirical connection among the
perceptual distinctiveness of sibilant place contrasts, the production of these contrasts,

cross-linguistic typology, and historical sound changes.
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Chapter 1. Introduction

1.1 Contrast distinctiveness and vowel context

A large amount of literature has shown that human languages prefer speech sounds that are more
distinct from one another (Martinet 1952; Wang 1968; Liljencrants and Lindblom 1972;
Lindblom 1986, 1990a; Flemming 2002, 2004, 2005; Boersma and Hamann 2008, among others)
and that certain sound pairs form better contrasts than others. In terms of vowels, for example, a
system like /i, a, u/ is believed to be preferable in terms of the perceptual space (e.g., Boersma
and Hamann 2008, among others). In the cross-linguistic typology of vowel systems, this is
borne out in that nearly all languages have these three vowels (Maddieson 1984:134). Simply put,
languages generally prefer vowel contrasts that are more distinct.

In speech, the articulatory gestures for a particular segment usually overlap with the
gestures of neighboring segments, and the acoustic properties and perceptual cues of a segment
are thus influenced by its contexts (Liberman, Cooper, Shankweiler and Studdert-Kennedy 1967,
Sereno, Baum, Marean and Lieberman 1987, among others). The perceptual information of a
consonant often partially lies on its neighboring vowels, and the quality of the perceptual cues
for a segment may differ depending on contexts. In terms of linguistic typology, this is mirrored
in the observation that a particular phonological contrast may be licensed in the contexts where
the perceptual cue for the contrast can be easily recovered and neutralized in the contexts where

the perceptual cue is difficult to recover (Steriade 1997, 1999, 2001, 2008). For example, a



distinction between an alveolar /t/ and a retroflex /t/ is better cued by lowered F3 and F4 in a
vowel-to-consonant transition and this is consistent with the observation that the /t/ vs. /t/
contrast is typically licensed in the presence of a preceding vowel and neutralized in the absence
of it (Steriade 1999).

Of particular interest to the current research is the observation in the phonological literature
that, in certain languages, the same consonantal contrast can be licensed in one vowel context but
phonetically avoided or shifted in another vowel context. Russian, for example, has the
phonological contrast between plain vs. palatalized consonants before most vowels, as in (1a),
whereas in the [_i] context, this contrast is phonetically realized as velarized vs. palatalized
consonants, as in (1b) (Padgett 2001, 2003). According to Padgett (2001), such a ‘contrast shift’
was motivated by the relative difficulty to perceptually distinguish a plain vs. palatalized
consonant in the [_i] context compared with other vowel contexts. In other words, in the [_i]
context, a perceptually less distinct consonant pair (C vs. C)) shifted to a more distinct pair (CY vs.
Ci). In other words, a contrast can be preserved in a context where it is perceptually less salient

by changing one party in the contrast into a form that is more distinct from the other.

(1) The contrast between plain and palatalized consonants in Russian (Adapted from Padgett 2001, 2003)*
a. before most vowels
vol ‘ox’ viol  ‘he led’
suda  ‘courtoflaw’ siuda ‘here, this way’
b. before the vowel [_i]
Yiti ‘to how!l’ viit  ‘to twist, weave’
s¥ito  ‘sated’ siito  ‘sieve’

LIn dataset (b), the items on the left were conventionally transcribed as viti ‘to howl’ and sito ‘sated’.
Based on his phonetic study, Padgett (2001) argued that the sound [i] is in fact an [i] preceded by a
velarized consonant. Following the analysis in Padgett (2001), the items in (b) are transcribed with the
velarized consonants to facilitate the comparison with dataset (a).

2



For sibilant contrasts in particular, a typological study has shown that there is a tendency to
avoid place contrasts in the [_i] context (Lee-Kim 2014a). For example, a three-way sibilant
place distinction exists among fricatives in Acoma (Miller 1965), Chacobo (Prost 1967),
Cashinahua (Kensinger 1963), and Telugu (Lisker 1963). Yet in the [_i] context, the three-way
place distinction is reduced to a two-way place distinction, as in (2) (Lee-Kim 2014a).

(2) Reduction of sibilant contrast in the /_i/ context (Lee-Kim 2014a)

Language (Family) Sibilants Contrast before /i/f  Phonological pattern
Acoma (Kersan) S-e-8 S-¢ s>sore/ i
Chacobo (Panoan) s-[-s s-f s> [/ i

Cashinahua (Panoan) s-[-s s-f *si

Telugu (Dravidian) S-6-8 c-8 s—>¢/_ile (optional)

Lee-Kim (2014a) attributed the avoidance of sibilant place contrast in the [_i] context primarily
to two factors: the similar spectral properties of the sibilants due to palatalization and the
weakening of the formant transition cue in the high front vowel.

Lee-Kim’s (2014) generalization was drawn from the typology of languages with three-way
place distinctions of sibilants and the languages in her typology typically have the place contrasts
of fricatives. In her typology, Mandarin Chinese was referred to as an example of full contrast
plus full enhancement, i.e., the underlying sibilant contrasts are fully preserved with a full change
of the quality of /i/. More specifically, Mandarin Chinese has dental, palatal, and retroflex
sibilants, and their surface contrasts in the [ _i] context are avoided; instead, the contrasts are
realized as /sy-¢i-gy/, i.e., the palatal sibilants are followed by [ _i] and the dental and retroflex

sibilants are followed by homorganic syllabic approximants (aka. apical vowels).



Sibilant contrasts are widely observed across Chinese languages with two typological
properties. First, there are more dialects with two-way sibilant place contrasts than dialects with
three-way place contrasts (to be detailed in 2.2); second, sibilant affricates are as frequent as
sibilant fricatives. For example, Lee and Zee (2015) surveyed the sound systems of 70 Chinese
dialects that are geographically widely distributed and representative of 11 Chinese dialectal
groups. They observed that the unaspirated and aspirated affricates [ts tsh te teh ts tsh] are in
general as frequent as their fricative counterparts [s ¢ s]. With these two typological properties,
the following two questions are raised to complement Lee-Kim’s (2014a) generalization: First,
are sibilant place contrasts in the [_i] context generally avoided in dialects with two sibilant
places and those with three sibilant places alike? Second, do affricates behave the same as their
fricative counterparts in their place contrasts in the [_i] context? A typological survey across

Chinese dialects is to be conducted to answer these two questions.

1.2 Contrast distinctiveness and sound change

The preference for more distinct contrasts has been observed in diachronic sound change as well,
by which a less distinct contrast sometimes develops into a more distinct one. For velar stops, for
example, it is difficult to maintain a voicing contrast (/k/ vs. /g/) due to the small supralaryngeal
cavity, and consequently, the difficulty to maintain the transglottal airflow needed for vocal fold
vibration for /g/. In the avoidance of the weak contrast between /k/ and /g/, some languages
changed the pronunciation of /g/ to make it more distinct from /k/, as shown in (3), adapted from

the summary in Boersma (1998:384-386).



(3) Avoidance of contrastive /k/ vs. /g/ (Adapted from Boersma 1998:384-386)

Language Old contrast New contrast Sound change
Arabic k-g k-d3 g—>dz

Japanese k-g k-n g—>n (word-initially)
Low German k-g k-y g2y

Czech, Slovak, Ukrainian | k-g k- g>f

In terms of sibilant contrasts, the historical development of Spanish showed the tendency of
contrast enhancement: The sibilant inventory of 16" century Spanish was /s s J/, and it developed
into /0 s x/ in Castilian Spanish (Penny 2002; Zampaulo 2013). A similar sound change was
observed in the historical development of Polish, by which a [e-/7] contrast developed into a [e-s]
contrast (Padgett and Zygis 2007; Zygis and Padgett 2010). Zygis and Padgett (2010)
investigated the relative perceptual distinctiveness of [e-f]] vs. [e-s] in an AX discrimination
experiment. The stimuli were CV pairs like [ca-fia], [ea-sa] and VC pairs likes [ac-af], [ac-as],
and the listeners were 10 native American English listeners and 13 native Polish listeners. Their
experimental results showed that the [e-f7] contrast generally induced a longer response time than
the [e-s] contrast, indicating that [e-[7] is perceptually less distinct than [e-s]. Therefore, the
historical development of Polish sibilants involved an enhancement of the sibilant place
contrasts.

Mandarin Chinese has the dental, palatal, and retroflex sibilants, and their developments in
various diachronic stages have been reconstructed in the studies of historical Mandarin
phonology (Z. Lu 1947, R. Li 1952, Wang 1980, 1985, Ning 1985, among others). It is unclear if
contrast enhancement has played a role in the historical sound changes of Mandarin sibilants. A
survey on the development of Mandarin sibilants will be conducted and research questions will

be raised based on the historical pattern.



1.3 Major themes in the current study: Sibilant place contrasts

For sibilant contrasts, the studies reviewed above have shown that:

(i)  Sibilant place contrasts in the [_i] context are generally avoided,;

(i)  Less distinct sibilant contrasts can develop into more distinct contrasts in sound changes.

For (i), a typological survey of sibilant place contrasts was conducted across 170 Chinese
dialects. The typology showed that:

(@) Sibilant place contrasts in the [_i] context tend to be avoided in dialects with a
three-way distinction of sibilant places (e.g., */si-ei-gi/) as well as in dialects with a
two-way distinction of sibilant places (e.g., */si-¢i/);

(b) In terms of place contrasts in the [_i] context, a place contrast of affricates (e.g.,
[tsi-tei/) implies that of fricatives (e.g., /si-¢i/).

(c) Across the Chinese dialects, there are also cases where the dental vs. palatal sibilants
are reported to fully contrast in the [_i] context, e.g., Xiangtan (Zeng 1993).

For (ii), the historical development of Mandarin sibilants was examined on the basis of
previous reconstructions of the consonants and vowels in different historical stages (Wang 1980,
1985, Ning 1985, Li and Zhou 1999). The historical survey showed that:

(d) Sibilant place contrasts in the [_i] context (e.g., /si-ei/) that appeared as the result of

other independent processes have been continuously avoided via separate sound

changes, e.g., vowel change, sibilant change, and contrast neutralization;



() In case of sibilant change, dental-palatal contrasts (e.g., /s-¢/) developed into
dental-retroflex contrasts (e.g., /s-s/), similar to the sound change in Polish (Padgett
and Zygis 2007; Zygis and Padgett 2010).
Based on the patterns in the synchronic typology and the diachronic changes, the following
research questions were raised about sibilant contrasts:
() Do vowel contexts affect the perceptual distinctiveness of sibilant place contrasts, e.g.,
is [si-ei] less distinct than [sa-ea]?
(@) Do place contrasts differ in perceptual distinction, e.g., is [si-ei] less distinct than [si-si]?
(h) Do different manners of articulation differ in their perceptual distinctiveness, e.g., is
[tsi-tei] less distinct than [si-ei]?
These research questions were to be answered by conducting a speeded AX-discrimination
experiment, which has been shown to be able to evaluate the relative perceptual distinctiveness
of sound pairs independent of the listener’s native phonology. As will be shown in Chapter 3, the
results from the perceptual experiment generally showed that the vowel context [_i] reduces the
perceptual distinctiveness between the dental and palatal sibilants, confirming the hypothesis that
contrasts like [si-ei] are perceptually weak. This accounts for the tendency to avoid sibilant place
contrast in the [_i] context in linguistic typology and historical sound changes.
Contrastive dental vs. palatal sibilants in the [ _i] context have been reported in Chinese
dialects like Xiangtan (see the generalization (c) above). A phonetic study was conducted on the
contrastive sibilants in Xiangtan on their acoustic and perceptual properties in order to determine

whether there is any sign of avoiding contrastive dental vs. palatal sibilants in the [_i] context.
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As will be detailed in Chapter 4, acoustic and perceptual data both showed a sign of sibilant
neutralization between the dental and palatal sibilants in the [_i] context, replicating the sound

changes of Mandarin.

1.4 Significance of the present work

The primary purpose of this dissertation is to provide experimental data on the influence of
vowel contexts on the perceptual distinctiveness of sibilant place contrasts and shed light on the
relevance of perceptual distinctiveness to typological patterns and sound changes. While
previous research has been independently fruitful in experimentation, language typology, and
sound changes, there have been relatively few studies that integrate all three, presumably due to
the difficulty in obtaining relevant data in all three areas. This dissertation thus provides a case
study on sibilant place contrasts connecting all these areas and contributes to the literature by
strengthening the empirical connections between experimental data, language typology, and the

development of sound systems.

1.5 Structure of this dissertation

This dissertation is divided into six chapters. Chapter 1 introduces the background of the
research. Chapter 2 reviews the phonetic and phonological properties of Mandarin sibilants, lays
out the typology of sibilant place contrasts and the historical development of Mandarin sibilants,
and raises research questions based on the typological survey and the historical development.
Chapter 3 reports the design and the results of a Speeded-AX discrimination experiment, which

aims to answer the research questions raised in Chapter 2. Chapter 4 reports a phonetic study of



sibilants in Xiangtan Chinese, which was reported to fully contrast dental vs. palatal sibilants in
the [_i] context, to examine whether there is any sign of sibilant place neutralization in the [_i]
context. Chapter 5 is a general discussion of the results of the perceptual study and the phonetic

study and their implications to language typology and sound change.



Chapter 2. Sibilant contrasts: Typology and sound change

In this chapter, an introduction is first given to the phonetic and phonological properties of
Mandarin sibilants (2.1), and then a typological survey of sibilant contrasts is reported (2.2),
followed by a survey of the historical development of Mandarin sibilants (2.3). Research

questions are then raised (2.4), based on the patterns observed in 2.2 and 2.3.

2.1 Mandarin sibilants and their place contrasts

Mandarin (Standard Chinese, Putonghua) has dental sibilants [s ts tst], palatal sibilants [¢ te tet],
and retroflex sibilants [s ts ts*]. The dental sibilants are produced with the tongue tip against the
back of the upper incisors, the palatal sibilants with the tongue blade against the hard palate, and
the retroflex sibilants with the upper surface of the tongue tip approaching the center of the
alveolar ridge (Ladefoged and Wu 1984; Cao 1990).2 In terms of center of gravity (COG,
spectral mean), both [s] and [¢] have a high frequency peak between 5000Hz and 9000Hz, while
the retroflex [s] has a lower COG; in terms of dispersion, [s] has a narrower distribution of
energy than [¢] and [s] (Svantesson 1986; Wu and Lin 1989:133). The fricative components of
the affricates are in general similar to the corresponding fricatives (Svantesson 1986).

In Mandarin, the surface place contrasts of dental, palatal and retroflex sibilants in the [ i]
context are avoided with vowel enhancement after dental and palatal sibilants. More specifically,

the vowel [i] follows the palatal sibilants but not the dental and retroflex sibilants. As shown in

2 Mandarin sibilants [s ts ts"] are conventionally referred to as retroflexes in the phonological literature.
However, they do not involve the curling up of the tongue tip as Indian retroflex sounds (Ladefoged and
Wu 1984). The IPA symbols [s ts ts"] are used in this dissertation following the convention in the literaure.
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(4), the dental and retroflex sibilants are followed by the homorganic syllabic approximants [1]
and [y] (Lee and Zee 2003, Lee-Kim 2014b), which are often referred to as the ‘apical vowels’.3
The articulatory study in Lee-Kim (2014b) showed that, in producing Mandarin [si], [ei], and
[s1], the tongue positions do not change significantly after the tongue reaches the consonantal
targets, which confirms that the consonantal and the vocalic gestures are homorganic. In other
words, apical vowels are the ‘vocalized prolongation’ of their preceding consonants (Chao
1934:374). The two apical vowels [1] [y] and the vowel [i] differ in their first three formants,
particularly F2 (Zee and Lee 2001, Lee and Li 2003, Cheung 2004), and there is no obvious
consonant-vowel formant transition in the syllables [sy], [¢i], and [s1] due to the homorganic

relation between the sibilants and the vocalic segments.

(4) The distribution of the vowel [i] and the apical vowels [1] and [1] in Mandarin

a. j after dentals b. i after palatals c. jafter retroflexes
s; R ‘think’ Gi P ‘west’ s1 ¥ “lion’
tsy & ‘resource’ tei ZE <chicken’ tsy Al ‘know’
ts"s % ‘uneven’ te"i b ‘seven’ t§hl{ Iz ‘eat’

The avoidance of sibilant place contrast in Mandarin, as in (4), has been argued to be
perceptually based, by which less distinct contrasts like /si-gi-si/ turn into more distinct contrasts
like [s3-ci-gq] (Stevens, Li, Lee, and Keyser 2004; Lee and Li 2003, M. Li 2011, Lee-Kim 2014a,
among others). More specifically, it is assumed that the frication noise of the dental /s/, the

palatal /¢/, and the retroflex /s/ are acoustically close to each other (Stevens et al. 2004) and that,

% In the Chinese phonological literature, the two apical vowels are often represented with two non-IPA
symbols: 4 for the post-dental [1] and o, for the post-retroflex [1]. The nature of these two sounds has been
described in various ways, e.g., syllabic fricatives (Duanmu 2007:34), fricative vowels (Ladefoged and
Maddieson 1996:314), and syllabic approximants (Lee and Zee 2003, Lee-Kim 2014b).
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for a contrast triplet like /si-gi-gi/, the place distinction among the sibilants is likely to be
compromised due to the palatalization from the following [i] (Lee and Li 2003, Lee-Kim 2014a).
With the contrast at risk, an enhancement gesture is introduced to make /s/ and /s/ more distinct
from /e/. In other words, the apical vowels y and j are the continuation of the enhancing gestures
on /s/ and /s/ throughout a following /i/ (Stevens et al. 2004; Keyser and Stevens 2006), by which
a shift of vowel helps preserve the contrast /si-ci-si/ (Lee and Li 2003, Lee-Kim 2014a). As the
frication components of affricates are similar to their fricative counterparts (Svantesson 1986),
the enhancement analysis for Mandarin fricatives could be easily extended to the affricates.

The way Mandarin avoids sibilant place contrasts in the [_i] context, as in (4), was referred
to as full contrast plus full enhancement in Lee-Kim’s typology (2014a), i.e., the underlying
sibilant contrasts are preserved with a complete change of the quality of /i/ after dental and
retroflex sibilants, as opposed to the sibilant place neutralization in Acoma, Chacobo,
Cashinahua, and Telugu, as in (2). In Lee-Kim’s (2014a) typology, the way Mandarin avoids the
sibilant place contrasts was assumed to be typologically rare due to the large deviation from the
underlying forms, e.g., si = Si.

Sibilant contrasts are widely observed across Chinese dialects, and there are dialects with
two sibilant places and dialects with three sibilant places (to be detailed in 2.2). Also, a Chinese
dialect typically has both fricatives and affricates (M. Li 2011; Lee and Zee 2015). Lee-Kim’s
(2014a) generalization on the avoidance of sibilant place contrast in the [ _i] context was based
on the typology of languages with sibilants at three places of articulation. In this dissertation, her

generalization is to be examined against the typology of Chinese dialects with both three sibilant
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places and two sibilant places, in particular to examine whether sibilant place contrast in the [ i]
context also tends to be avoided in the latter type of dialects. Moreover, given that almost all
Chinese dialects have a three-way distinction among fricative, unaspirated affricate, and
aspirated affricate, Lee-Kim’s typology will also be tested for these three manners of articulation
separately to examine whether sibilant place contrast in the [ _i] context tends to be avoided

across all three manners of articulation.

2.2 Sibilant contrasts across Chinese dialects

To investigate the property of sibilant place contrasts in the [ _i] context, a typological survey
was conducted across 170 Chinese dialects.* Fangyan [Dialects], a Chinese journal specializing
in the description of Chinese dialects, was adopted as the basis of the survey. From all the
articles published in Fangyan from 1979 to 2012, a total of 155 articles were identified, each
describing the syllabic inventory of a Chinese dialect. Geographically, these 170 dialects are
widely distributed across Mainland China and belong to different dialectal groups, e.g., Xiang
dialects, Gan dialects, Yue dialects, etc.® This study focused on the vowel [ _i] and the sibilants:
The dental [s ts ts"], the palatal [¢ te te"], and the retroflex [s ts ts"].> An overview of the 170
dialects is given in Table 1, where the dialects are grouped by the number of sibilant places.

More details and a complete list of the 170 dialects can be found in Appendix I and II.

* This is an extension of the survey of 124 Chinese dialects in M. Li (2011).

> It would be desirable to identify the dialectal group of each dialect in the survey. However, this is
difficult because many of the articles did not provide information about the affiliation of the dialect
described.

® A few dialects are reported to have voiced sibilants, e.g., the voiced palatal [dz] in Shibei Chinese (A.
Hiroyuki 2004) and the voiced retroflex [dz] in Xiangtan Chinese (Y. Zeng 1993). Such onsets
generally have the same phonotactic pattern as their voiceless counterparts.
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Table 1 Typology of sibilant inventory across 170 Chinese dialects

No. of sibilant place No. of dialects Example
1 Place 35 total
Dental 28 Xiamen (Zhou 1991)
Palatal 7 Lianzhou (Cai 1987)
2 Places 84 total
Dental vs. Palatal 81 Jiangyong (Huang 1988)
Dental vs. Retroflex 2 Jinggangshan Hakka (Lu 1995)
Palatal vs. Retroflex 1 Haizhou (Su 1990)
3 Places 51 total
Dental vs. Palatal vs. Retroflex 51 Harbin (Yin 1995)

Table 1 shows that, for the 35 dialects with sibilants at one place, the majority (28/35) have
dentals; for the 84 dialects with two sibilant places, the majority (81/84) have dentals vs. palatals;
for the 51 dialects with three sibilant places, all the dialects have dentals vs. palatals vs.
retroflexes. As this study focuses on the sibilant place contrasts, the 84 dialects with two sibilant
places and the 51 dialects with three sibilant places will be relevant to the typological survey.

These two types of dialects are reported below.
2.2.1 Two-way sibilant place contrasts

In the 84 dialects with a two-way distinction of sibilant places, there are 81 dialects that have
dental vs. palatal sibilants. In these 81 dialects, there is a clear tendency to avoid the place
contrasts in the [_i] context: The contrasts are present in 28% of the dialects (23/81), as
exemplified in (5), and absent in 72% (58/81) of the dialects (either with vowel enhancement or

with non-combinaiton of certain sibilants with [i]), as exemplified in (6).
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(5) Dialects with two sibilant places (1): Fully contrastive dentals vs. palatals — 23 dialects

a. Jiangyong (Huang 1988), representing 3 dialects
si &H cslim’ ei Bk ‘opera’
tsi 4% ‘offersacrifice’ tei 25 ‘to mail’
ts"i ) ‘lay bricks’  te"i & ‘gas’
All syllables bear a low-falling tone

b. Changle (Z. Qian 2003), representing 20 dialects’

sy b “lion® si P4 ‘west’ ci M ‘scarce’
tsy % ‘branch’ tsi [0 ‘annoying’ tei @l ‘hungry’
ts"y # ‘wing’ ts"i FE cwife’ te"i #X ‘to cheat’

All syllables bear a concave tone
(6) Dialects with two sibilant places (11): Non-contrastive dentals vs. palatals — 58 dialects

a. Dayu(L. Liu 1995), representing 56 dialects
s1 % ‘tendency’ e P ‘west’
tsy & ‘resources’  tei ZE ‘chicken’
ts"y ¥ “stop’ te"i #X ‘to cheat’
All syllables bear a mid-level tone

b. Shibei (Hiroyuki 2004), representing 1 dialect

*si ei % ‘string’
*tsi tei ¥ ‘ache’
*ts"] tehi F cwife’

Each legitimate syllable bears a high-falling tone.

c. Jixi (R. Zhao 1989), representing 1 dialect
s & ‘amusement’ si U ‘toreceive’  *i
tsi ZE fowl’ tsi i ‘circuit’ *tei
ts"y % “stupid’ ts"i il ‘todrawout’  *tei
Each legitimate syllable bears a high-level tone

Some details need to be noted about the typology of dialects with two sibilant places. As
shown in (5), the 23 dialects that preserve the place contrasts of dental vs. palatal sibilants fall
into two types: 3 dialects like Jiangyong (Huang 1988) in (5a) have contrasts like /si-ci/; 20

dialects like Changde (Z. Qian 2003) in (5b) have contrasts like /si-si-gi/.

" In this data set, the symbol ‘0’ means that the syllable exists in the colloquial version of the language,
but there is no corresponding Chinese character.
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Of the 58 dialects that disallow the place contrasts of dental vs. palatal sibilants in the [_i]
context, 56 dialects like DayU (L. Liu 1995), avoid the contrasts by introducing ‘apical vowels’
after the dental sibilants, e.g., /si-¢i/ in (6a). The other two dialects avoid the contrasts with
phonotactic gaps: The rime [_i] does not follow the dentals in Shibei (Hiroyuki 2004), as in (6b),
and it does not follow the palatals in Jixi (R. Zhao 1989), as in (6¢).

In the 84 Chinese dialects with a two-way distinction of sibilant places, three dialects differ
from the 81 exemplified in (5) and (6) in terms of the places of the sibilants. Wuhua (Y. Wei
1997) and Jinggangshan (S. Lu 1995) have dental vs. retroflex sibilants in their phonetic
inventory, as in (7). Contrastive dental vs. retroflex sibilants are allowed in the [ _i] context in
Wuhua (Y. Wei 1997) but avoided in Jinggangshan (S. Lu 1995) with the introduction of apical

vowels after the retroflex sibilants.

(7) Dialects with two sibilant places (111): Dentals vs. retroflexes — 2 dialects

a. Wuhua (Y. Wei 1997), contrastive dentals vs. retroflexes

s Jilb <lion® si V4 ‘west’ si  &F ‘poem’
tsg % ‘looking’ tsi 4% ‘tosqueeze’  tsi K% ‘branch’
ts"y ¥ ‘coarse’ ts"i #F cwife’ ts"i B “stupid’

All syllables bear a high-level tone

b. Jinggangshan (S. Lu 1995), non-contrastive dentals vs. retroflexes

s1 % ‘thread’ si Ph ‘west’ Ju & ‘poem’
tsy # ‘resources’  tsi % ‘tosqueeze’  tf K ‘to know’
ts"y M female’ ts"i F cwife’ tfy % “stupid’

All syllables bear a high-level tone.
Haizhou (X. Su 1990) has palatal vs. retroflex sibilants in its phonetic inventory, as in (8), and
the contrasts between palatal and retroflex sibilants are also enhanced in the [_i] context with the

introduction of apical vowels after the retroflex sibilants.
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(8) Dialects with two sibilant places (1V): Palatal vs. retroflexes — 1 dialect

Haizhou (X. Su 1990), non-contrastive palatals vs. retroflexes

ci P4 ‘west’ s wf ‘poem’
tei &L ‘hungry’ tsy A% ‘branch’
te"i #F ‘wife’ t§h.{ JiE ‘blemish’

All syllables bear a conves tone

In general, the typology of Chinese dialects with two sibilant places shows that, in the
majority of the dialects, the place contrasts of dental vs. palatal sibilants in the [_i] context tend

to be enhanced or avoided even when there are no retroflex sibilants in the sound system.

2.2.2 Three-way sibilant place contrasts

In the 51 dialects with three sibilant places, the full place contrasts in the [_i] context are present in
two dialects, e.g., Qimen (T. Shen 1989) in (9), and enhanced or avoided in the other 49 dialects as
in (10) to (12). In other words, the full place contrasts are preserved in 4% (2/51) of the dialects

and enhanced or avoided in 96% (48/51) of the dialects.

(9) Dialects with three sibilant places (1): Fully contrastive dentals vs. palatals vs. retroflexes — 2 dialects

e.g., Qimen (T. Shen 1989), representing 2 dialects

s; AE “die’ si BE ‘knee’ @i SE i si #f ‘decorate’
ts; % ‘purple’ *tsi tei . ‘self’ tsi 40 ‘paper
ts"y Bt ‘this® ts"i & ‘seven’ te"i 2 ‘getup’ ts"i 1A ‘tooth’

Some details need to be noted about the typology of the 49 dialects that avoid the full place
contrasts in the [_i] contexts. Generally, these 49 dialects fall into two types. First, 17 dialects

preserve the contrasts between two sibilant places in the [_i] context, as in (10) and (11).
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(10) Dialects with three sibilant places (11): Dental vs. palatal contrast, with retroflex-[i] avoided — 16 dialects

a. Xiangtan (Zeng 1993), representing 13 similar dialects

s; V0 “four si A cslim’ i [ ‘opera’ s J ‘corpse’
tsp & ‘pose’ tsi %% ‘sacrifice’ tei £ ‘skill’  tsgy A% ‘branch’

ts"y ) ‘tobestow’  ts"i ) ‘laybrids te"i % ‘gas’ ts"y i ‘stupid’
All syllables bear a high-level tone

b. Changshu (D. Yuan 2010), representing 3 similar dialects

s1 Uf ‘start’ si 4t ‘todie’ ci = ‘happy’ *si
ts; A% ‘paper’ tsi b “‘sister’ tei H ‘toliftt  *tsi
ts"s # ‘tooth’ ts"i B ‘to take’ te"i B ‘to open’ *tsi

All syllables bear a high-level tone

(11) Dialects with three sibilant places (111): Palatal vs. retroflex contrast, with dental-[i] avoided — 1 dialect
Xuancheng (Shen and Huang 2015)

S1 ¥ ‘poem’ ei fif fresh> fi  PH ‘west’
ts;y £% ‘branch’ tei AT ‘tofry’ tfi #Ll ‘hungry’
ts"y %E “stupid’ te"i T cthosand tfMi E cwife’

All syllables bear a mid-level tone

In this group, 13 dialects like Nanjing (D. Liu 1994) in (10a) preserve the contrasts of dental vs.
palatal sibilants in the [_i] context and introduce apical vowel y after the retroflex sibilants. In the
three other dialects like Changshu (D. Yuan 2010) in (10b), the retroflex sibilants are followed
by neither [_i] nor apical J. In addition, Xuancheng (Shen and Huang 2015) in (11) preserves the
place contrasts of palatal vs. retroflex sibilants in the [_i] context rather than that of the dental vs.
palatal sibilants.

Second, 32 dialects do not allow any place contrast of sibilants in the [_i] context, as in (12).
In this group, there are 28 dialects like Anging (H. Bao 2012) in (12a), which avoid the
two-place sibilant contrasts in the [_i] context with the introduction of the apical 1 after the dental
sibilants and that of the apical  after the retroflex sibilants, i.e., the same way Mandarin avoids
the contrasts. On the other hand, in the other four dialects, the rime [_i] does not follow the
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retroflex sibilants, e.g., Dangtu (Zhang, Yuan, and Shen 2012) in (12b), or the rime [ _i] does not

follow the palatal sibilants, e.g., Ledu (Cao and Shao 2001) in (12c).

(12) Dialects with three sibilant places (IV): No sibilant place contrasts in the [_i] context — 32 dialects

a. Anging (H. Bao 2012), representing 28 similar dialects
s Jili “lion® ¢i U ‘west’ s AF ‘poem’
ts1 % ‘looking’ tei @l ‘hungry’ tsy ¢ ‘branch’
ts"y M ‘blemish’ te"i #F ‘wife’ t§h.{ $E ‘stupid’
All syllables bear a mid-falling tone
b. Dangtu (Zhang, Yuan, and Shen 2012), representing 2 similar dialects®
sy il <lion® ei PO ‘west’”  *[i
ts; £% ‘branch’ tei & ‘hungry> *tfi
ts"y M ‘blemish’ te"i #F cwifee  *tfMi
All syllables bear a high-level tone

c. Ledu (Cao and Shao 2001), representing 2 similar dialects

s;p 78 ‘west’ *gi s wf ‘poem’
tsy L ‘hungry’ *tei tsy A% ‘branch’
ts"y M ‘blemish’ *te"i t§h.{ $E “stupid’

All syllables bear a low-rising tone

In general, the typology above shows that a full contrast among dental, palatal, and retroflex
sibilants in the [_i] context is generally enhanced with the introduction of apical vowels after the
dental and/or retroflex sibilants. This is consistent with the Lee-Kim’s (2014) generalization that

three-way sibilant place contrasts in the [_i] context tend to be avoided.

2.2.3 Pair-wise sibilant place contrasts

The typology of two sibilant places (2.2.1) shows that dialects tend to avoid sibilant place
contrasts in the [_i] context when there are only a two-way distinction of sibilant places in the

inventory. In other words, the non-occurrence of sibilant place contrast in the [_i] context is not

8 According to Zhang et al. (2012), the consonants represented by the symbols [ t[ t/*] in Dangtu are
produced with tongue blade approaching the post-alveolar region.
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necessarily conditioned by the existence of a three-way distinction of sibilant places in a
language. Below, generalizations are made on the contrasts of dental vs. palatal sibilants, dental

vs. retroflex sibilants, and palatal vs. retroflex sibilants, respectively.
2.2.3.1 Dental vs. palatal sibilants

Dental vs. palatal sibilants exist in the dialects with two sibilant places as well as those with three
sibilant places. Across these two groups, a total of 132 dialects have dental vs. palatal sibilants in
their phonetic inventory and an overview of the contrastive pattern is given in Table 2. As Table
2 illustrates, 41 dialects preserve the contrasts of dental vs. palatal sibilants in the [ _i] context,
including 23 dialects (= 3 + 23) with two sibilant places and 18 dialects (= 2 + 13 + 3) with three
sibilant places. On the other hand, 91 dialects avoid the contrasts, including 58 dialects (=56 + 1
+ 1) with two sibilant places and 33 dialects (= 1 + 28 + 2 + 2) with three place sibilants. Overall,
in the 132 dialects, contrastive dental vs. palatal sibilants in the [_i] contexts are preserved in 31%
of the dialects (= 41/132) and enhanced or avoided in 69% of the dialects (= 91/132). This
pattern indicates that, cross-linguistically, the majority of the dialects avoid the place contrast of

dental vs. palatal sibilants in the [_i] context.
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Table 2 Typology of dental vs. palatal sibilants — 132 dialects

Contrast pattern No. of dialects  Example dialect Cross reference
I. Contrast preserved 41 total
a. si el 3 Jiangyong (Huang 1988) (5a)
b. s si ei 20 Changle (Z. Qian 2003) (5b)
c. sp Si ei gi 2 Qimen (T. Shen 1989) 9)
d. s; si el g1 13 Nanjing (D. Liu 1994) (10a)
e. S1 Si ei *si 3 Changshu (D. Yuan 2010) (10b)
I1. Contrast enhanced/avoided | 91 total
d s1 el 56 DayQ(L. Liu 1995) (6a)
e. *si ei 1 Shibei (Hiroyuki 2004) (6b)
f. sp si *ei 1 Jixi (R. Zhao 1989) (6¢)
g sx1 el [i 1 Xuancheng (Shen&Huang2015) (11)
h. s1 el s 28 Anging (H. Bao 2012) (12a)
i. sx el *fi 2 Dangtu (Zhang et al. 2012) (12b)
Joosx el gy 2 Ledu (Cao and Shao 2001) (12c)

2.2.3.2 Dental vs. retroflex sibilants

Dental vs. retroflex sibilants also exist in the dialects with two sibilant places and those with
three sibilant places alike. Across these two groups, a total of 52 dialects have dental vs. retroflex
sibilants in their phonetic inventory, as summarized in Table 3.

Table 3 Typology of dental vs. retroflex sibilants — 52 dialects

Contrast pattern No. of dialects  Example dialect Cross reference
I. Contrast preserved 3 total
a. sy si si 1 Wuhua (Y. Wei 1997) (7a)
C. S1 si ei gi 2 Qimen (T. Shen 1989) 9)
I1. Contrast enhanced/avoided | 49 total
C. sp si [y 1 Jinggangshan (S. Lu 1995) (7b)
d. sr si el §q 13 Nanjing (D. Liu 1994) (10a)
e. Sy si el *si 3 Changshu (D. Yuan 2010) (10b)
f. s1 el g 28 Anging (H. Bao 2012) (12a)
g. S1 el *[i 2 Dangtu (Zhang et al. 2012) (12b)
h. s1 *el §q 2 Ledu (Cao and Shao 2001) (12c)

As Table 3 illustrates, the place contrasts of dental vs. retroflex sibilants in the [_i] contexts
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are allowed in 3 dialects and enhanced or avoided in 49 dialects. This pattern could be taken as
an indication that contrastive dental vs. retroflex sibilants in the [_i] context also tend to be
avoided cross-linguistically. However, the avoidance of contrastive dental vs. retroflex sibilants
in Table 3 is confounded with the number of sibilant places in a dialect. Except for Wuhua (Y.
Wei 1997), all the dialects in Table 3 have sibilants at 3 places. Thus, it is unclear whether the
avoidance of contrastive dentals vs. retroflexes is rooted in the avoidance of the full contrasts of
dental, palatal, and retroflexes (c.f., 2.2.2).° Note that this is different from the avoidance of
dental vs. palatal sibilants (c.f., 2.2.1), by which the typology of the 81 dialects with dental vs.
palatals only (i.e., to the exclusion of retroflexes) argued independently for the tendency to avoid

contrastive dentals vs. palatals in the [_i] context.
2.2.3.3 Palatal vs. retroflex sibilants

Across the dialects with two sibilant places and three sibilant places, a total of 52 dialects have
palatal vs. retroflex sibilants in their phonetic inventory. A summary is given in Table 4. As
Table 4 illustrates, the place contrasts of palatal vs. retroflex sibilants in the [_i] context are
allowed in 3 dialects and enhanced/avoided in the other 49. Similar to the avoidance of contrastive
dental vs. retroflex sibilants in Table 3, this observation is also confounded by the number of
sibilants in a dialect, and it is unclear if the avoidance of contrastive dentals vs. retroflexes is

rooted in the avoidance of the full contrasts of dentals, palatals, and retroflexes (c.f., 2.2.2).1°

° The avoidance of contrastive dental-[i] vs. retroflex-[i] may have another potential cause, i.e., the
articulatory incompatibility of a retroflex sibilant and a following [_i] (Pulleyblank 1984:25-26;
Hamann 2003:95-96).

10 Similar to the case of contrastive dental vs. retroflex sibilants, the articulatory incompatibility of a
retroflex sibilant and a following [ _i] is another potential cause of the typology.
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Table 4 Typology of palatal vs. retroflex sibilants — 52 dialects

Contrast pattern

No. of dialects

Example dialect

Cross reference

I. Contrast preserved 3 total
a. sy si e sgi 2 Qimen (T. Shen 1989) 9
b. si ei [ 1 Xuancheng (Shen&Huang2015) (11)
I1. Contrast enhanced/avoided | 49 total
c. e 81 1 Haizhou (X. Su 1990) (8)
d. sp si el g§q 13 Nanjing (D. Liu 1994) (10a)
e. Sy si e *si 3 Changshu (D. Yuan 2010) (10b)
f. sp el §q 28 Anging (H. Bao 2012) (12a)
g s1 el *fi 2 Dangtu (Zhang et al. 2012) (12b)
h. sp *ei §q 2 Ledu (Cao and Shao 2001) (12c)

2.2.4 Generalizations from the typology of sibilant place contrasts

Lee-Kim’s (2014a) generalization that sibilant place contrasts in the [ i] context tend to be

avoided was drawn from a pool of languages with three-way sibilant place distinction. This

generalization is tested above against Chinese dialects with three sibilant places as well as those

with two sibilant places. The typological survey in this dissertation shows that:

(@) For dialects with three sibilant places, where the place distinction is primarily among

dental, palatal, and retroflex sibilants, there is a clear tendency to avoid the full

three-way place contrasts in the [_i] context, primarily with the introduction of apical

vowels.

(b) For dialects with two sibilant places, where the place distinction is primarily dental vs.

palatal sibilants, there is also a tendency to avoid contrastive dental vs. palatal sibilants

in the [_i] context, primarily with the introduction of apical vowels.
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While the observation (a) confirms Lee-Kim’s generalization, the observation (b) suggests that
the avoidance of sibilant place contrasts in the [ i] context is not limited to languages with three
sibilant places. In other words, the typology in this dissertation shows that contrastive dental vs.
palatal sibilants tend to be avoided in a language even when there is no retroflex sibilants in the
inventory. In terms of pair-wise place contrasts, the typology only shows a clear tendency to
avoid dental vs. palatal sibilants in the [_i] context (2.2.1). For dental vs. retroflex sibilants and
palatal vs. retroflex sibilants, however, the pattern is unclear due to the small number of dialects

that only have these two types of place contrasts.

2.2.5 Fricative contrasts vs. affricate contrasts

Lee-Kim’s (2014a) typological generalization is tested against the typology of fricatives and
affricates alike. For dialects with two sibilant places and three sibilant places alike, it is observed
that affricate contrasts generally behave the same as their fricative counterparts, as can be seen
from the examples in 2.2.1t0 2.2.3.

However, for dental vs. palatal sibilants, a difference is observed between fricative contrasts
and affricate contrasts. As noted in 2.2.3 and 2.2.4, among the different place contrasts, the
tendency to avoid place contrasts in the [ _i] context is observed only for dental vs. palatal
sibilants. Dental vs. palatal sibilants exist in a total of 132 dialects, as shown in Table 2,
including 41 dialects with two sibilant places and 91 dialects with three sibilant places. Out of
these 132 dialects, contrastive dental vs. palatal sibilants are observed in 41 dialects, e.g., [si-ei],

[tsi-tei], and [tshi-tehi].
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A closer examination of the 41 dialects shows that they fall into 3 groups, as shown in Table
5. First, four dialects like Daoxian (K. He 2003) preserve the place contrast of dental vs. palatal
fricatives but not that of the affricates; second, 34 dialects like Jiangyong (X. Huang 1988)
preserve the place contrasts of all sibilants; third, three dialects like Datan (Y. Chen 2015) fall
between the former two groups in that they preserve the place contrast of either aspirated or
unaspirated affricates in addition to the place contrast of fricatives. An overview of these three
types of dialects revealed a manner difference: in the [_i] context, the place contrast of affricates
implies the place contrast of fricatives. It needs to be noted that this typology is based on a

relatively small number of dialects, yet the pattern is clear.

Table 5 Typology of contrastive dental vs. palatal sibilants — 41 dialects

Contrast patterns Example dialects No. of dialects
a. si-gi  *tsitei  *tshi-tehi Daoxian (&%) (K. He 2003) 4
b. si-ei  *tsi-tei  tshi-tehi Datan (CK3H) (Y. Chen 2015) 2
si-¢i tsi-tgi  * tshi-tghi Taishun (Z=)I§) (Z. Liu 2007) 1
c. si-ci tsi-tei tshi-tghi Jiangyong (VL.7K) (X. Huang 1988) 34

2.2.6 Summary of the typology

To sum up, the typological survey of sibilant place contrasts across Chinese dialects in this
dissertation shows that, in the [_i] context:
(a) Three-way sibilant place contrasts tend to be avoided, e.g., */si-gi-si/, primarily with the

introduction of apical vowels;
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(b) Two-way sibilant place contrasts of dental vs. palatal sibilants tend to be avoided, e.g.,
*[si-gi/, primarily with the introduction of apical vowels, which holds true independently
of whether a language has retroflex sibilants or not;

(c) For contrastive dental vs. palatal sibilants, the place contrast of affricates (i.e., /tsi-tei/,

/tshi-teti/) implies that of the fricative (i.e., /si-¢i/).

2.3 Historical development in Mandarin sibilants

The typology in section 2.2 shows that three-way sibilant place contrasts in the [_i] context tend
to be avoided, e.g., */si-ci-si/. As mentioned in 2.1, Mandarin avoids the three-way sibilant place
contrasts in the [_i] context with the introduction of apical vowels, e.g. /si-ei-sy/. A natural
question, then, is how Mandarin contrasts like /s3-ci-gy/ developed into its current form? For the
enhancement analysis of Mandarin apical vowels (Stevens et al. 2004, Lee and Li 2003,
Lee-Kim 2014a), the question is: Has the formation of apical vowels in Mandarin avoided the
sibilant place contrasts in the [_i] context? This section examines the diachronic development of
Isyei g1/, [tsy tei tsy/, and /ts"y te"i tshy/ in Mandarin historical phonology.

2.3.1 Method of data collection

Chinese syllables are conventionally grouped by their onsets and rimes in Chinese phonological
literature. For example, the syllables [sa] ‘to let go’ and [san] ‘three’ have the same onset and the
syllables [san] ‘three’ and [tan] ‘greedy’ have the same rime. The same is true with ancient
Chinese rhyme books like Qieyun (published in 601AD and representing the sound systems of

Chinese around the 7" century) and Zhongyuan Yinyun (published in 1324AD and representing
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the sound systems of Chinese around 14" century). These documents provide information about
the grouping of onsets and rimes rather than the actual pronunciation of the onsets and rimes,
because the Chinese writing system does not directly reflect the pronunciation of a written
character. Since Karlgren (1917), there have been extensive and fruitful studies that reconstruct
the phonetic forms of the onsets and rimes in rhyme books like Qieyun and Zhongyuan Yinyun (Z.
Lu 1947, R. Li 1952, Tung 1954, Wang 1980, 1985, X. Li 1983, Ning 1985, among others).

In terms of time span, the current survey is limited to the historical developments between
the 7" century (i.e., the sound system represented by the rhyme book Qieyun'!) and Mandarin
Chinese, for which period there has been general agreement on the reconstructed forms of the
onsets and rimes. The data were drawn primarily from two resources:*?

(@) The book Hanzi Gujin Yinbiao [A List of the Historical Pronunciation of Chinese
Characters] (Li and Zhou 1999), which provides the reconstructed forms of 9,000
Chinese characters, with their pronunciations in the 7" century, i.e., the sound system
represented by Qieyun (601AD), and those in the 14™ century, i.e., the sound system
represented by Zhongyuan Yinyun (1324AD). The reconstructed forms in this book

follow primarily the reconstruction in L. Wang (1980) and Ning (1985).

1 Despite the general agreement on the reconstructed consonants and rimes, there has been disagreement
on the nature of the sound system represented by Qieyun. It is generally believed that the sound system
of Qieyun represented a lingua franca around the 7™ century while some phonologists held that it
represented the sound system of a specific dialect. A concise summary of the different views was
given in W. Pan (2000:1-13).

12 The historical survey in this study is an extension of the survey in M. Li (2011), which referred to Li
and Zhou (1999) but not L. Wang (1985). The survey in the current study provides a more detailed
picture of the development in terms of the phonetic forms across different historical stages.
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(b) The book Hanyu Yuyin Shi [The Historical Phonology of Chinese] by L. Wang (1985).

This book provides the reconstructed onsets and rimes in the sound systems of Chinese at

various intervals, e.g., 6™ to 9" century, 10" to 13" century, 14" to 20™" century, etc. Of

particular interest to the current study is the reconstruction of the interval between the

10" century and the 13™ century, for which the phonetic forms are missing in Li and

Zhou (1999).

This study focuses on the diachronic developments of sibilant contrasts relevant to the [_i]

context. Thus, the syllables of interest to the current research are those developed into /sy-¢i-sy/,

Mtsy-tei-tgy/, and /tshy-tehi-ts"y/ in Mandarin Chinese. A total of 262 Chinese characters were

identified from the list in Li and Zhou (1999), as illustrated in Table 6.

Table 6 Examples of Chinese characters collected from Li and Zhou (1999)

Syllable in Mandarin

Example items

No. of characters in Li & Zhou (1999)

a. SI FA ‘private’ 14
b. tss % ‘resources’ 16
Cc. tshs it “‘blemish’ 12
d. el g ‘west’ B ‘opera’ 32
e. ftei 1l ‘hungry’ # fowl’ 54
f. tehi 1+ ‘seven’ K ‘to cheat” 35
g 1 P ‘poem’ 41
h. tsg ¥i ‘branch’ 29
ooty %t ‘stupid’ 29
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2.3.2 Sibilants contrasts in sound change

The diachronic developments of the 262 Chinese characters are laid out in (13), where each
Chinese character represents a group of Chinese characters with a similar path of development.
The phonetic forms in the 7" century, the 14™ century, and the 20" century are taken from Li and
Zhou (1999) and the phonetic forms in the 11" century follow the reconstructed onsets and rimes
in L. Wang (1985). The phonetic forms in the 18" century in Column 111 are added following B.
Ye (2001:223-225). More specifically, between the 14" century and the 20" century, the velar
obstruents in Column 111 developed into palatal sibilants before [ _i], which formed contrasts with
the dental sibilants in Column II; then, the dental sibilants in Column Il started to be palatalized,
i.e.,, merging with the palatal sibilants in Column I, which was documented in Yuanyin
Zhengkao, a phonological work complied in 1743 (B. Ye 2001:223-225) and this process was

completed by 20" century.

The developments in (13) involved a number of sound changes, as explained below.

(@) The phonology of Chinese around the 7" century had a complex rime system (Wang
1980, 1985) and, according to Li and Zhou (1999) and X. Guo (1986), the 262 Chinese
characters belonged to a diverse range of rime categories. (A list of the rime categories
of the 262 characters is given in Appendix II1). Between the 7" century and the 14"
century, there occured a general rime merger (Chen 1976:178; L. Wang 1985:490-525),
which neutralized all the diverse rimes into [-i]. In other words, all the 262 Chinese

characters developed a rime [-i] between 7" century and 14" century (L. Wang 1985).
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(13) Historical development of sibilants in Mandarin (Based on Li and Zhou 1999; L. Wang 1985)

1. . 1l. V.
a. b c d e f. g h. i j  k . m n o p
s 7~
g si tsiotshiodziozi | sV sV otV XV KV KV TG g e dzi oz
RL %M H W VA
L)
11"t SpYtsy  tshy XV KV KV e et
Z R it o
YO
et sp sy tshy si tsi tshi XtK oo sty
o vy 3 2 H Rk R B #
(&)
h (si tsi tshi ci ltsi tehi h
18 ot Sp sy tshy sLotsr ts'y
% G L E RS
T A
20" ot sp tsy tshy merged into el tel tehl sL sl sy
Z R A1 el tei tehi = OH K A

Notes: (i) In Column II and Column III, a symbol like ‘sV’ represents a group of syllables with a ‘s’
onset and diverse rimes;

(i) For a particular historical period, e.g., 7" century, the square(s) highlight the sibilant
place contrasts in the [_i] context;

(iii) In the same column, light color indicates that there was no sound change in that
particular historical stage;

(iv) In the same column, a filled arrow marks a change across two historical stages that led to
sibilant place contrasts in the [_i] context; an empty arrow marks a change across two
historical stages that avoided the sibilant place contrasts in the [ i] context.

(b) Through the general rime merger, all the syllables in (13) neutralized their rimes into [-i]
(Chen 1976:178; L. Wang 1985:490-525). It is shown in (13) that the different columns
underwent the rime merge at different steps. For examples, the syllables in Column |
completed the rime merger around the 7% century while those in Column Il completed it

around the 11% century, as marked by @.
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(©)

(d)

(€)

In the 7" century, the syllables represented by Column I (d, €) and Column IV (o, p.)
had voiced sibilants as the onsets, e.g., [dz z] and [dz z]. Between the 7" and the 11"
century, these onsets underwent a devoicing process and all merged into their voiceless
counterparts (Chen 1976).

Dental vs. palatal sibilants formed contrasts in the [_i] context around the 7™ century, as
highlighted by the boxes. Between the 7" and the 11" century, the apical vowels were
formed after the dental sibilants (apical vowel formation as marked by @), which
avoided the sibilant place contrasts of dental vs. palatal sibilants.

Around the 11" century, contrastive dentals vs. palatals appeared in the [ i] context
again as a result of the rime merger in (a). The contrasts were avoided with ), by
which [ei tei teti] developed into [sy tsy tsy]. A closer look at 3 revealed that there
were in fact two sequential sound changes: Palatal retroflexion in the onsets and apical
vowel formation in the rime.

e.1l) In palatal retroflexion, the palatal sibilant onsets merged into their retroflex
counterparts. By ‘merge’, it means that retroflex sibilants existed in the sound
system in the 7" century (Li 1956, Chen 1976) though the retroflexes did not
combine with [-i].

e.2) In apical vowel formation, the rime [-i] developed into the apical vowel j. As
noted in L. Wang (1985), all of the apical y developed from a former [-i]. This

is similar to the formation of apical vowels after the dental sibilants in (.
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e.3) In other words, the sound changes in 3 applied in two steps, e.g., first palatal
retroflexation (e.g., ei — si) and then apical vowel formation (e.g., si — sy).
The two-step change is evidenced by the development of Chinese characters
like & ‘wet’, e.g., ¢iep (7" c.) > si (14™ c) > g1 (20" c.), for which the
phonetic forms are drawn from Li and Zhou (1999).

(f) Between the 14" and the 18" century, the velar obstruents in Column 111 developed into
palatal sibilants, i.e., velar palatalization, as marked by @. With the syllables in
Column 11, velar palatalization turned out to create again the contrasts between dental
and palatal sibilants in the [_i] context.

(g) Around the 18" century, the dental sibilants in Column Il merged with their palatal
counterparts (B. Ye 2001:223-225), i.e., dental palatalization &. As a result, the
contrasts between Column 11 and Column 111 around the 18™ century were neutralized.

As the output of all the above sound changes, the phonotactics of sibilant-initial syllables in

Mandarin finally came to be its current forms, i.e., /sy-¢i-gy/, /tsy-tei-tsy/, and /tshy-tehi-tshy/.

2.3.3 Summary of the historical development

The historical development of Mandarin sibilants in (13) can be summarized as (14) below,

using the fricatives to represent all the sibilants.
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(14) Sibilant contrasts in Mandarin sound change (Based on Li and Zhou 1999; L. Wang 1985)
l. Il. [l. V.

e, @ sV XV
l |
11"c. s @P xV
| l
Si 3|

14M¢. s Xi |
| | ! |
18" c. s;l 51
|

20Mc. 1 g;il
.S s

The historical development shows that:

(@) Inthe [_i] context, the place contrasts of dental vs. palatal sibilants have been avoided, e.g.,
via rime change (7" c. — 11" ¢.), onset change (11" c.— 14" ¢.), and contrast neutralization
(18" c. — 20" ¢.), even though they appeared multiple times as the result of other processes;

(b) In the case of onset change (palatal retroflexion around the 11™ ¢.), the place contrast of
dental vs. palatal sibilants developed into the contrast of dental vs. retroflex sibilants, e.g.,
Si vs. el — si vs. si;

(c) In the case of the sound change around 18" century, the neutralization of the dental vs.
palatal sibilants in the [_i] context seemed to be the only way to avoid their contrasts, as

there was no room to shift the onsets or rimes as in the 7" century and the 11" century.

2.4 Research questions

Previous studies in language typology and historical sound change have both suggested that
sibilant place contrasts tend to be avoided in the [_i] context (Stevens et al. 2004, M. Li 2011,
Lee-Kim 2014a, among others) and that less distinct sibilant contrasts sometimes develop into

more distinct contrasts in diachronic sound changes (Padgett 2001, 2003, Padgett and Zygis 2007;
33



Zygis and Padgett 2010, among others).

This study focuses on the sibilant place contrasts. The observations from the typology

across Chinese dialects and the development of Mandarin sibilants are summarized below.

(a)

(b)

(©)

The typology shows a clear tendency to avoid dental vs. palatal sibilants in the [ i]
context independent of whether there are retroflex sibilants in the sound system (2.2.1.—
2.3.2). The typology also shows that the introduction of apical vowels is the most
common way to enhance the sibilant place contrasts in the [_i] context (2.2);

The historical sound changes show that the dental vs. palatal contrasts in the [ _i] context
were once shifted to the dental vs. retroflex contrasts (2.3.2);

For contrastive dental vs. palatal sibilants in the [_i] context, the typology shows that the
place contrast of affricates implies the place contrast of fricatives, although the number of

dialects in the typology is relatively small.

Assuming a role of contrast distinctiveness in language typology and sound change, the

observations listed above raise the following three research questions:

For dental vs. palatal sibilants, does vowel context influence the perceptual
distinctiveness of sibilant place contrasts? For example, referring to the generalization in
(@), is it true that [si-ei] is perceptually less distinct than [sa-ca] and [s1-¢i]?

In the [_i] context, do sibilant place contrasts differ in their perceptual distinctiveness?
For example, referring to the generalization in (b), is it true that [si-ei] is perceptually less

distinct than [si-gi]?
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iii. For dental vs. palatal sibilants in the [_i] context, do contrasts in different manners differ
in their perceptual distinctiveness? For example, based on the generalization in (c), is that
true that [tsi-tei] and [ts"i-te"i] are perceptually less distinct than [si-¢i]?

These research questions are to be addressed in the perceptual experiment reported in Chapter 3.
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Chapter 3. Perceptual distinctiveness of sibilant contrast
For the three research questions raised in Chapter 2, three hypotheses are laid out in 3.1. The
design of a speeded-AX discrimination experiment and its results are reported in 3.2, 3.3, and 3.4.

A discussion of the experiment is given in 3.5.

3.1 Hypotheses of sibilant place contrasts

3.1.1 Perceptual distinction in different vowel contexts

The first research question is ‘for dental vs. palatal sibilants, do vowel contexts influence the
perceptual distinctiveness of sibilant place contrasts?” For this question, the following is

hypothesized:

(15) Hypothesis I (Perceptual distinction in different vowel contexts)

Dental vs. palatal sibilants are less distinct in the [_i] context than in other vowel contexts.

This hypothesis is put forward based on the typology of sibilant place contrasts across Chinese
dialects and other languages (Lee-Kim 2014a) and the perceptual analysis of sibilant contrasts in
Mandarin (Stevens et al. 2004, Lee and Li 2003). More specifically,
(@) The typology shows that, across Chinese dialects, contrastive dental vs. palatal sibilants
in the [_i] context tend to be avoided, primarily with the introduction of apical vowels;
(b) Perceptual accounts assume that the acoustic properties of the dental, palatal, and
retroflex sibilants are close to each other (Stevens et al. 2004) and that their place

distinction in the [_i] context is likely to be compromised due to palatalization (Lee and
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Li 2003, Lee-Kim 2014a). Lee-Kim (2014a) further noted that the [_i] context weakens
the formant transition cues to distinguish sibilant places.
With this hypothesis, a pair like [si-¢i] is predicted to be perceptually less distinct than [sa-ca].
Similarly, [tsi-tei] and [tshi-te"i] are predicted to be less distinct than [tsa-tea] and [tsta-teha]

respectively.

3.1.2 Perceptual distinction in different place contrasts

The second research question is ‘in the [_i] context, do sibilant place contrasts differ in their

perceptual distinctiveness?’. For this question, the following hypothesis is made:

(16) Hypothesis Il (Perceptual distinction between place contrasts)

In the [_i] context, the place contrast of dental vs. retroflex sibilants is more distinct than the

place contrast of dental vs. palatal sibilants.

This hypothesis was based on the historical development of Mandarin and the experimental
study of a similar sound change in Polish (Zygis and Padgett 2010). More specifically,

(@) A survey of historical development of Mandarin sibilants showed that, between the 11%"
century and the 14" century, the dental vs. palatal contrasts shifted to the dental vs.
retroflex contrasts (c.f., 2.3 for details);

(b) In Polish, the [¢-f] contrast developed into the [e-s] contrast (Padgett and Zygis 2007;
Zygis and Padgett 2010), and the perceptual experiment by Zygis and Padgett (2010)
showed that the [e-s] contrast is perceptually more distinct than the [e-f7] contrast. Simply

put, the historical development shifted a less distinct contrast to a more distinct contrast.

37



Note that, in the survey of historical development, the current work focuses on the sibilant place
contrasts in the [_i] context only. Therefore, this study would limit Hypothesis 1l to the sibilant
place contrasts in the [ _i] context. With this hypothesis, a pair like [si-ci] is predicted to be
perceptually less distinct than [si-si]. Similarly, [tsi-tei] and [tshi-te"i] are predicted to be less

distinct than [tsi-tsi] and [tshi-tshi], respectively.

3.1.3 Perceptual distinction in different manners of articulation

The third research question is ‘for dental vs. palatal sibilants in the [_i] context, do contrasts in
various manners differ in their perceptual distinctiveness?’. For this question, the following
hypothesis is made:

(17) Hypothesis 111 (Perceptual distinction between manners of articulation)

For contrastive dental vs. palatal sibilants in the [_i] context, the place contrast of affricates

is less distinct than the place contrast of fricatives.
This hypothesis was based on the typology of sibilant contrasts across Chinese dialects. More
specifically, the typology of the sibilant place contrasts across Chinese dialects showed that, for
contrastive dental vs. palatal sibilants in the [_i] context, the place contrast of affricates implies
the place contrast of fricatives (c.f. 2.2 for details). Based on this hypothesis, [tsi-tei] and

[tshi-tehi] are predicted to be perceptually less distinct than the pair [si-ei].

3.2 Experimental studies of contrast distinctiveness

The evaluation of perceptual distinctiveness between sound pairs can be achieved with various
experiments, e.g., similarity rating (Greenberg and Jenkins 1964; Mohr and Wang 1968) and AX

discrimination (Pisoni 1973; Johnson and Babel 2010; Babel and Johnson 2010, among others).
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The listeners’ perceived distinctiveness has been shown to be influenced by both the
psychophysical similarity of the sounds in the human auditory system (Pisoni 1973; Werker and
Logan 1985; Johnson and Babel 2010) and the contrast and allophony in the listener’s native
language (e.g., Gandour 1983; Kuhl, Williams, Lacerda, Stevens and Lindblom 1992; Flege,
Takagi and Mann 1996; Dupoux, Kakehi, Hirose, Pallier and Mehler 1999; Best, McRoberts and
Goodell 2001, Hume and Johnson 2001; Boomershine, Hall, Hume and Johnson 2008).

In AX discrimination tasks, the listeners have been shown to access low-level acoustic
information about a speech stimulus (Pisoni 1973; Pisoni and Tash 1974, Werker and Logan
1985, among others). For example, Pisoni and Tash (1974) observed that, among the listeners’
‘different’ responses, a longer response time was induced by stimulus pairs that were
acoustically more similar than by those that were acoustically more different. Yet, studies have
also shown the influence of the listeners’ language background in AX discrimination. For
example, Boomershine, Hall, Hume, and Johnson (2008) tested the discrimination of [d, [d], and
[c] by native listeners of English and Spanish, by which [d-r] are allophonic in English but
phonemic in Spanish, and [&d] are allophonic in Spanish but phonemic in English. They
observed that, in discriminating [d-r], English listeners were slower than Spanish listeners, while
in discriminating [&d], Spanish listeners were slower than English listeners.

To bypass the influence of the listeners’ L1 phonology, Johnson and Babel (2010) and
Babel and Johnson (2010) proposed the speeded AX discrimination paradigm, which has the
following properties. First, the Inter-Stimulus-Interval is set to be short, with 100 ms as a

common duration; second, the listeners are encouraged to respond as quickly as possible,
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typically under time pressure, e.g., with 500 ms as a goal; and third, they are informed of their
response time and accuracy after every trial (see also McGuire 2010). For instance, Johnson and
Babel (2010) tested English and Dutch listeners’ discrimination of the fricatives [f, 0, s, [, X, h]
embedded in the contexts [i_i], [a_a], [u_u] using the speeded paradigm. The phonemic systems
of these voiceless fricatives for English an Dutch are different: English has /f, 6, s, [, h/ and
Dutch has /f, s, x, h/, with [[] as an allophone of /s/ (Booij 1999, Johnson and Babel 2010). The
experimental results showed no evidence of the effect of the listeners’ native languages on the
response time, which indicates that the speeded nature of the experiment was able to access the
psychoacoustic similatity of the stimulus pairs independently of the listners’ L1 phonology.

The current study focuses on the perceptual distinctiveness of sibilant contrasts, with the
hypotheses listed in 3.1. To test these hypotheses, it is desirable to adopt a method to assess the
perceptual distinctiveness of sound pairs that is minimally affected by the L1 background of the
listeners. Following Johnson and Babel (2010) and Babel and Johnson (2010), a speeded AX
discrimination method was adopted. The experimental studies by Johnson and Babel (2010) and
Babel and Johnson (2010) showed that speeded AX discrimination can obtain perceptual
distinctiveness independent of the listener’s native phonology. Li and Zhang (2017) observed a
similar pattern in their speeded AX discrimination experiment that tested the effect of the
following vowel on the perceptial distinctiveness of sibilant place contrast with English and
Chinese listeners. More specifically, they observed a vowel effect on response time, by which
the [_i] context introduced a longer response time than other vowel contexts; on the other hand,

there was no evidence showing that the listeners’ native languages influenced their responses or
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modulated the effect of other predicting variables, despite the difference in the sibilant
inventories of English and Chinese. This, again, indicates that the speeded AX discrimination
paradigm is able to access the psychoacoustic perception of the stimulus pairs independently of
the listeners’ L1 phonology.

3.3 A speeded-AX discrimination experiment on contrast distinctiveness

3.3.1 Method

3.3.1.1. Participants

For the convenience of subject recruitment, native English listeners were recruited as listeners in
this experiment. As Li and Zhang (2017) observed no difference between Chinese and English
listeners in the results of their speeded AX discrimination experiment, the responses from
English listeners in this dissertation would be taken to indicate the perceptual distinctiveness
independent of the listeners’ native language.

Thirty-one native English listeners were recruited to participate in the experiment, all of
whom were undergraduate students at the University of Kansas who received extra course credits
for the experiment participation. The participants completed a consent form and questionnaire on
their language background. Two participants (FO6 and F13) reported hearing deficiencies in their
questionaire and their data were excluded from the analysis. In the remaining 29 participants,

there were 24 female and 5 male listeners.
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3.3.1.2. Stimuli

This experiment aimed to investigate the perceptual distinction of sibilant place contrasts in [_i]
and other vowel contexts. Therefore, the stimuli needed to be CV pairs whose onsets are /s ts ts"/,

/e te tet/, and /s ts ts?/ and whose vowels are [_i], [_a].
A. Stimulus syllables

To obtain the stimulus syllables, it is necessary to record the natural production from a language
that preserves the contrasts like [si tsi tshi] vs. [el tei tehi] vs. [si tsi tshi]. As shown in the
typology in Section 2.2.2, such languages are extremely rare across Chinese dialects, with
three-way sibilant place contrasts reported only in Qimen (T. Shen 1989) and Datan (Y. Chen
2015). Even in these two dialects, T. Shen (1989) reported that /tsi/ is not a legal syllable in
Qimen while Y. Chen (2015) reported that /tsi/ and /si/ are illegal in Datan. However, the
three-way contrasts of sibilant places, e.g., [Si-ei-si], are preserved in the speech and singing of
Peking opera, a traditional Chinese vocal performance. Therefore, a trained actor of Peking
Opera was asked to produce the stimulus syllables needed for the experiment.

A list of the CV syllables that were recorded is given below in (18). Note that, apart from
the syllables ending with [_i] or [_a], the syllables /sy, sq, tsy, tgy, ts"y, tshy/ were also recorded,
which would be used to form stimulus pairs like [s1-¢i], i.e., the actual phonetic contrasts as in
Mandarin. To investigate the influence of vowel context on sibilant place contrast, a [si-ei] pair

will be compared with [sa-ea] as well as with [S1-¢i].
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(18) Stimulus syllables for the perceptual experiment?

Onsets I [Li] 1. [_a] HI. Ly or [

a. s si 7§ ‘west’ sa  ff ‘torelease’ si & ‘to think®
b. ¢ ei 7 particle ea [ ‘blind’

c. s si  H ‘world’ sa & ‘tokill’ $1 K ‘tolose’
d ts tsi  A§ ‘fragment’ tsa M ‘tosmack lips® tsy % ‘capital’
e. te tei  ZE ‘rooster’ tea ff ‘good’

f. ts tsi %1 ‘to know’ tsa FL ‘totie’ tsg B¢ ‘branch’
g. tsh tshi L ‘seven’ tsha £ ‘to wipe’ tshy 7 ‘uneven’
h. teh tehi MK ‘to cheat’ teha 4 ‘to pinch’

i tgh tshi 1z ‘to eat’ ts"a #f ‘to insert’ tshy i asurname

Note: All syllables bear a high-level tone except si i ‘world’, which has a falling tone. The
speaker was asked to produce si with a high-level tone.

B. Stimulus recording

A trained male actor of Peking opera, who is also a native Mandarin speaker, was invited to
produce the syllables in (18). The speaker read the Chinese characters in Columns I and 11 in the
normal speech of Peking opera (i.e., not the singing style). The characters in Column Il were
read as they are in Mandarin, not in Peking opera. This is because not all the syllables are legal
forms in Peking opera.}* The target Chinese characters were read in the carrier sentence ‘Wo
shuo de shi __ zhe ge zi’ [‘FihiI/&__ B8] ‘what I said was ___ this character’. The recording

was done at a sampling rate of 44.1 KHz, 16 bits. The speakers produced six tokens of each

3 In the Chinese Pinyin orthography, the [ca tea teha] syllables are represented as xia, jia, gia, where the
‘I’ indicates an onglide. In the phonetic and phonological literature, these syllables are sometimes
transcribed as [eia teia tehia]. However, as Ladefoged and Maddieson (1996:150) pointed out, the
alleged onglide [j] involves ‘nothing other than a normal transition between the initial consonant and
the following vowel in all these cases’. Therefore, these syllables are referred to as [ea tea teha] in this
dissertation.

14 The difference in reading styles, i.e., speaking in Peking opera vs. Mandarin, should not be problematic
in the stimulus formation because, for all the stimulus pairs, the two syllables in a pair came from the
same reading style. For example, in [si-¢i] and [s1-¢i], all syllables were read in the speaking of Peking
opera and, in [sa-ea], both syllables were read in Mandarin.
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syllable in (18). For each syllable, one token was selected from the six repetitions, whose sibilant

intensity, COG, and vowel formants were the closest to the mean values of the six tokens.
C. Stimulus manipulation

In a speeded AX discrimination task, the duration of a stimulus syllable must be controlled to
facilitate the comparison of response times across different CV pairs, e.g., [si-ei] vs. [sa-ea].
Several steps of manipulation were performed on the 24 selected syllables before the formation
of CV pairs. (For the naturally produced syllables, the mean durations of the onsets and vowels
are given in Appendix 1V, along with the durations of CV transitions and the FO, F1, F2, F3 of
the vowels.)

First, the duration of the onsets was normalized to a length typical of a sibilant in
normal-speed speech. Based on Feng’s study of Mandarin consonants (1985), 125 ms was used
as the target duration for the fricatives [s, ¢, s], 50 ms for the unaspirated affricates [ts, te, ts], and
100 ms for the aspirated affricates [tsh, teh, ts"]. The duration of a naturally produced onset
sibilant was typically longer than its target duration, presumably because the stimulus syllables
were produced in a focus position. The sibilant onsets were shortened to the target duration using
the Manipulation function in Praat (Boersma 2001). Note that in Feng (1985), the sibilants at
different places have slightly different mean duration, e.g., word-initially, [s] = 136ms, [¢] = 145
ms, [s] = 134 ms; word-medially, [s] = 110 ms, [¢] = 122 ms, [s] = 113 ms. However, a
comparison of the dental, palatal, and retroflex sibilants across Chinese dialects shows no
consistent pattern of duration difference: The dentals/retroflexes were reported to be longer than

the palatals in some dialects and the reverse was reported in others (Ran 2005; C. Liu 2010; Pan
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2010, among others). Therefore, in this dissertation, the same duration was used for sibilants in
the same manners of articulation.

Second, the vocalic portion of a CV syllable was normalized to 120 ms to match the vowel
duration in natural speech (Feng 1985).° More specifically, the consonant-vowel transition
portion was normalized to 50 ms (Delattre, Liberman, Cooper 1955) and the steady vowel
portion (i.e., the steady vowel formants) was normalized to 70 ms. The vowel duration in a
naturally produced syllable was typically longer than 120 ms (see Appendix 1V), and thus the
manipulation was primarily shortening.

In the manipulation of [ea], for example, two intervals were marked on the vowel portion:
the CV transition (i.e., from the start of the vocalic part to the start of the steady formants) and
the steady vowel (i.e., the rest of the vowel). For the CV transition portions, the duration in the
naturally produced tokens was generally between 70 and 90 ms, and this interval was shortened
to 50 ms, as illustrated in Figure 1. The shortening was performed in Praat, which adopts the
PSOLA (Pitch-Synchronous Overlap-Add) technique (Moulines and Charpentier 1990): A series
of frames was created, each centered on a point of maximum excursion, and certain inner frames
were eliminated at equal distance, depending on the ratio of 50 ms to the interval duration in the
natural token. Then, a waveform was resynthesized by overlapping and adding the remaining

frames. As Figure 1 illustrates, the transition portion of the manipulated [¢a], as in (b), was close

5 The phonetics literature has observed systematic durational differences among vowels, e.g., low vowels
tend to be longer than high vowels (Lehiste 1970; Feng 1985). But, to facilitate the comparison of
response time across vowel contexts, the vowels were all controlled to be 120 ms (50 ms CV transition
plus 70 ms steady vowel formants).
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Figure 1 Manipulation of the CV transition, e.g., in [ea], focusing on the CV transition
(Polish sound obtained from http://www.phonetics.ucla.edu/course/chapter7/polish/polish.html)


http://www.phonetics.ucla.edu/course/chapter7/polish/polish.html

to the CV transition in the naturally produced [ea] in Polish in terms of duration and F2 onset, as
in (c). The duration of the steady vowel in a naturally produced token was generally longer than
70 ms. This interval was shortened to 70 ms, following the procedure as above, to arrive at a
vowel of 120 ms (50 ms of CV transition and 70 ms of steady formants). Similar manipulation
was applied to all the stimulus syllables in (18). In general, the manipulated syllables all sounded
natural in terms of the consonant-vowel transition.

Third, across all the stimulus syllables, a level FO of 200Hz was superimposed on the
vocalic portion, which aimed to control the influence of pitch on the perceived distinctiveness
within each CV pair. The pitch manipulation was done in Praat, which uses the PSOLA
technique (Moulines and Charpentier 1990) as described above.

Fourth, for all the manipulated syllables, the root-mean-square intensity of the vocalic
portion, e.g., [i] as in [si], was normalized to 72dB, which was the mean intensity of the vowel
portions of all the naturally produced tokens. The amplitude of the vowel faded out to zero
within the last 20 ms. The intensity of the onset sibilants, e.g., [s] as in [si], was manipulated to
mean of the onset intensity of the 6 repetitions in the speaker’s production, e.g. the 6 [si]’s
produced by the speaker. In general, the relative intensity of the consonants and vowels in the
stimulus syllables were similar to that in the natural production.

To sum up, with the selection and manipulation listed above, the stimulus syllables used in
the perceptual experiment had the following properties:

(@) The stimulus syllables are all manipulated from naturally produced tokens;
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(b) For the sibilant onset, the duration was controlled (fricatives = 125 ms, unaspirated
affricates = 50 ms, aspirated affricates = 100 ms) and close to the duration in
normal-speed speech, the COG was closest to the mean of the 6 tokens in the production,
and the intensity was normalized to the mean of the 6 tokens of each syllable.

(c) For the vowel portion, the duration was controlled to be 120 ms, close to the value in
normal-speed speech; the transition was controlled to be 50 ms; the formant frequencies
were close to the mean values of the 6 tokens in the speaker’s production, and the
intensity was normalized to 72dB — the mean values of all the naturally produced
syllables.

(d) All syllables have a level FO at 200 Hz.
D. Acoustic properties of the stimulus syllable

Table 7 lists the acoustic properties of the stimulus syllables. For a sibilant onset, the COG and
dispersion was measured over the center 80% of the sibilants for the frequency range 0-10kHz,
using a praat script written by DiCanio (2013). The intenstity was measured over the entire
consonant in Praat. For the aspirated affricates [ts"] and [te"], the COG was measured on the
entire turbulent noise before the aspiration portion. For the vowel portion; the formants were
measured at the midpoint of the steady vowel portion. The waveforms and spectrograms of the

stimulus syllables after the manipulation are provided in Appendix V.
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Table 7 Acoustic properties of the stimulus syllables (after manipulation)

a. Syllables with fricative onsets

Onset sibilant

Steady vowel portion

Syllable COG(Hz) Dispersion(Hz) Intensity(dB) | F1(Hz) F2(Hz) F3(Hz)
Si 8119 1977 59 321 2570 2904
ei 4719 1374 62 318 2590 2977
si 4230 2127 62 315 2547 3025
Sx 8472 1747 61 461 1291 3174
1 3935 2086 63 342 1786 2460
sa 6221 1383 58 928 1392 2639
ca 4588 1149 59 933 1391 2569
sa 3385 1363 59 1014 1392 2630

b. Syllables with unaspirated affricate onsets

Onset sibilant

Steady vowel portion

Syllable COG(Hz) Dispersion(Hz) Intensity(dB) | F1(Hz) F2(Hz) F3(Hz)
tsi 7850 1939 59 325 2567 2868
tei 5535 1509 64 317 2607 2941
tsi 3972 1782 62 317 2562 2847
tsa 8588 1917 57 382 1322 3157
tsy 4202 2051 63 331 1884 2545
tsa 6828 1747 62 968 1343 2729
tea 5504 1146 58 975 1403 2593
tsa 3743 1563 62 990 1406 2615
c. Syllables with aspirated affricate onsets
syllable Onset sibilant Steady vowel portion
COG(Hz) Dispersion(Hz) Intensity(dB) | F1(Hz) F2(Hz) F3(Hz)
tshi 9318 1471 60 310 2566 3154
tehi 5479 1714 64 315 2557 3048
tshi 3595 1674 65 316 2562 3129
tsha 8406 1925 62 376 1298 3322
tshy 3306 1614 66 327 1817 2770
tsha 6444 1497 57 910 1313 2610
teha 5228 1098 59 936 1360 2574
tsha 3922 1586 56 943 1348 2692
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E. Formation of stimulus pairs

After the manipulation, the CV pairs in (19) were formed. Note that (19) includes the place
contrasts of dental vs. palatal sibilants (Group A) and dental vs. retroflex sibilants (Group B).
These two place contrasts are relevant to the three hypotheses laid out above. Both place
contrasts appeared in three different vowel contexts: the [_i] context, the [_a] context, and the
‘homorganic’ context by which [_i] follows the palatals, [_1] follows the dentals, and [_y] follow
the retroflexes. The complete combination of all onset pairs and vowel contexts aims to balance

the sibilant conditions and the vowel conditions.

(19) Stimulus CV pairs used in the perceptual experiment

Sibilant contrast | I. [ _i] 1. [_a] I11. homorganic
A. s-¢ Si-¢i sa-¢a Sy-¢i

ts-te tsi-tei tsa-tga tsy-tei

tsh-teh tshi-tghi tsha-tgha tshy-tehi
B. s Si-gi sa-sa SI-81.

ts-ts tsi-tgi tsa-tsa ts3-tsy

tsh-tgh tshi-tghi tsha-tgha tshy-tshy

Four stimulus pairs were formed for each CV pair in (19). For the [si-ei] contrast, for
example, [si-ei] and [ei-si] were formed as the different pairs and [si-si] and [ei-ei] were formed
as the identical pairs. Thus, the 18 cells in (19) led to a total of 72 stimulus pairs. Within each
stimulus pair, the Inter-Stimulus-Interval (ISI) was set as 100 ms to facilitate responses based on
the psychoacoustic difference between the two sounds (Pisoni 1973; Werker and Logan 1985;
Johnson and Babel 2010). An additional 50 ms was added between the pairs whose onsets were
[ts te ts] and [ts" te" ts"] to compensate for the duration of oral closure before the release of an

affricate.
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3.3.1.3. Procedure

The experiment was programmed in Paradigm (Perception Research Systems 2007). The listeners
were told that they would listen to sound pairs from an unknown language. On hearing each pair,
they were asked to judge if the two sounds are the same by pressing ‘same’ or ‘different’ on a
button box. The listeners were all right-handed and therefore the same button box setting was
used, with ‘same’ on the left-hand side and ‘different’ on the right-hand side.

The main experiment was preceded by a practice session. The audio stimuli in the practice
session were 16 pairs of nonce syllables like [di-du] [du-di] [di-di] [du-du]. The main experiment
was divided into three blocks. Within each block, the 72 CV pairs were played to the listeners in
a randomized order.

Figure 2 illustrates the procedure of the speeded AX discrimination task. More specifically,
on hearing a pair, the listeners were asked to press the button (‘same’ vs. ‘different’) as quickly
as possible, with a response time goal of 500 ms, following Johnson and Babel (2010) and Babel

and Johnson (2010).

100ms

GG

Same Different

é é Correct!

Accuracy = 90%
RT>05s

7. 500”73

Figure 2 Procedure of the Speeded AX-discrimination

After the listener pressed the button, a feedback screen would appear that informed the

listener of the following:
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(@) the accuracy of his/her response to the current sound pair (Correct vs. Incorrect),

(b) the overall accuracy of his/her responses up to the current pair (e.g., 90% correct),®

(c) whether the response time of the current pair is longer than 500 ms or not (e.g., > 0.5s).
If they did not press the button within 1.5 seconds, the feedback screen would also appear. The
feedback screen lasted for 2 seconds, then it disappeared and the next sound pair was played.

The whole experiment, including a language background questionnaire, lasted about 50
minutes. Each listener gave a total of 324 responses (18 comparisons % 4 pairs > 3 blocks)

excluding the fillers.

3.3.2 Predictions

In a speeded AX-discrimination task, the response time was assumed to be inversely correlated
to the perceptual distinctiveness of the two sounds in a pair. A shorter response time indicates
greater perceptual distinctiveness, and vice versa. In addition, a perceptually less distinct pair is
expected to introduce more discrimination errors (i.e., a phonetically different pair judged as

‘same’). Based on the three hypotheses laid out in 3.1, the predictions are listed below.
3.3.2.1 Perceptual distinction in different vowel contexts

For the effects of vowel context on sibilant distinctiveness, it is hypothesized that dental vs.
palatal sibilants are less distinct in the [_i] context than in other vowel contexts. With such a
hypothesis, it is predicted that, for the same pair of sibilants, the vowel context [ _i] will
introduce a longer response time and more discrimination errors than the other vowel contexts,

as in (20).

16 Thanks to Bruno Tagliaferri for providing the script to perform this function in Paradigm.
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(20) Predicted results of vowel effects for dental vs. palatal sibilants
(where ‘>’ means ‘longer RT than’ or ‘more discrimination errors than”)
si-¢i > sa-¢a, SI-¢i
tsi-tei > tsa-tsa, tsi-tei
tshi-tehi > tsha-teha, tshy-tehi

3.3.2.2 Perceptual distinction in different place contrasts

For the relative perceptual distinctiveness of different place contrasts, it is hypothesized that, in
the [_i] context, the contrasts of dental vs. palatal sibilants are less distinct than the contrasts of
dental vs. retroflex sibilants. With such a hypothesis, it is predicted that, in the [_i] context, a CV
pair with a dental vs. palatal contrast in the onset would introduce a longer response time and
more discrimination errors than a CV pair with a dental vs. retroflex onset contrast , as in (21).

(21) Predicted results of place difference for dental-palatal vs. dental retroflex in the [_i] context
(where >’ means ‘longer RT than’ or ‘more discrimination errors than”)
Si-gi > Si-gi
tsi-tei > tsi-tgi
tshi-tehi > tshi-tghi

3.3.2.3 Perceptual distinction in different manners of articulation

For the dental vs. palatal sibilant contrasts in the [_i] context, it is hypothesized that the place
contrast in affricates is less distinct than the place contrast in fricatives. With this hypothesis, the
results in (22) are predicted. Note that in the stimulus syllables, the affricates and fricatives have
an intrinsic difference in the duration of their onsets; therefore, the response times of an
affricate-onset pair and a fricative-onset pair cannot be directly compared. The prediction in (22)
is made in terms of discrimination accuracy, by which a phonetically different pair is regarded as
being perceptually less distinct if it incurs more discrimination errors compared with another

pair.
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(22) Predicted results of manner difference, where ‘<’ means ‘less accurate in discrimination’

[tsi-t¢i], [tshi-tehi] < [si-¢i]

3.3.3 Results

For each stimulus pair, the response time was calculated from the onset of the sibilant in the
second stimulus, e.g., from the start of the frication noise of [ei] in the [si-ei] pair. The raw
response time was transferred into Log Response Time (LogRT) and the analysis only included
the listeners’ “different’ responses to phonetically different pairs (i.e., the correct responses to the
different pairs). To exclude outliers in the responses, the data points outside 2.5 standard
deviations from the mean LogRT were trimmed off by listener and by manner of articulation,
more specifically, for the responses of each listener:

(@) the LogRT data were divided into 3 subparts depending on the manner of articulation of
the onset sibilants, i.e., fricatives (s-¢, s-s), unaspirated affricates (ts-tg, ts-ts), and
aspirated affricates (tsh-t¢h, tsh-tsh). This was necessary because the onset pairs with
different manners of articulation differ in durations and the onset duration was included
in the response time;

(b) mean and standard deviation of the LogRTs were calculated separately for the three
subparts;

(c) within each part, data points outside 2.5 standard deviations were removed.’

7 In some previous studies, the trimming was performed on the data points outside 2 standard deviations.
A trimming criterion of 2.5 standard deviations was adopted in this study because, for each CV pair in
(19), the number of responses from a participant was relatively small. With the time limit of the
experiment, each listener was only able to give 6 responses for each of the 18 CV pairs, e.g., 3
responses for [si-¢i] and 3 responses for [¢i-si]. Thus, too many data points would be lost if the data
were trimmed by 2 standard deviations.
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The 5742 phonetically different CV pairs gave a total of 5703 responses from the 29
listeners, with 39 cases of ‘no responses’, i.c., when the listeners didn’t respond within 1500 ms.
Out of the remaining 5703 responses, 5080 were correct (= 89.1%) and 623 were incorrect (=
10.9%). The trimming, as described above, was applied to the 5080 correct responses, and a total
of 120 data points (= 2.4%) were excluded as outliers (7 below 2.5 standard deviations and 113

above 2.5 standard deviations). The remaining 4960 data points were analyzed.

3.3.3.1 Place distinction in different vowel contexts

A. Response time

It is hypothesized that dental vs. palatal sibilants are less distinct in the [_i] context than in other
vowel contexts. The data points relevant to this hypothesis are the response times to the CV pairs
whose onsets are dental vs. palatal sibilants. For this dataset, the mean LogRTs of each CV pairs
over the 29 listeners are plotted in Figure 3. For the [s-¢] contrast, for example, the mean
response time was 6.26 (523 ms) in the [_i] context, 6.24 (513 ms) in the [_a] context and 6.20

(492 ms) in the allophonic contexts.

6.4-

=
(48]

. T
X T
i~ 6.26 ooy 6.25 I I
g 6.19
S . 6.18 6.18
so- | [l [4] Lil | Cal U Ll el
[s-€] [ts-te] [ts"-teh]

Figure 3 Mean LogRTs: Dentals vs. palatals in different vowel contexts.
(For LogRTs, 6.0 = 403ms, 6.1 = 446ms, 6.2 = 493ms, 6.3 = 545 ms, 6.4 = 602ms)
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The LogRT data were analyzed in Linear Mixed Effects Models using the Imer function in
the R package Ime4 (Bates, Maechler, Bolker and Walker 2015a, b) and the p-values were
determined by the R package ImerTest (Kuznetsova, Brockhoff, and Christensen 2015). For this
dataset, the dependent variable, predicting variables and the random variables are listed in (23),

with baselines of the predicting variables indicated.

(23) Variables in the analysis of vowel effects on sibilant distinctiveness: Dentals vs. Palatals
Variable names Notes and abbreviation

Dependent variable

LogRT The log-transformed response time
Predicting variables
Vowel [i], [_al, and homorganic vowel ([_1_i], 1 after dentals, i after palatals)
(Baseline = [_i])
Onset Fricative (s-¢), unaspirated affricate (ts-te), aspirated affricate (tsh-teh)

(Baseline = [s-¢])

Random variables

Listener 29 listeners

Listener:CVPair | 9 pairs (3 vowels %3 onset manners) by each listener

The fixed effects in the final model are presented in Table 8. This model was obtained via
two steps. First, a null model with Listener and Listener:CVPair as the random factors was
compared with two models adding Onset or Vowel as the predicting variable. The addition of
both variables significantly improved the model (Onset: X? = 15.6, df = 2, p <.001; Vowel: X? =
14.9, df = 2, p < .001). Second, a model with Onset and VVowel as the predicting variables and
Listener and Listener:CVPair as the random factors was compared with a superset model with
the Onset*Vowel interaction added. The addition of the interaction did not lead to significant

improvement of the model. Therefore, the final model included Onset and VVowel only.
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Table 8 Fixed effects in the mixed-effect linear regression for LogRT: Dentals vs. palatals

Estimate  Std.Error df. tvalue  Pr(>|t))
(Intercept) 6.2595  0.0334 364 18718 <.001***
Vowel(_a) -00336  0.0147 2257 229 023*
Vowel(_1_i) -0.0580  0.0145 2202 399 <.001***
Onset(ts-te) | -0.0355  0.0145 2165 245 015*
Onset(ts"-te") | -0.0579  0.0143 2099 404  <.001**

Model: LogRT ~ VVowel + Onset + (1|Listener) + (1|Listener:C\Pair)
Baselines:  Vowel =[_i]; Onset = Fricarive (s-¢)
Signif. codes: “**** 0.001, “**’ 0.01, “** 0.05

For the significant effect of Vowel, the difference among the three vowel contexts [ _i] [_a],
and [_1_i] (i.e., the ‘homorganic’ context in which [1] follows the dentals and [i] follows the
palatals) was further checked using [_i] and [_a] alternatively as the baseline. The differences
among the vowel contexts, as indicated by t values (p values), are summarized in Table 9, which
shows that the [_i] context led to a significantly longer response time than [_a] and [ _1_i], and
that there was no significant difference between [_a] and [_1_i].

Table 9 Dental vs. palatal sibilants: Differences among vowel contexts in t value (p value)

Lal Loi]
[Li] —-2.63 (.009**) -3.95 (< .001**%*)
Lal ~1.33(.186)

P values appear in parentheses and boldface marks those that reached significance (.05).

Note that, within the subset of dental vs. palatal sibilants, there was no Vowel*Onset interaction.
Therefore, there was no evidence that the sibilant pairs with different manners differ in terms of
the vowel effect ([_i] > [_a], [_1_i]).

For the significant effect of Onset, the differences among the three onset pairs (i.e., [s-¢],
[ts-te], and [tsh-tet]) were further examined using [s-¢] and [ts-te] alternatively as the baseline.
The differences among the three onset pairs, as indicated by t values (p values), are summarized
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in Table 10. It turned out that [s-¢] led to a significantly longer response time than [ts-te] and
[tsh-te"], and that the latter two pairs had no significant difference.

Table 10 Dental vs. palatal sibilants: Differences among onset pairs in t value (p value)

[ts-te] [tsh-teh]
[s-¢] |-2.71(.007**)  —3.85(<.001***)
[ts-tc] ~1.09 (.276)

P values appear in parentheses and boldface marks those that reached significance (.05).
However, the effect of Onset is not interesting because in the stimulus pairs, the sibilants with

different manners of articulation differ in their duration.
B. Accuracy

For the discrimination of dental vs. palatal sibilants in different vowel contexts, Table 11 below
summarizes the numbers of discrimination errors, i.e., when a listener incorrectly judged a

phonetically different pair as being the same.

Table 11 Numbers of discrimination errors for dental vs. palatal sibilants in different vowel contexts

Onset N _a i
S-¢ 12 11 6
ts-te 35 19 9
tsh-tgh 25 8 9

To examine whether vowel context has an effect on the discrimination accuracy of dental vs.
palatal sibilants, the accuracy data of the 29 listeners were analyzed in Mixed-effects Logistic
Regression using the glmer function in the r package Ime4 (Bates, Maechler, Bolker and Walker
20153, b). To be more specific, the data included the accuracy data of the CV pairs whose onsets
were [s-¢], [ts-te], [ts"-te"]. For this analysis, the dependent variable, the predicting variable and

its baseline, and the random variables are listed in (24).
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(24) Variables in the analysis of accuracy: Dental vs. palatal sibilants in different vowel contexts

Variable names Notes and abbreviation

Dependent variable
Accuracy 0 = Incorrect, 1 = Correct

Predicting variables

Vowel Ll Lal L]
(Baseline = [_i])
Onset [s-¢], [ts-te], [tsh-teh]

(Baseline = [s-¢])

Random variables
Listener 29 listeners

Listener:CVPair | 3 pairs ([si-ei] [tsi-tei] [tshi-te"i]) by each listener

The fixed effects in the final model are presented in Table 12. This model was obtained by
comparing a null model with Listener and Listener:CVPair as the random factors with two
superset models with Vowel and Onset as the predicting variable respectively. The addition of
Vowel and Onset both significantly improved the model (Vowel: X? = 27.273, df = 2, p < .001;
Onset: X? = 13.281, df = 2, p = .001). Then, a model with Vowel and Onset as the predicting
variables and Listener and Listener:CVPair as the random factors was compared with a superset
model with the interaction between Vowel and Onset added. The addition of the Vowel*Onset
interaction did not significantly improve the model. Therefore, the final model included only
Vowel and Onset as the two predicting variables and Listener and Listener:CVPair as the random

factors.
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Table 12 Fixed effects in the mixed-effect logistic regression: Accuracy for dental vs. palatal sibilants.

Estimate  Std.Error zvalue Pr(>Jz|)
(Intercept) 24141  0.2593 9310 <.001**
Vowel(_a) 0.7521  0.2156 3489  <.001***
Vowel(_1_i) 12588  0.2478 5080 <.001***
Onset(ts-te) -0.9287  0.2405 -3861 <.001***
Onset(ts"-te") | -04547  0.2556 -1.779 0.075.

Model:  Accuracy ~ Vowel + Onset + (1|Listener) + (1|Listener:C\/Pair)
Baseline: Vowel = [_i]; Onset = [s-¢]
Signif. codes: “**** 0.001, “**’ 0.01, “** 0.05

For the significant effect of Vowel, the differences among the three vowel contexts [_i] [_a],
and [_1_i] were further checked using [_i] and [_a] alternatively as the baseline. The differences
among the three vowel contexts, as indicated by z values (p values), are summarized in Table 13.
It turned out that the [_i] context led to a lower accuracy (i.e., more discrimination errors) than
[_a] and [_1_i] and the latter two vowel contexts did not differ significantly in terms of accuracy.

Table 13 Dental vs. palatal sibilants: Differences among vowel contexts in z value (p value)

La] [ai]
[i] |[3.312(001%**) 4832 (<.001%**)
La] 1.798 (.072)

P values appear in parentheses and boldface marks those that reached significance (.05).

For the significant effect of Onset, the difference among [s-¢], [ts-te], and [ts"-te"] was
further checked using [s-¢] and [ts-te] alternatively as the baseline. The results are reported in
Table 14 in terms of z values (p values). It turned out that [s-¢] and [ts"-te"] both introduced a
significantly higher accuracy (i.e., less discrimination errors) than [ts-te], while [s-¢] and [tsh-te"]

did not significantly differ from each other in terms of accuracy.
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Table 14 Dental vs. palatal sibilants: Differences among onset pairs in z value (p value)

[ts-te] [tst-te"]
[s-c] | -3.594 (<.001***)  _1.706 (.088)
[ts-te] 1.986 (.047%)

P values appear in brackets and boldface marks those that reached significance level (.05).

In generaly, the results of accuracy were consistent with the results of response time in that,
for dental vs. palatal sibilants, the [_i] context introduced a longer response time and a higher

likelihood of discrimination errors than the other two vowel contexts.

3.3.3.2 Perceptual distinction between place contrasts
A. Response time

For the relative perceptual distinctiveness of different place contrasts, it is hypothesized that, in
the [_i] context, the contrasts of dental vs. palatal sibilants are less distinct than those of dental vs.
retroflex sibilants. The relevant subset of the data is the 29 listeners’ responses to the CV pairs
whose vowel was [_i] and whose onsets are dental vs. palatal sibilants and dental vs. retroflex
sibilants, i.e., the responses to the pairs [si-ei], [Si-si], [tsi-tei], [tsi-tsi], [tshi-tehi], [tsti-tshi]. For

this subset, the mean LogRTs of each CV pairs over the 29 listeners are plotted in Figure 4.
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Figure 4 Mean LogRTs: Dental-palatals vs. dental-retroflexes.
(For LogRTs, 6.0 = 403ms, 6.1 = 446ms, 6.2 = 493ms, 6.3 = 545 ms, 6.4 = 602ms)
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The logRT data were analyzed in Linear Mixed Effects Models. For this analysis, the
dependent variable, predicting variables and random variables are listed in (25), with baselines of
the predicting variables indicated.

(25) Variables in the analysis of Dental-palatal vs. dental-retroflex in the [_i] context
Variable names Notes and abbreviation

Dependent variable

LogRT The log-transformed response time

Predicting variables

Place Dental-Palatal (DP), Dental-Retroflex (DR)
(Baseline = Dental-Palatal (DP))
Onset Fricative (Fr), unaspirated affricate (Ua), aspirated affricate (Aa)

(Baseline = fricative(Fr))

Random variables
Listener 29 listeners
Listener:CVPair | 6 pairs ([si-ei][si-si][tsi-tei][tsi-tsi][tshi-tehi][tshi-tghi]) by each listener

The fixed effects in the final model are presented in Table 15. This model was obtained via two
steps. First, a null model with Listener and Listener:CVPair as the random factors was compared
with two models adding Place or Onset as the predicting variable. The addition of both variables
significantly improved the model (Place: X? = 8.52, df = 1, p = .004; Onset: X =20.2, df =2, p
< .001). Second, a model with Place and Onset as the predicting variables and Listener and
Listener:CVPair as the random factors was compared with a superset model with the
Place*Onset interaction. The addition of the interaction did not lead to significant improvement
of the model (X?= 0.26, df= 2, p= .880). Therefore, the final model included Place and Onset as

the predicting variables and Listener and Listener:CVPair as the random factors.
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Table 15 Fixed effects in the mixed-effect linear regression for LogRT: Place contrasts in [_i] context.

Estimate  Std.Error df. tvalue  Pr(>|t])
(Intercept) 6.253 0.036 35 17166  <.001***
Place(DR) -0.041 0.014 867 -2.90 .004**
Onset(Ua) -0.005 0.017 867 -0.31 758
Onset(Aa) -0.069 0.017 867 -4.10 <.001***

Model: LogRT ~ Place + Onset + (1|Listener) + (1|Listener:C\/Pair)
Baselines:  Place = Dental-Palatal (DP); Onset = Fricative(Fr)
Signif. codes: “**** 0.001, “**’ 0.01, “** 0.05

As shown in the the fixed effect of Place in Table 15, the LogRT of the dental vs. retroflex
contrast (DR) is smaller than that of the baseline, i.e., the dental vs. palatal contrast (DP), and the
difference reached the significance level. Therefore, for the effect of Place, the contrast of dental
vs. palatal sibilants (DP) led to a significantly longer response time than that of dental vs.
retroflex sibilants (DR).

For the significant effect of Onset, the differences among the three manners of articulation
were further checked using Fricative (Fr) and Unaspirated affricate (Ua) alternatively as the
baseline. The results are reported in Table 16 in terms of t values (p values). It turned out that
Fricative (Fr) and Unaspirated affricate (Ua) both had a significantly longer response time than
Aspirated affricate (Aa), and the difference between Fricative (Fr) and Unaspirated affricate (Ua)
was also marginally significant (p = .051).

Table 16 Dental-palatal vs. dental-retroflex: Differences among onset pairs in t value (p value)

Unaspirated affricate (Ua) Aspirated affricate (Aa)
Fricative (Fr) —0.66 (.051) —-3.99 (<.001***)
Unaspirated affricate (Ua) -3.17 (.002**)

P values appear in parentheses and boldface marks those that reached significance (.05).

The difference in manner of articulation again is not meaningful as onsets in different

manners of articulation have intrinsic difference in duration.
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B. Accuracy

For dental vs. palatal sibilants and dental vs. retroflex sibilants in the [ _i] context, Table 17
summarizes the number of discrimination errors, i.e., when a listener incorrectly judged a
phonetically different pair as being the same.

Table 17 Number of discrimination errors: Dental-palatal vs. Dental-retroflex in the [_i] context

Dental vs. palatal Dental vs. retroflex
Si-gi 12 Si-si 7
tsi-tei 35 tsi-tsi 21
tshi-tehi 25 tshi-tghi 6

To examine whether the difference shown in Table 17 was statistically significant or not,
the accuracy data of the 29 listeners were analyzed in Mixed-effects Logistic Regression using
the glmer function in the r package Ime4 (Bates, Maechler, Bolker and Walker 2015a, b). To be
more specific, the data set included the accuracy data of the six CV pairs in Table 17, i.e., those
whose onsets were the dental-palatal contrast (DP) and the dental-retroflex contrast (DR) and
whose vowel was [ _i]. For this analysis, the dependent variable, the predicting variables and
their baselines, and the random variables are listed in (26).

The fixed effects in the final model are presented in Table 18. This model was obtained by
comparing a null model with Listener and Listener:CVPair as the random factors with two
superset models with Place and Manner as the predicting variable respectively. The addition of
Place and Manner both significantly improved the model (Place: X? = 13.929, df= 1, p < .001;
Manner: X? = 21.807, df= 2, p < .001). Then a model with Place and Manner as the predicting

variables and Listener and Listener:CVPair as the random factors was compared with a superset
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(26) Variables in the analysis of accuracy: Dental-palatal vs. Dental-retroflex in the [_i] context

Variable names Notes and abbreviation

Dependent variable
Accuracy 0 = Incorrect, 1 = Correct

Predicting variables

Place Dental-Palatal (DP), Dental-Retroflex (DR)
(Baseline = Dental-Palatal (DP))
Manner Fricative (Fr), unaspirated affricate (Ua), aspirated affricate (Aa)

(Baseline = fricative(Fr))

Random variables
Listener 29 listeners
Listener:CVPair | 3 pairs ([si-ei] [tsi-tei] [tshi-tehi]) by each listener

model with the interaction between Place and Manner. The addition of the Place*Manner
interaction did not significantly improve the model. Therefore, the final model included only
Place and Manner as two predicting variables and Listener and Listener:CVPair as the random

factors.

Table 18 Fixed effects in the mixed-effect logistic regression: Place difference in the [_i] context.

Estimate  Std.Error zvalue Pr(>Jz|)
(Intercept) 25722 02767 9296 <.001**
Place(DR) 07521  0.2236 3897  <.001***
Manner(Ua) -1.3092  0.2869 4563  <.001***
Manner(Aa) -0.6004  0.3096 -1.939 .053.

Model:  Accuracy ~ Place + Manner + (1|Listener) + (1|Listener:CV/Pair)
Baseline: Place = Dental-Palatal (DP); Manner = Fricative(Fr)
Signif. codes: “***> 0.001, “*** 0.01, “*’ 0.05

As shown in the the fixed effect of Place in Table X7, the accuracy of the dental vs.
retroflex contrast (DR) is higher than that of the baseline, i.e., the dental vs. palatal contrast (DP),

and the difference reached the significance level. Therefore, for the effect of Place, the contrast

65



of dental vs. palatal sibilants (DP) was more likely to introduce discrimination errors than the
contrast of dental vs. retroflex sibilants (DR).

For the significant effect of Manner, the differences among Fricative (Fr), Unaspirated
affricate (Ua), and Aspirated affricate (Aa) were further checked using Fricative (Fr) and
Unaspirated affricate (Ua) alternatively as the baseline. The results are reported in Table 19 in
terms of z values (p values). It turned out that Fricative (Fr) and Aspirated affricate(Aa) both had
a significantly higher accuracy (i.e., less discrimination errors) than Unaspirated affricate(Ua),
while the difference between Fricative (Fr) and Unaspirated affricate(Ua) is marginally
significant.

Table 19 Dental-palatal vs. dental-retroflex: Differences among manners in z value (p value)

Unaspirated affricate (Ua)  Aspirated affricate (Aa)
Fricative (Fr) —4.535 (<.001***) —1.941 (.052)
Unaspirated affricate (Ua) 2.874 (.004**)

P values appear in parentheses and boldface marks those that reached significance (.05).
In general, the results of accuracy were consistent with the results of response time in that,
for sibilant place contrasts in the [_i] context, the dental vs. palatal contrasts had a longer
response time and a higher likelihood of discrimination errors than the dental vs. retroflex

contrasts.

3.3.3.3 Perceptual distinction in different manners of articulations

For the dental vs. palatal sibilant contrasts in the [_i] context, it was predicted that the CV pairs
with affricate onsets should introduce a lower accuracy in discrimination, i.e., more phonetically

different pairs being judged as ‘same’ by the listeners. The data relevant to this prediction was
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thus the listeners’ responses to the 3 CV pairs [si-¢i] [tsi-tei] and [tshi-tehi]. The total number of

discrimination errors over

35

30

the 29 listeners for these 3 pairs is plotted in Figure 5.
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Figure 5 Number of discrimination errors of dental vs. palatal sibilants in the [_i] context

The 29 listeners’ data were analyzed in Mixed-effects Logistic Regression using the glmer

function in the r package Ime4 (Bates, Maechler, Bolker and Walker 2015a, b). For this analysis,

the dependent variable, the predicting variable and its baseline, and random variables are listed in

Q7).

(27) Variables in the analysis of manner difference: Dental vs. palatal contrasts in the [_i] context

Variable names

Notes and abbreviation

Dependent variable

Accuracy

0 = Incorrect, 1 = Correct

Predicting variables
Onset

[s-¢], [ts-te], [tsh-teh]
(Baseline = [si-¢i])

Random variables
Listener
Listener:CVPair

29 listeners

3 pairs ([si-ei] [tsi-tei] [tshi-tehi]) by each listener
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The fixed effects in the final model are presented in Table 20. This model was obtained by
comparing a null model with Listener and Listener:CVPair as the random factors with a superset
model with Onset as the predicting variable. The addition of Onset significantly improved the

model (X? = 13.15, df= 2, p =.001).

Table 20 Fixed effects in the mixed-effect logistic regression: Manner difference in the [_i] context.

Estimate  Std.Error zvalue Pr(>[z])
(Intercept) 25692 03164 8120 <.001***
Onset(ts-te) -12481  0.3576 -3490 <.001***
Onset(ts"-te") -08363 03721 —2.248 .025*

Model:  Accuracy ~ Onset + (1|Listener) + (1|Listener:C\/Pair)
Baseline: Onset =s-¢
Signif. codes: “**** 0.001, “**’ 0.01, “** 0.05

For the significant effect of Onset, the differences among the three pairs [si-ei], [tsi-tei], and
[tshi-tehi] were further checked using [si-ei] and [tsi-tei] alternatively as the baseline. The results
are reported in Table 21 in terms of z values (p values). It turned out that there was no significant
difference between [tsi-tei] and [tshi-te"i] in terms of accuracy.

Table 21 Dental vs. palatal sibilants in the [_i] context: Difference in accuracy in z value (p value)

[tsi-tei] [tshi-tehi]
[si-ci] | —3.490 (<.001**)  —2248(.025%)
[tsi-tei] 1.411(.158)

P values appear in parentheses and boldface marks those that reached significance level (.05).

3.3.3.4 Summary of the results

In this section, three hypotheses were put forward on the perceptual distinctiveness of sibilant
contrasts based on the cross-linguistic typology and the historical development of Mandarin
sbilants. The three hypotheses are generally confirmed by the results from the speeded AX

discrimination experiment.
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First, for the effects of vowel context on sibilant distinctiveness, it was hypothesized that
dental vs. palatal sibilants would be perceptually less distinct in the [_i] context than in other
vowel contexts (Hypothesis | in (15)). Based on this hypothesis, it was predicted that in a
speeded AX discrimination, for dental vs. palatal sibilants, the vowel [ _i] should introduce
longer response times and more discrimination errors than in the vowel [_a] and the homorganic
context, e.g., [si-¢i] > [sa-¢a], [si-¢i] as in (20). As can be seen in Table 8, for dental vs. palatal
contrasts, [ i] generally led to longer response times than the other two vowel contexts;
moreover, the results in accuracy also showed that the [_i] context was more likely to induce
discrimination errors than other vowel contexts. This result thus supports the contention that the
[_i] context reduces the perceptual distinction of the dental vs. palatal sibilants, as compared to
the [_a] context or the homorganic vowel context. This is also consistent with the results of Li
and Zhang (2017), who tested the vowel effects on the perceptual distinctiveness of dental vs.
palatal sibilants with English and Chinese listeners.

Second, for the perceptual distinction in place contrasts, it was hypothesized that, in the [_i]
context, the place contrasts of dental vs. retroflex sibilants would be more distinct than the place
contrasts of dental vs. palatal sibilants (Hypothesis Il in (16)). Based on this hypothesis, it was
predicted that, for the stimulus CV pairs in the [_i] context, the dental vs. palatal contrasts would
introduce longer response times and more discrimination errors than the dental vs. retroflex
sibilants, e.g., si-¢i > si-si as in (21). This hypothesis was supported by the results from the
speeded AX-discrimination experiment: In the [ _i] context, the contrasts of dental vs. palatal

sibilants led to longer response times than the contrasts of dental vs. retroflex sibilants; in addition,
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the results of accuracy also showed that, in the [_i] context, the dental vs. palatal contrasts
generally induced more discrimination errors than the dental vs. retroflex contrasts. Thus, in the [ i]
context, the place contrasts of dental vs. retroflex sibilants are perceptually more distinct than the
place contrasts of dental vs. palatal sibilants.

Third, for the perceptual distinction between manners of articulation, it was hypothesized that,
for dental vs. palatal sibilants in the [ i] context, the place contrast of affricates would be
perceptually less distinct than the place contrast of fricatives (Hypothesis 111 in (17)). Based on this
hypothesis, it was predicted that in the speeded AX-discrimination, the stimulus pairs [tsi-t¢i] and
[tshi-tehi] would be significantly more likely to introduce discrimination errors (i.e., a phonetically
different pair judged as the same) than the stimulus pair [si-¢i]. This hypothesis was also supported
by the results from the speeded AX-discrimination. More specifically, the stimulus pairs [tsi-tei]
and [tshi-tehi] introduced a significantly lower accuracy (i.e., more discrimination errors) than

[si-ei]. Thus, [tsi-tei] and [tshi-te"i] are perceptually less distinct than [si-gi].

3.4 Vowel effect and the phonetic basis of the results
3.4.1 Dental vs. retroflex sibilants: The effect of vowel contexts

For dental vs. palatal sibilants in particular, the speeded AX discrimination showed that the
responses times turned out to be longer in the [_i] context compared with other vowel contexts.
What remains unclear, however, is whether the same vowel effect holds for other sibilant place
contrasts. For example, are dental vs. retroflex sibilants perceptually less distinct in the [ _i]

context than in other vowel contexts? As (19) illustrates, the stimuli used for the perceptual
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experiment in fact included contrastive dental vs. retroflex sibilants embedded in the [_i] context,
the [_a] context, and the homorganic context (where dental and palatal sibilants are followed by
homorganic syllabic approximants, also known as apical vowels). To examine if the same vowel
effect for dental vs. palatal sibilants holds for the dental vs. retroflex sibilants, the response time
data of the dental vs. retroflex sibilants were examined. Below, the mean Log Response Time for

each stimulus pair is plotted in Figure 6.
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Figure 6 Mean LogRTs of CV Pairs: Dentals vs. retroflexes in different vowel contexts.
(For LogRTs, 6.0 = 403ms, 6.1 = 446ms, 6.2 = 493ms, 6.3 = 545 ms, 6.4 = 602ms)

The LogRT data were analyzed in Linear Mixed Effects Models using the Imer function in the R
package Ime4 (Bates, Maechler, Bolker and Walker 2015a, b) and the p-values were determined
by the R package ImerTest (Kuznetsova, Brockhoff, and Christensen 2015). For this analysis, the
dependent variable, the predicting variables and their baselines, and the random variables are

listed in (28).
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(28) Variables in the analysis of vowel effects on sibilant distinctiveness: Dentals vs. Retroflexes
Variable names Notes and abbreviation

Dependent variable

LogRT The log-transformed response time
Predicting variables
Vowel [i], [_a], and homorganic [_1_g] (1 after dentals, 1 after retroflexes)
(Baseline = [_i]) | |
Onset Fricative (s-§), unaspirated affricate (ts-ts), aspirated affricate (tsh-tgh)

(Baseline = Fricative (s-§))

Random variables

Listener 29 listeners

Listener:CVPair | 9 pairs (3 vowels %3 onset manners) by each listener

The fixed effects in the final model are presented in Table 22. This model was obtained via two
steps. First, a null model with Listener and Listener:CVPair as the random factors was compared
separately with two models adding Vowel or Onset as the predicting variable. The addition of
Onset significantly improved the model (X? = 9.47, df= 2, p = .009) but not the addition of
Vowel. Second, a model with Vowel and Onset as the predicting variables and Listener and
Listener:CVPair as the random factors was compared with a superset model with the
Vowel*Onset interaction. The addition of the interaction led to a significant improvement of the
model (X?=12.2, df = 4, p = .016). Therefore, the final model included Vowel, Onset, and their

interaction as the predicting variables and Listener and Listener:CVPair as the random factors.
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Table 22 Fixed effects in the mixed-effect linear regression for LogRT: Dentals vs. retroflexes.

Estimate  Std.Error  df. tvalue Pr(>It))
(Intercept) 6.210 0.035 42 17518  <.001***
Vowel(_a) -0.021 0.023 1400 -0.94 348
Vowel(_h) -0.015 0.023 1400 -0.68 499
Onset(ts-ts) -0.006 0.024 1400 -0.24 808
Onset(ts-tsh) -0.060 0.023 1400 -2.64 .008**
Vowel(_a):Onset(ts-ts) -0.055 0.033 1400 -1.68 094
Vowel(_1_1):Onset(ts-ts) -0.042 0.033 1400 -1.28 200
Vowel(_a):Onset(ts"-ts") 0.067 0.033 1400 203 .043*
Vowel(_1_y):Onset(tsh-tsh) 0.027 0.032 1400 082 411

Model:  LogRT ~ Vowel * Onset + (1|Listener) + (1|Listener:C\/Pair)
Baselines: Vowel =[_i]; Onset = Fricative (s-§);
Signif. codes: “**** 0.001, “**’ 0.01, “** 0.05

For the significant Vowel*Onset interaction, sperate analyses were given to the effect of
Vowel on the subset of the data where the onsets were [s-s], [ts-ts], and [tst-ts"]. For the onset
pair [s-s], for example, the data set included the response times for the three pairs [si-si], [sa-sa],
and [sr-s1]. This dataset was submitted to Linear Mixed Effects Models using the Imer function
in the R package Ime4 (Bates, Maechler, Bolker and Walker 2015a, b). More speficially, a null
model with Listener and Listener:CVPair as the random factors was compared with a superset
model with Vowel ([_i], [_a], and [ y_4], with [_i] as the baseline) as the predicting variable. It
turned out that, for the onset pairs [s-s] and [ts"-ts"], the addition of VVowel did not significantly

improve the model; for the onset pair [ts-ts], on the other hand, the addition of Vowel

significantly improved the model (X? = 11.6, df= 2, p =.003).

For the dataset with [ts-ts] as the onset, the fixed effects in the final model are presented in

Table 23.
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Table 23 Fixed effects in the mixed-effect logistic regression: VVowel effect for the [ts-ts] contrasts.

Estimate  Std.Error df tvalue Pr(>jt|)
(Intercept) 6.2058  0.0384 35 16177 <.001***
Vowel([_a]) -0.0817  0.0233 406 -350  <.001***
Vowel([_1_1]) -0.0544  0.0229 406 -2.37 018*

Model: LogRT~ Vowel + (1|Listener) + (1|Listener:C\/Pair)
Baseline: Vowel =[ _i]
Signif. codes: “**** 0.001, “**’ 0.01, “** 0.05

For the significant effect of Vowel of the [ts-ts] contrast, the differences among the three vowel
contexts (i.e., [i], [_a], and [_1_4]) were further checked using [_i] and [_a] alternatively as the
baseline. The results are reported in Table 24 in terms of z values (p values).

Table 24 VVowel effect for the [ts-ts] contrast: Difference among the vowels in z value (p value)

La] L]
[i] |-350(<.001%*) ~2.37 (.018%)
[a] 1.22(.225)

P values appear in parentheses and boldface marks those that reached significance (.05).

The results in Table 23 and Table 24 showed that, for the [ts-ts] contrast, the [_i] context led to a
significantly longer response time than the [_a] context and the ‘homorganic’ context [_x y],
while the latter two vowel contexts did not significantly differ from each other.

In general, the results from the perceptual experiment showed that, for the dental vs.
retroflex sibilants, the vowel effect (e.g., [_i] context introducing longer response times than
other vowels) holds only for the unaspirated affricates, i.e., [tsi-tsi] > [tsa-tga], [tsi-tgy], but not
for the contrasts [s-s] and [ts"-ts"]. Considering the results reported in 3.3.3.1, the vowel effect
was observed for the dental vs. palatal sibilants across three manners of articulation. Simply put,
the results from the perceptual experiment showed that the vowel effect holds for sibilant place

contrasts between some places of articulation, but not others.
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3.4.2 Dental vs. palatal sibilants: The phonetic basis of the vowel effect

The results from the speeded-AX discrimination showed that, for dental vs. palatal sibilants, the
[_i] context generally introduced a longer response time across all three manners of articulation.
Assuming that a longer response time indicates reduced distinctiveness, the observed results
meant that the [_i] context reduced the perceptual distinctiveness of the dental vs. palatal
sibilants compared with other vowel contexts. The perceptual basis for the vowel effect (i.e.,
reduced distinctiveness in the [_i] context) could be attributed to three possible factors: the
acoustic properties of the onset sibilants, the steady vowels, and the consonant-vowel transitions.
Below, these three possibilities are examined based on the acoustic properties of the manipulated
stimulus syllables used in the perceptual experiment.

First, in terms of the acoustic properties of the sibilants, it could be that the reduced
perceptual distinctiveness of dental vs. palatal sibilants was caused by the smaller acoustic
difference in the [_i] context than in the other vowel context, as assumed in Lee and Li (2003)
and Lee-Kim (2014a). In Figure 7 below, the acoustic differences of dental vs. palatal sibilants in
[ i] and [_a] contexts are plotted, based on the acoustic measurements in Table 7.1° Note that, in
Figure 7, the homorganic context (e.g., [si-ei]) was not included because the two syllables differ
in both onsets and vowels and thus the comparison of sibilants would not capture the difference

in the relevant pairs.

18 The discussion of the phonetic basis of the vowel effect is limited to the three measurements as detailed
below. It should be admitted that there remains the possibility that the relative changes in one or more
acoustic properties of the consonants and vowels, i.e., some integrated property (Blumsterin and
Stevens 1979), may have contributed to the observed vowel effect. This possibility is to be
investigated in further studies.

19 For the acoustic properties in Table 7, details on the measurements were introduced in section 3.3.1.2.
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Figure 7 Acoustic difference between dental vs. palatal sibilants in the [_i] and [_a] contexts.
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As in Figure 7, the COG difference between the dental and palatal sibilants was in fact
larger in the [_i] context than in the [_a] context, e.g., the COG difference of the sibilant onsets
was 3400Hz in the [si-ei] pair and 1633Hz in the [sa-ca] pair. The same is true for the intensity
difference. Moreover, there is no consistent pattern between the [_i] and [_a] contexts in terms of
the dispersion difference of dental vs. palatal sibilants. These observations contradict the
contention that the observed vowel effects (e.g., place distinction is less distinct in the [ _i]
context than in the [_a] context) are rooted in the smaller difference of the onset sibilants in the
[_i] context.

Second, it could be that the observed vowel effects are rooted in the smaller difference
between the two [_i]s (e.g., in [si-¢i]) than the two [_a]s (e.g., in [Sa-ea]). To test this possibility,
the vowel formant differences based on the measurements of F1, F2, and F3 in Table 7 are given
in Table 25. In Table 25, the formant values are measured at the middle of the steady vowel
portion, and a AF value indicates the difference between the two formant values measured at the
middle points of the steady vowel portions. For example, for the [si-ei] pair, 73 (Hz) is the
difference between the F3 of [_i] in [si] and the F3 of [_i] in [ei] (by subtracting the palatal value
from the dental value).

Previous studies have shown that, for isolated vowel formants, the Just Noticeable
Difference (JND) was generally 3%-5% of the reference formant frequency (Flanagan 1955,
Kakusho and Karo 1968; Nord and Sventelius 1979), though a JND as low as 1.5% has also been

reported (Kewley-Port and Watson 1994). For vowels in consonantal contexts, Mermelstein
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Table 25 Acoustic difference in the vowel formants of the stimulus pairs: Dental vs. palatal (Hz).

Vowel [s] [e] AF (%) [ts] [te] 4F (%) [ts']  [te"] 4F (%)
F3 2904 2977 73 (25%) | 2868 2941 -73 (25%) | 3154 3048 106 (3.5%)

[i] F2|2570 2590 -20 (0.8%) | 2567 2607 40 (1.6%) | 2566 2557 9 (0.4%)
F1|1321 318 3 09%) | 325 317 8 (25%) 310 315 5  (1.6%)
F3|2639 2569 70 (27%) | 27129 2593 136 (52%) | 2610 2574 36  (1.4%)
F2 1392 1391 1 (01%) | 1343 1403 60 (45%) | 1313 1360 -47 (3.6%)
F1]928 933 5 (05%) | 968 975 7  (0.7%) | 910 936 26 (29%)

Note: A AF indicates the difference between the two vowel formant values on its left. The
percentage in parentheses indicates the value of AF divided by the lower formant value
(underlined) on the left.

[al

(1978) reported mean difference limens of 60 Hz for F1 and 176 Hz for F2. To examine if the
formant difference is perceivable, a percentage value was calculated for each AF value in Table
25 by dividing the AF value by the lower of the two formant values on its left. For example, for
the pair [si-ei], AF3 = |-73| and the percentage value is |-73] = 2904 = 2.5%. As shown in Table
25, most of the percentage values were below 4% and smaller than the limens reported in
Mermelstein (1978). Moreover, all the vowels appear in CV syllables, where the JND of the
vowel formants should be even larger than the JND of isolated vowel formants. It is thus
unlikely that the formant differnces have led to salient perceptual differences. Put simply, in each
stimulus pair like [si-ei], the two vowels are close to each other, and therefore, the observed
vowel effects are unlikely to be rooted in the steady vowel formants.

Third, it could be that the transitional properties of dental and palatal sibilants were more
similar in the [_i] context than in the [_a] context (Lee-Kim 2014a). Formant transitions have
been shown to be important in the place identification of consonants (Delattre et al. 1955;

Whalen 1981, 1991; Nowak 2006; Babel and McGuire 2013) and Lee-Kim (2014a) argued that
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vowel effects on consonant distinctiveness can be reduced to the relative magnitude of formant
transitions specific to each vowel. For the perception of palatal fricative, for example, a low/back
vowel may provide a greater palatal transition and thus a more robust perceptual cue while a
high/front vowel may provide a smaller palatal transition and thus a less robust perceptual cue
(Lee-Kim 2014a).

To investigate this possibility, comparisons were made first of the transitonal properties of
the dental vs. palatal sibilants in each stimulus pair, and then of the transitional properties
between the dental-palatal differences in [ i] vs. [_a] context. Note that, in the stimulus
manipulation, the duration of the formant transition in each stimulus syllable was controlled to
be 50 ms. Therefore, in this study, the comparison of CV transitions within a pair can be reduced
to the comparison between the F2 onset values of the two syllables or that between the F2 offset
values of the two syllables.?® In Table 26 below, the F2onset and F2oftset indicate the formant
values at the beginning and end of the consonant-vowel transition, i.e., the vocalic portion before
the steady formant structures of a following vowel. AF2onset is the F2 difference between the
dental and palatal sibilants at the beginning of the CV transitions, where a larger value indicates

a larger onset F2 difference. The same holds for AF2offset.

2 To evaluate the transitional property within a CV sequence, an alternative measurement would be the
difference between the F2onset and F2offset, i.e., F2unset — F20fiset. 1N the current study, the focus is on
the difference between the two syllables in a CV pair. Therefore, the F2,nse: difference was adopted as a
straightforward way to evaluate the transitional difference of the two syllables within a CV pair.
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Table 26 Acoustic difference of formant transitions in the stimulus pairs: Dental vs. palatal (Hz).

Vowel [s] [e] AF 20ns,0ft | [1S] [te] AF20ns,0ft | [tS"]  [tet]  AF20ns, off

[i]  F2onset | 1977 2452 475 1922 2461 539 2405 2412 7
F2oftset | 2543 2540 3 2481 2506 -25 2553 2527 26

[a] F2onset | 1289 1894 605 1310 1949 639 1287 1820 533
F2omiset | 1415 1484 69 1355 1468 113 1325 1440 115

Note: F2onset indicates the value of formant at the beginning of the vocalic transition;
AF2onset indicates the formant onset difference between the dental and palatal sibilants in a vowel context.
F2.f1set indicates the value of formant at the end of the vocalic transition;
AF2se indicates the formant offset difference between the dental and palatal sibilants in a vowel context.

The values of AF2ofiset are generally small, considering the JND of F2 value (176Hz for
vowels in consonantal contexts) as reported in Mermelstein (1978). Therefore, the transitional
difference between the two syllables in a stimulus pair is mostly determined by AF2onset. AS
shown in Table 26, AF2onset for the same sibilant pair is generally smaller in the [_i] context than
in the [_a] context. In other words, the transitional difference of the dental vs. palatal sibilants is
smaller in the [_i] context, which is consistent with the observation that the [_i] context induced
less perceptual distinctiveness between the dental vs. palatal sibilants.?

To summarize, based on the measurements of onset COG, dispersion, and intensity, the
observed vowel effect is unlikely to be rooted in the acoustic differences in the sibilants, nor is it
likely to come from the acoustic properties of the steady vowel formants. On the other hand, the
vowel effect is consistent with the observation that the formant transition properties of the
dentals and palatals are acoustically more similar in the [_i] context than in other vowel contexts,

as schematized in Figure 8.

21 No statistical analysis was conducted because the measurements and calculations in Table 20 were
based on the same 12 stimulus syllables used in the perceptual experiment, i.e., [si-ei] [sa-ea] [tsi-tei]
[tsa-tea] [tshi-te"i] [tsha-teha].
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Figure 8 Schematic illustration of the vowel effect on the consonant place distinction: [ i] vs. [_a].

For the stimulus syllables used in the experiment, the COG and intensity differences
between dental and palatal sibilants are larger in the [_i] context than in the [_a] context, while
the transitional difference is smaller in the [_i] context than in the [_a] context. Thus, the results
suggest that, in the listeners’ discrimination of the CV pairs, the transitional difference has
generally overidden the COG/intensity difference in the sibilants onsets. This conclusion has two
caveats: First, the sibilant measurements were restricted to COG, dispersion, and intensity, and it
is possible that the onset pairs are more similar (or more distinct) in other acoustic aspects;
second, these conclusions were drawn from the specific stimuli used in the experiment, and it is
possible that the realization of the dental-i sequence in a different language could be different

(e.g., with more palatalization on the dental sibilants).

3.4.3 Different sibilant place contrasts: The acoustic basis

The historical development of Mandarin sibilants (2.3.2) showed that around the 11™ century,
contrastive dentals vs. palatals in the [_i] context developed into dental vs. retroflex sibilants.
The change occurred when the palatal sibilants merged into the retroflex sibilants (which did not

combine with the rime [_i] in previous historical stages). This is similar to a sound change in
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Polish, by which the [¢-f] contrast shifted to the [e-s] contrast (Padgett and Zygis 2007; Zygis
and Padgett 2010) and [e-s] is shown to be perceptually more distinct than [e-f]] (Zygis and
Padgett 2010). Following Zygis and Padgett (2010), it was hypothesized in this study that in the
[_i] context, dental vs. retroflex sibilants would be perceptually more distinct than the dental vs.
palatal sibilants. This hypothesis is supported because as reported in 3.3.3.2, in the [ _i] context,
the dental vs. retroflex sibilants generally introduce shorter response times (i.e., more
perceptually distinct) than their dental vs. palatal counterparts.

To examine the basis of the place difference, the acoustic measurements of the stimulus
pairs [si-ei] [tsi-tei] [tshi-teti] from Table 7 are compared with those of [si-si] [tsi-tsi] [tshi-tshi],
respectively. The measurements of sibilant acoustic difference are plotted in Figure 9; the
formant measurements of the steady vowels (at the middle points) are given in Table 27; the
measurements of transitional properties in terms of F2onset and F2ofrset are given in Table 28.

Figure 9 shows that in the [_i] context, the dental vs. palatal sibilants have a smaller COG
difference and a larger dispersion difference than the dental vs. retroflex sibilants. There is no
consistent pattern in terms of intensity. Therefore, out of these three acoustic measurements, only
the COG difference is consistent with the directionality of the place difference, i.e., dental vs.

palatal sibilants being less distinct than the dental vs. retroflex sibilants.
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Figure 9 Acoustic difference of the sibilants in [si-ei] [si-si] [tsi-tei] [tsi-tsi] [tshi-tehi] [tshi-tghi].
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Table 27 Acoustic difference in the vowel formants of the stimulus pairs (Hz).

s[i] e[i] 4F (%) ts[i] te[i] 4F (%) tsh[i] te"[i] 4F (%)
F3|2904 2977 -73 (25%) | 2868 2941 73 (25%) | 3154 3048 106 (3.5%)
F2 | 2570 2590 -20 (0.8%) | 2567 2607 40 (16%) | 2566 2557 9 (0.4%)
F11321 318 3 (09%) | 325 317 8 (25%) 310 315 5  (1.6%)
sl sl aF eo |6l Gl aF  ee [0 W0 aF @)
F3 2904 3025 121 (42%) | 2868 2847 21 07%) | 3154 3129 25  (0.8%)
F2 | 2570 2547 23 (09%) | 2567 2562 5 (0.2%) | 2566 2562 4 (0.29%0)
F1|321 315 &6 (19%) | 325 317 8 (25%) 310 316 6 (1.9%)

Note: A AF indicates the difference between the two vowel formant values on its left. The
percentage in parentheses indicates the value of AF divided by the lower formant value
(underlined) on the left.

Table 27 shows the formant values of the vowel [i]s in each stimulus pair, measured at the
mid-point of the steady formants, and the formant value difference within each pair (AF). For
example, for the pair [si-ei], the F3 of the vowel in [si] is 2904 Hz and that in [ei] is 1977 Hz;
therefore the F3 difference (AF3) between the two vowel [i]s in the [si-ei] pair is 73 Hz. To
evaluate whether the formant difference (AF) will lead to a perceptual difference, a percentage
value (in parentheses) is calculated by dividing the AF value by the lower value (underlined) in
the pair. For the AF3 value in the [si-¢i] pair, for example, the AF3 value (73 Hz) is divided by
2904 Hz, i.e., 73/2904 = 2.5%. As shown in Table 27, across all of the CV pairs, the AF values
are generally lower than 4% and therefore unlikely to have led to perceptual differences.

Table 28 shows the measurements of the transitional difference within each CV pair in
terms of F2onsetand F2ofrset. FOr example, for the pair [si-¢i], the F2onset Of [si] is 1977 Hz and that
of [ei] is 2452 Hz, with a difference of 475 Hz (AF2onset). Comparing the [si-ei] pair with the
[si-si] pair, it can be seen that the F2onset difference in the [si-gi] pair (475 Hz) is larger than that

in the [si-si] pair (27 Hz), which is not consistent with the observation that the [si-ci] is
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perceptually less distinct than [si-si]. The same is true for the comparison between the [tsi-tei]
pair and the [tsi-tsi] pair. Therefore, the observation that, in the [_i] context, the dental vs.
retroflex contrast is perceptually more distinct than the dental vs. palatal contrast is unlikely to be

rooted in the transitional properties of the CV pairs.

Table 28 Acoustic difference between formant transitions in the stimulus pairs (Hz).

s[il e[il  AF2omor | tS[i]  teli] AF2mmsof | t8[i] te"[i] AF2omsof
Fooet | 1977 2452 475 1922 2461 539 2405 2412 7
Fuset | 2543 2540 3 2481 2506 25 2553 2527 26

s[il  sli]  AFZomor |ts[i] [l  AF2wmsof | ts'[i]  ts'[i]  AF2omsof
F2onset | 1977 2004 27 1922 1877 45 2405 2215 190
Fluset | 2543 2575 32 2481 2498 17 2553 2592 -39

Note: F2onset indicated the value of formant at the beginning of the vocalic transition;
AF2onset indicates the formant onset difference between the dental and palatal sibilants in a vowel context.
F2ofiset indicates the value of formant at the end of the vocalic transition;
AF2sser indicates the formant offset difference between the dental and palatal sibilants in a vowel context.

To summarize, from the acoustic measurements above, the larger perceptual distinctiveness
in the dental vs. retroflex contrasts than the dental vs. palatal contrasts is unlikely to be rooted in
the acoustic properties of the vowels or the formant transition. Instead, the difference is more
likely rooted in the larger COG difference in [si-si] [tsi-tsi] [tshi-tsti] than in [si-ei] [tsi-tei]

[tshi-tehi], respectively.??

22 Note that the role of onset COG difference in the place effect here is different from its role in the vowel
effect in 3.4.2. More specifically, for the perceptual distinctiveness of dental vs. palatal sibilants, it has
been noted that the directionality of the vowel effect (i.e., [_i] with reduced distinctiveness) is opposite
to the fact that the COG difference within a stimulus pair is in fact larger in the [_i] context than in the
[_a] context. Therefore, it was suggested that for dental vs. palatal sibilants, the vowel effect is unlikely
to be rooted in the COG difference of the contrastive onsets.
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3.4.4 Differences in sibilant manners: The acoustic basis

For the contrastive dental vs. palatal sibilants in the [ _i] context, the typological survey in this
dissertation shows that a place contrast in affricates (e.g., [tsi-tei] [tshi-tehi]) implies the place
contrast in fricatives (e.g., [Si-ei]). Based on this typology, it was hypothesized that [tsi-tei] and
[tshi-tehi] are perceptually less distinct than [si-ei]. This hypothesis is supported by the results
from the experiments in that the [tsi-tei] and [tshi-tei] pairs are significantly more likely to
introduce discrimination errors (i.e., mroe phonetically different pairs judged as the same) than
the [si-ei] pair.

The acoustic differences in the onsets of the three sibilant pairs [si-ei] [tsi-tei] [tsti-tehi] are
plotted in Figure 10, based on the measurements in Table 7. As discussed in 3.4.2, the steady
vowels in each stimulus pair are close to each other and thus unlikely to lead to perceptual
differences. The acoustic differences in the transitional properties of [si-gi] [tsi-tei] [tshi-tehi]
from Table 26 are recalled in Table 29 below.

Compared with [si-gi], the [tsi-tei] pair has smaller COG and dispersion differences in the
onsets, but a larger intensity difference in the onsets and a larger transitional difference. The fact
that [tsi-tei] incurred more discrimination errors than [si-gi], then, is consistent with the smaller

COG and dispersion differences of the onset sibilants in [tsi-tei] than in [si-¢i].
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Figure 10 Acoustic difference of the sibilants in [si-gi] [tsi-tei] [tshi-tehi].
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Table 29 Acoustic differences in formant transitions in the stimulus pairs (Hz) — Repeated from Table 26.

VOW8| [S] [B] AFZons’ off [tS] [tB] AFZons’ off [tSh] [tGh] AFZons’ off
Li]  F2onset | 1977 2452 475 1922 2461 539 2405 2412 7
F2oftset | 2543 2540 3 2481 2506 25 2553 2527 26

Compared with [si-¢i], the [tshi-tehi] pair has a slightly larger COG and intensity difference
in the onsets, but a smaller dispersion difference in the onsets and a considerably smaller
transitional difference. The fact that [tshi-te"i] incurred more discrimination errors than [si-ei],
then, is consistent with the smaller dispersion and transitional differences in [tshi-tei] than in
[si-ei]. The reason for the small F2onset difference [tshi-tehi] in could be that the aspiration in the
onsets of the [tshi-tehi] pair reduces the formant transition, and the breathiness induced by the

aspiration may further weaken the formant transition cue.

3.5 Discussion

The cross-linguistic typology across Chinese dialects shows that, for dental vs. palatal sibilants,
there is a tendency to avoid their place contrasts in the [_i] context. The typological survey
further shows that in most dialects, contrastive dental vs. palatal sibilants in the [ _i] context are
avoided with the introduction of apical vowels after the dental sibilants.

Following the perceptual accounts of similar typological and diachronic patterns (Stevens et
al. 2004, Lee-Kim 2014a, Zygis and Padgett 2010), it is hypothesized that, in the [ i] context,
sibilant place contrasts are perceptually less salient than in other vowel contexts. In a speeded
AX discrimination, the hypothesis was tested by examining the response time to CV pairs whose
onsets are dental vs. palatal sibilants. The predicted vowel effect, i.e., [ _i] introducing longer

response times and more discrimination errors, was observed, confirming the hypothesis.
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Therefore, the results from the perceptual experiment show that phonetic pairs like [si-gi] form
perceptually weak contrasts, compared with pairs like [sa-ca], which is consistent with the
contention that the sibilant distinctiveness is reduced in the [ _i] context (Lee and Li 2003;
Stevens et al. 2004, Lee-Kim 2014a, among others). On other other hand, the results also show
that phonetic pairs like [si-ei] are less distinct than pairs like [s1-ei], which supports the claim
that the introduction of apical vowels enhances the perceptual distinction of the contrasts
between /si/ and /ei/ (Stevens et al. 2004, Keyser and Stevens 2006, Lee-Kim 2014a, among
others).

The vowel effects for dental vs. palatal sibilants turned out to be consistent with both the
typological pattern and the diachronic sound change. For the typological pattern, it has been shown
that contrastive dental vs. palatal sibilants tend to be avoided in the [_i] context. Significantly, this
tendency holds true for dialects that have dental vs. palatal sibilants to the exclusion of retroflex
sibilants (2.2). In other words, at least for dental vs. palatal sibilants, the avoidance of their place
contrasts in the [_i] context should be rooted in their perceptual similarity of the two contrastive
elements independently of whether retroflex sibilants exist in the sound system. A similar pattern
was observed in the diachronic development of Mandarin, by which the dental vs. palatal contrasts
in the [_i] context have been enhanced or avoided throughout different historical stages (2.3). As in
(14), in the 7" century, there was no retroflex-[i] syllables in the sound system, and the sound

change still avoided the place contrasts between dental and palatal sibilants in the [_i] context.
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3.6 Summary of the perceptual study
The perceptual experiment in this chapter tested three hypotheses on the perceptual
distinctiveness of sibilant contrasts, which were proposed based on the typology across Chinese
dialects and the historical sound changes of Mandarin sibilants, as repeated below:
(@) Hypothesis | (Vowel effect): Dental vs. palatal sibilants are less distinct in the [ _i]
context than in other vowel contexts;
(b) Hypothesis Il (Place effect): In the [_i] context, the place contrast of dental vs.
retroflex sibilants is more distinct than the place contrast of dental vs. palatal sibilants;
(c) Hypothesis Il (Manner effect): For dental vs. palatal sibilants in the [_i] context, the
place contrast of affricates is less distinct than the place contrast of fricatives.
To test these three hypotheses, a speeded-AX discrimination experiment was conducted, which
has been shown to be able to access psychoacoustic perception independent of the listeners’
native language. For the first two hypotheses, longer response times and more discrimination
errors were assumed to be an indication of less perceptual distinctiveness; for the third
hypothesis, more discrimination errors were taken as the measurement to indicate less perceptual
distinction. The results from the experiment generally confirmed the three hypotheses:
(@) For dental vs. palatal sibilants, the [ _i] context generally introduced longer response
times and more discrimination errors than other vowel contexts;
(b) For the [_i] context, the place contrast of dental vs. palatal sibilants introduced longer
response times and more discrimination errors than the place contrast of dental vs.

retroflex sibilants;
90



(c) For contrastive dental vs. palatal sibilants in the [ _i] context, the place contrast in
affricates introduced more discrimination errors than the place contrast in fricatives.
Additionally, a further examination of the results from the speeded AX discrimination also
showed that the vowel effect (i.e., [_i] with reduced perceptual distinctiveness) was not observed
for all sibilant place contrasts. For example, for the contrasts [s-s] and [ts"-ts"], the [_i] context
did not introduced longer response times than other vowel contexts.
For the phonetic basis of the observed results, an examination of the acoustic properties of
the stimulus syllables indicated that:

(d) For dental vs. palatal sibilants, the reduced distinctiveness in the [ _i] context is most
likely rooted in the smaller transitional difference of the CV pairs in the [_i] context
than in other vowel contexts;

(e) For the [_i] context, the larger perceptual distinctiveness of the dental-retroflex
contrast than the dental-palatal contrast was most likely rooted in the larger COG
difference of the onsets in [si-si] [tsi-tsi] [tshi-tgti] than in [si-ei] [tsi-tei] [tshi-tehi];

() For dental vs. palatal sibilants in the [_i] context, the relative fewer discrimination
errors in the [si-gi] pair than in the [tsi-tei] [tshi-teti] pair is related to the larger COG

difference in [si-gi] than [tsi-tei] and [tshi-tehi].
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Chapter 4. Phonetic properties of sibilant contrasts in the [_i] context

The perceptual experiment in Chapter 3 shows that, for dental vs. palatal sibilants, the place
contrasts in the [ _i] context are perceptually less distinct than in other vowel contexts. This is
consistent with the observation that the same contrasts tend to be avoided in cross-linguistic
typology and the historical sound changes of Mandarin. An implication of this observation is that
contrastive dental vs. plalatal sibilants in the [ _i] context are likely to be avoided in sound
changes. Such contrasts are reported to be present in Xiangtan Chinese (Zeng 1993), a dialect
with the same sibilant system as 18" century Mandarin. The production of dental vs. palatal
sibilants in Xiangtan is examined in this chapter, to investigate if there is a sign of avoiding this
contrast in the [_i] context.

4.1 Introduction
4.1.1 Dental vs. palatal sibilants in the [_i] context as weak contrasts

For the place contrasts of dental vs. palatal sibilants in the [_i] context, the studies in this
dissertation have shown the following properties:

(@) The typological survey (2.2.1 — 2.2.3) shows that, across Chinese dialects, the place
contrasts of dental vs. palatal sibilants in the [_i] context tend to be avoided. For example,
of the 81 dialects with dental vs. palatal sibilants only, contrastive [si tsi ts"] vs. [ei tei
tehi] are present in 23 dialects and enhanced or avoided in 58 dialects;

(b) The historical development of Mandarin also shows the tendency of avoiding contrastive

dental vs. palatal sibilants in the [_i] context (2.3.2): the contrast emerged three times as
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the result of other sound changes but was subsequently enhanced or avoided with a vowel
change or a sibilant change;

(c) The perceptual experiment (Chapter 3) shows that, for dental vs. palatal sibilants, the [ i]
context reduces the perceptual distinctiveness of the consonantal place contrasts
compared with other vowel contexts.

These observations suggest that (i) dental vs. palatal sibilants form perceptually weak contrasts
in the [_i] context, i.e., [si tsi ts"i] vs. [el tei tei]; and (ii) such contrasts are ‘unstable’ in a sound
system and are likely to be enhanced or avoided in sound change.

4.1.2 The neutralization of dental and palatal sibilants in the [_i] context

In the typology survey across Chinese dialects, it has been shown that about one-third of Chinese
dialects were reported to have the contrasts between dental and palatal sibilants in the [ _i]
context, e.g., Xiangtan (Zeng 1993) as in (29). Based on the properties of the contrasts laid out in
4.1.1, it is predicted that the sibilant dental vs. palatal contrasts in the [_i] context are likely to be

avoided in sound change.

(29) Sibilant-initial syllables in Xiangtan (Zeng 1993)

s; M “four si A cslim’ ei I8k ‘opera’ g J ‘corpse’
tsg % ‘pose’ tsi %% ‘sacrifice’ tei £ ‘skill’  tyy £ ‘branch’
ts"y B ‘tobestow’  ts"i ) ‘laybrids te"i S ‘gas’ ts"y i ‘stupid’

All syllables bear a high-level tone
The avoidance of contrastive dental vs. palatal sibilants in the [_i] context in the historical

development of Mandarin, as summarized in (14), is repeated below in (30).
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(30) The historical sound changes in Mandarin repeated from (14)
(Based on the reconstructions from Li and Zhou 1999; L. Wang 1985)

l. Il. I1. V.
7. @ sV VACD
l |
11"c. s XV @
| l

14"c. s si Xi I
| | ! |
187 s s
| ! |
20"¢c. s ¢i S1

As shown in the survey across Chinese dialects, the most frequent way to avoid dental vs.
palatal sibilants is to develop apical vowels after the dental sibilants, as in the historical
development of Mandarin sibilants in (31a). Between the 18" century and the 20" century,
however, the contrastive dental vs. palatal sibilants in the [_i] context in Mandarin were avoided
with the neutralization of the dental and palatal sibilants, as in (31b), rather than the formation of

the apical vowel as in (31c).

(31) The avoidance of dental vs. palatal sibilants in the [_i] context

a. Apical vowel formation (7" ¢. — 11" ¢.)
si el
v oo
SI ¢
b. Neutralization of dental vs. palatal sibilants in 18" century Mandarin
sy s ¢ 81
N
s1 ¢i 1
c. Hypothetical apical vowel formation in 18"-century Mandarin
siosioel g
A
s1 G
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A look at (31) shows that, in both (31b) and (31c), the sound changes would involve the
neutralization of syllables, and hence the neutralization of morphemes, because most morphemes
in Chinese are monosyllabic (Packard 2015). Instead of being neutralized with [si] (31c),
syllables like [si] were neutralized with [¢i] (31b). In terms of perceptual distinctiveness, the
sound change in (31b) turned out to involve the neutralization of two elements (e.g., [si] and [¢i])
that are perceptually more confusable compared with the two parties in (31c) (e.g., [si] and [s1]),
where [i] and [1] differ by F2 values (Zee and Lee 2001; Lee and Li 2003; Cheung 2004).%

As shown in (29), Xiangtan Chinese (Zeng 1993) has the same syllabic inventory as
18"-century Mandarin. It is thus predicted that in Xiangtan Chinese, the place contrasts of dental
vs. palatal sibilants in the [ _i] context are likely to show a sign of being neutralized, with the
palatalization of the dental sibilants, e.g., [Si] = [¢i]. To test this prediction, two phonetic studies
were conducted: An acoustic analysis of dental vs. palatal sibilants in Xiangtan Chinese and a

perceptual experiment testing the perceptual properties of the dental sibilants in the [_i] context.

2 |t is obvious that there could be multiple factors that have contributed to the choice of (31b) over (31c).
For example, previous studies have found that phonological contrasts with higher functional loads are
less likely to be neutralized in sound changes (Wedel, Jackson, and Kaplan 2013, among others). The
analysis in this dissertation is limited to the role of perceptual distinctiveness in the sound change and
the investigation of other factors is reserved for future studies.
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4.2 Acoustic measurements: Sibilant contrasts in Xiangtan Chinese

4.2.1 Recording

4.2.1.1 Speakers

Eleven female native speakers of Xiangtan Chinese participated in this study. Their age ranged
from 38 to 65 years old, with a mean age of 46.5 years. At the time of the recording, all speakers
were living in the district of Bantang of Xiangtan City in Hunan Province, China. Most of the
speakers can understand Mandarin but do not speak in Mandarin in their daily life, and a few

younger speakers can speak both Xiangtanese and Mandarin.
4.2.1.2 Material

The word list in (32) was used in the recording, where the syllables were chosen from Zeng’s
(1993) phonetic description of Xiangtan Chinese and checked by a female native speaker of
Xiangtan Chinese who has linguistic training. (She did not participate in the recording.) Three
groups of syllables were included: (i) syllables like [s1] in (32a), where dental sibilants precede
homorganic apical vowels (i.e., syllabic approximants); (ii) syllables like [si] in (32b), where
dental sibilants precede the vowel [ _i]; (iii) syllables like [ei] in (32c), where palatal sibilants
precede the vowel [_i]. The syllables in (32a) served as the baseline for canonical dental sibilants,
while the syllables in (32c) served as the baseline for canonical palatal sibilants.

(32) Wordlist used for the recording of Xiangtan Chinese

a. Canonical dentals b. Pre-[i] dentals ¢. Canonical palatals
s1 1Y ‘four’ si  #H ‘slim’ ei 8 ‘opera’
ts1 % ‘looks’ tsi £ ‘to sacrifice’ tei #% “skill’
tshI 1 ‘to bestow’ tshi ) ‘to lay bricks’ tehi & ‘gas’

All syllables have a high-level tone.
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The dental sibilants in (32b), i.e., those before the vowel [ _i], are the focus of this
production study. They were reported to fully contrast with the canonical palatals in (32c) (Zeng
1993). Yet, based on the discussion in 4.1, it is hypothesized that these dental sibilants in the [_i]
context are likely to show a sign of being palatalized, and thus neutralized with the canonical
palatal sibilants in (32c).
4.2.1.3 Recording procedure
The recording was done in a quiet room in the place where the speakers were living. The
recording devices included a Shure SM10A head-mounted microphone and a Marantz Portable
Solid State Recorder (PMD 671). The microphone was adjusted to ensure that the speakers were
comfortable before the recording.

The syllables in (32) were embedded in the carrier sentence ‘wo du __ qi ci’ (‘I read
seven times’). The speakers were asked to read the sentences in Xiangtan Chinese at a normal
speed and each sentence was read three times in a row and, after reading all the sentences, the
speakers were asked to read all the sentences in the same way again. Thus the 11 speakers each
produced 6 tokens for each syllable in (32) and a total of 594 syllables were recorded. A native
female Xiangtan speaker helped to explain the instructions to the native speakers.

The recordings were segmented in Praat (Boersma 2001) using a Praat script (Lennes 2002),

and each token of the syllables in (32) was saved as a separate .wav sound file.
4.2.2 Measurements
4.2.2.1 Acoustic properties measured

Four acoustic properties were measured for the onset sibilants: COG (center of gravity or
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spectral mean), dispersion of energy (spectral variance), intensity, and duration. These four

measurements were adopted because each has been shown in previous studies to be able to

differentiate dental vs. palatal sibilants, as detailed below.

(a)

(b)

(©)

(d)

COG has been shown to be an important cue for the place distinction of sibilants (Heinz
and Stevens 1961, Jongman, Wayland, Wong 2000, among others). Dental vs. palatal
sibilants in Mandarin are also reported to differ in COG. For example, the COG of [s] is
higher than that of [¢] (Svantesson 1986), and the lower boundary of energy
concentration in [s] (3100Hz) is higher than that in [¢] (1800Hz) (Wu and Lin 1989);

In terms of energy dispersion, the dental [s] was reported to have a smaller variance (i.e.
narrower dispersion) than the palatal [¢] (Svantesson 1986);

Intensity has been reported to differentiate Mandarin sibilants at different places (Li and
Gu 2015), with greater intensity values for more posterior sibilants;

For dental vs. palatal sibilants, different patterns of duration differences have been
reported in certain Chinese dialects, i.e., the dentals have been reported to be longer than
the palatals in some dialects but the pattern is the reverse in others (Ran 2005; C. Liu
2010; Pan 2010). For a particular dialect like Xiangtan, therefore, it remains a
possibility that duration could serve as a cue to the place distinction between dental and

palatal sibilants.

4.2.2.2 Palatalization vs. coarticulation

In normal speech, the articulatory gestures for a consonant usually overlap with a neighboring

vowel. The acoustic properties of the fricatives, for example, are usually influenced by the
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following vowel, particularly at the portion close to the onset of the vowel (Liberman et al. 1967,
Sereno, Baum, Marean and Lieberman 1987, among others). An acoustic measurement over the
whole sibilant, therefore, would involve the acoustic properties of the sibilant itself as well as the
coarticulatory influence from the following vowel. In the current study, the focus is on whether
the dental sibilants in the syllables [si] [tsi] [ts"i] have undergone phonological palatalization.
Therefore, it is crucial to tease apart palatalization as the result of a sound change from the
coarticulation between the dental sibilants and a following [_i]. In other words, it is important to
minimize the influence of consonant-vowel coarticulation in the acoustic measurements.

In terms of acoustic properties, Soli (1981) observed that the fricative [s] has different peak
frequencies in the vowel contexts [ i], [_a] and [_u] in the portion close to the vowel; but the
peak frequencies are indistinguishable in the portion of the [s] 60 ms before the onset of a
following vowel. In terms of articulatory gestures, Iskarous, Shadle, and Proctor (2011) observed
that, for /s/ in a high-vowel context vs. /s/ in a low-vowel context, the jaw rose a comparable
amount across the first half of the fricative and that the jaw position across the two vowel
contexts became significantly different at around 75% of the fricative duration. In other words,
the articulatory gesture across the first half of [s] was not greatly affected by a following vowel.
Based on these studies, the first half of the sibilants was measured in this study to minimize the

influence of consonant-vowel coarticulation.
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4.2.2.3 Measurement tool

The sibilants in (32) were measured using a praat script written by DiCanio (2013). The script
was revised to take measurements over the first half of the sibilants. Three intervals at equal
distance across the first half of a sibilant were measured, each with a window size of 20 ms.
Time-averaged measurements were generated over the three intervals by the script for each token,

including COG (center of gravity), dispersion (variance), intensity, and duration.

Figure 11 Time-averaged measurements over the first half of the sibilant.
4.2.3 Predictions

Based on the historical development of Mandarin, it is predicted that, in Xiangtan Chinese, there
will likely be a sign of neutralization between the dental and palatal sibilants in the [ _i] context
and that the dental sibilants in [si tsi ts"i] will likely show a sign of being palatalized (4.1). Thus,
it is predicted that, in terms of acoustic properties, at least some of the dental sibilants in [si tsi
tshi] should be indistinguishable from the canonical palatal sibilants in [ei tei tehi]. Below, the
acoustic properties of the sibilants are first reported (4.2.4), and then linear discriminant analyses
were performed to test the predicted palatalization of the sibilants in [si tsi tshi] (4.2.5).
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4.2.4 Acoustic properties

The focus of this study is the contrast between dental and palatal sibilants in the [_i] context.
Thus, comparisons are made between the canonical dental sibilants, the dental sibilants before
[i], and the canonical palatal sibilants. Below, separate reports are given to the results of the

measurements on fricatives, unaspirated affricates, and aspirated affricates.
4.2.4.1. Fricatives

The acoustic properties of the three fricatives are plotted in Figure 12, where ‘s’ refers to the

canonical /s/ in [s1], ‘s before [ i]” refers to the /s/ in [si], and ‘¢’ refers to the canonical /¢/ in

[ei].
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Figure 12 Acoustic properties of dental and palatal fricative across the 11 female speakers.
COG (Hz), Dispersion (Hz), Intensity (dB), and Duration (ms).
The bar and the number in the middle of each box indicates the mean value.
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To examine the difference among the three types of fricatives, a series of statistical analyses was

run separately on the COG, dispersion, intensity, and duration measurements.
A. COG
The COG of fricatives were analyzed using Linear Mixed Effects Models, for which the dependent

variable, the predicting variable and its baseline, and the random variable are listed in (33).

(33) Variables in the analysis of fricatives — COG
Variable names Notes and abbreviation

Dependent variable

COG The acoustic measurements of COG in Hz

Predicting variables
Onset s (Canonical /s/), si (/s/ in the [_i] context), ¢ (Canonical /¢/)

(Baseline = s (Canonical /s/))

Random variable

Speaker 11 speakers

The fixed effects in the final model are presented in Table 30. This model was obtained by
comparing a null model with Speaker as the random factor with a superset model with Onset as
the predicting variable. The addition of Onset significantly improved the model (X? = 197.22, df
= 2, p <.001). Therefore, the final model included Onset as the predicting variable and Speaker
as the random factor.

Table 30 Fixed effects in the mixed-effect linear regression for fricative — COG

Estimate  Std.Error df. tvalue  Pr(>|t))
(Intercept) 7867.92 16948 1384 46423  <.001***
Onset(si) -63161 11397 19467 5542  <.001***
Onset(e) —2068.74 11397 19467 -18152 <.001***

Model:  COG~ Onset + (1|Speaker)
Baseline: Onset=s (Canonical /s/)
Signif. codes: “*** 0.001, ‘*** 0.01, ‘** 0.05
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For the significant effect of Onset, the differences among s (Canonical /s/), si (/s/ in the [ i]
context), and ¢ (Canonical /¢/) were further checked using s (Canonical /s/) and si (/s/ in the [_i]
context) alternatively as the baseline. The results are reported in Table 31 in terms of t values (p
values). It turned out that the COG of three sibilant onsets were all significantly different from
one another. More spefically, s (Canonical /s/) had a higher COG than si (/s/ in the [_i] context),
which in turn had a higher COG than ¢ (Canonical /¢/).

Table 31 Acoustics of fricative COG — Onset difference in t value (p value)

si (/s/ in the [ _i] context) ¢ (Canonical /¢/)
s (Canonical /s/) 5542 (<.001***) —18.152 (<.001***)
si (/s/ in the [_i] context) 12,610 (<.001***)

P values appear in parentheses and boldface marks those that reached significance (.05).

B. Dispersion

The measurements of the dispersion in the fricatives were analyzed using Linear Mixed Effects
Models too, for which the dependent variable, the predicting variable and its baseline, and the
random variable are listed in (34).

(34) Variables in the analysis of fricatives — Dispersion
Variable names Notes and abbreviation

Dependent variable

Dispersion The acoustic measurements of Dispersion in Hz

Predicting variables
Onset s (Canonical /s/), si (/s/ in the [_i] context), ¢ (Canonical /¢/)

(Baseline = s (Canonical /s/))

Random variable

Speaker 11 speakers
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The fixed effects in the final model are presented in Table 32. This model was obtained by
comparing a null model with Speaker as the random factor with a superset model with Onset as
the predicting variable. The addition of Onset significantly improved the model (X? = 16.831, df=
2, p <.001). Therefore, the final model included Onset as the predicting variable and Speaker as
the random factor.

Table 32 Fixed effects in the mixed-effect linear regression for fricative — Dispersion

Estimate  Std.Error df. tvalue  Pr(>|t))
(Intercept) 187382 8750 1245 21415 <.001*%**
Onset(si) -194.77 4887 18533 3986 <.001***
Onset(e) -149.89 4887 18533 -3.067 002**

Model:  Dispersion ~ Onset + (1|Speaker)
Baseline: Onset=s (Canonical /s/)
Signif. codes: “***> 0.001, “*** 0.01, “*’ 0.05

For the significant effect of Onset, the differences among s (Canonical /s/), si (/s/ in the [ i]
context), and ¢ (Canonical /¢/) were further checked using s (Canonical /s/) and si (/s/ in the [_i]
context) alternatively as the baseline. The results are reported in Table 33 in terms of t values (p
values). It turned out that s (Canonical /s/) had a significantly smaller Dispersion value than that
of si (/s/ in the [_i] context) and ¢ (Canonical /¢/), and there was no significant difference
between the latter two onsets.

Table 33 Acoustics of Fricative Dispersion — Onset difference in t value (p value)

si (/s/ in the [_i] context) ¢ (Canonical /¢/)
s (Canonical /s/) —3.986 (< .001***) —-3.067 (.002**)
si (/s/ in the [ _i] context) 0.918 (.36)

P values appear in parentheses and boldface marks those that reached significance (.05).
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C. Intensitiy

The measurements of the Intensity in the fricatives were also analyzed using Linear Mixed
Effects Models, for which the dependent variable, the predicting variable and its baseline, and
the random variables are listed in (35).

(35) Variables in the analysis of fricatives — Intensity

Variable names Notes and abbreviation

Dependent variable

Intensity The acoustic measurements of Intensity in dB

Predicting variables
Onset s (Canonical /s/), si (/s/ in the [_i] context), ¢ (Canonical /¢/)

(Baseline = s (Canonical /s/))

Random variable

Speaker 11 speakers

The fixed effects in the final model are presented in Table 34. This model was obtained by
comparing a null model with Speaker as the random factor with a superset model adding Onset
as the predicting variable. The addition of Onset significantly improved the model (X? = 16.762,
df = 2, p < .001). Therefore, the final model included Onset as the predicting variable and
Speaker as the random factor.

Table 34 Fixed effects in the mixed-effect linear regression for fricative — Intensity

Estimate  Std.Error df. tvalue  Pr(>|t))
(Intercept) 456864  0.8563 1482 53351 <.001***
Onset(si) 14788 0.6286 185 2.352 020*
Onset(e) 2.6106 0.6286 185 4153  <.001***

Model:  Intensity ~ Onset + (1|Speaker)
Baseline: Onset=s (Canonical /s/)
Signif. codes: “*** 0.001, ‘*** 0.01, ‘** 0.05
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For the significant effect of Onset, the differences among s (Canonical /s/), si (/s/ in the [ i]
context), and ¢ (Canonical /¢/) were further checked using s (Canonical /s/) and si (/s/ in the [_i]
context) alternatively as the baseline. The results are reported in Table 35 in terms of t values (p
values). It turned out that the Intensity of s (Canonical /s/) was significantly smaller than that of
si (/s/ in the [_i] context) and ¢ (Canonical /¢/), without a significant difference between the latter
two onsets.

Table 35 Acoustics of fricative intensity — Onset difference in t value (p value)

si (/s/ in the [ _i] context) ¢ (Canonical /¢/)
s (Canonical /s/) 2.352 (.020%) 4.153 (<.001***)
si (/s/ in the [_i] context) 1.800(.073.)

P values appear in parentheses and boldface marks those that reached significance (.05).

D. Duration

The measurements of the duration of the fricatives were analyzed using Linear Mixed Effects
Models as well, for which the dependent variable, the predicting variable and its baseline, and
random variables are listed in (36).

(36) Variables in the analysis of fricatives — Duration
Variable names Notes and abbreviation

Dependent variable

Duration The acoustic measurements of Duration in ms

Predicting variables
Onset s (Canonical /s/), si (/s/ in the [_i] context), ¢ (Canonical /¢/)

(Baseline = s (Canonical /s/))

Random variable

Speaker 11 speakers
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Model comparison was adopted to determine if Onset made a difference in the duration of s
(Canonical /s/), si (/s/ in the [_i] context), ¢ (Canonical /¢/). More specifically, a null model with
Speaker as the random factor was compared with a superset model with Onset as the predicting
variable. It turned out that the addition of Onset did not significantly improve the model.
Therefore, Onset was not a significant predictor of duration.

A summary of the effect of Onset in the four acoustic measurements is given in (37) below,
focusing on whether Onset has a significant effect and the directionality of the effect, where >’

and ‘<’ indicate ‘have a significantly higher/lower value than’.

(37) Fricative: Onset effect in model comparisons and the directionality of onset effect
Onset effect ~ Directionality
COG v s > s before [i] > ¢

Dispersion | v’ s>shefore [i] & ¢
Intensity v s<shefore[i] &¢
Duration x

4.2.4.2. Unaspirated affricates

For the unaspirated affricates, the three types of sibilants are the canonical dental /ts/ in [tsi], the
pre-[i] /ts/ in [tsi], and the canonical palatal /te/ in [tei].

When manually checking the data, it was found that four speakers’ production of the /tei/
syllables involved variants whose onsets are the unaspirated velar stop [k]. As shown in Figure
13, the onset sibilant of the /tei/ in FO1’s production was the affricate [te], with a clear rise of the
amplitude of frication noise. The onset sibilant in F06’s production, however, was a typical stop,
with a release burst followed by a brief period of frication noise. Among the 11 speakers, velar

stops were produced by four speakers: FO6 and FO9 produced all their /tei/ syllables as [Ki],
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while F10 and F11 produced some of their /te/ syllables as [ki].?* In the acoustic measurements
of the canonical palatal /te/, the data from these 4 speakers were excluded. The measurements of
the canonical /ts/ and the pre-[i] /ts/ were performed over all 11 speakers because the manual
check showed no irregularity of the production of these two types of onset sibilants.

a. F01 tci_1 b. FO6_tci_1

L St

[te] (k]

Figure 13 Palatal affricate vs. velar stop in the production of /tei/.

The acoustic properties of the three unaspirated affricates are plotted in Figure 14, where ‘ts’
refers to canonical /ts/ in [ts1], ‘ts before [ i]” refers to the onset in [tsi], and ‘te’ refers to

canonical palatal /te/ in [tei].

2 |t is unclear why these four speakers produced the palatal /te/ differently from the other speakers. A
potential reason is that these speakers have been influenced by speakers of another Chinese dialect. In
Liuyang Chinese, a dialect spoken 100km from Xiangtan, for example, [ki] and [k"i] are reported to be
the pronunciations of the lexical items ¥ ‘rooster’ and ¥X ‘to cheat’ (Xia 1983), which are [tei] and
[tehi] in Xiangtan. Further research is needed to investigate the stop variants of the affricates and
whether this occurred in other vowel contexts.
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Figure 14 Acoustic properties of dental and palatal unaspirated affricates.
COG (Hz), Dispersion (Hz), Intensity (dB), and Duration (ms).
The bar and the number in the middle of each box indicates the mean value.

To examine if the three types of onsets significantly differ in the acoustic meansurements in
Figure 14, a series of statistical analyses was performed separately on the measurements of COG,

Dispersion, Intensity, and Duration.
A. COG

The COG measurements of the unaspirated affricates were analyzed using Linear Mixed Effects
Models, for which the dependent variable, the predicting variable and its baseline, and the random

variable are listed in (38).
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(38) Variables in the analysis of unaspirated affricates — COG

Variable names Notes and abbreviation

Dependent variable
COG The acoustic measurements of COG in Hz

Predicting variables
Onset ts (Canonical /ts/), tsi (/ts/ in the [_i] context), te (Canonical /te/)

(Baseline = ts (Canonical /ts/))

Random variable
Speaker 11 speakers

The fixed effects in the final model are presented in Table 36. This model was obtained by
comparing a null model with Speaker as the random factor with a superset model adding Onset
as the predicting variable. The addition of Onset significantly improved the model (X? = 93.064,
df = 2, p < .001). Therefore, the final model included Onset as the predicting variable and
Speaker as the random factor.

Table 36 Fixed effects in the mixed-effect linear regression for unaspirated affricates — COG

Estimate  Std.Error df. tvalue  Pr(>|t])
(Intercept) 787173  258.96 1209 30397 <.001%**
Onset(tsi) -636.18 13953 16538 -4559 <.001***
Onset(te) -1840.07 166.12 167.79 -11.077 <.001***

Model:  COG~ Onset + (1|Speaker)
Baseline; Onset =ts (Canonical /ts/)
Signif. codes: “**** 0.001, ‘**’ 0.01, “** 0.05

For the significant effect of Onset, the differences among ts (Canonical /ts/), tsi (/ts/ in the
[_i] context), and te (Canonical /te/) were further checked using ts (Canonical /ts/) and tsi (/ts/ in
the [_i] context) alternatively as the baseline. The results are reported in Table 37 in terms of t
values (p values). It turned out that the COG of three sibilant onsets were all significantly
different from one another. More spefically, ts (Canonical /ts/) had a higher COG than tsi (/ts/ in

the [_i] context), which in turn had a higher COG than te (Canonical /te/).
110



Table 37 Acoustics of unaspirated affricate COG — Onset difference in t value (p value)

si (/s/ in the [_i] context) ¢ (Canonical /¢/)
s (Canonical /s/) —4.559 (<.001***) —11.077 (<.001***)
si (/s/ in the [_i] context) —1.247 (<.001***)

P values appear in parentheses and boldface marks those that reached significance (.05).

B. Dispersion

The measurements of the dispersion in the unaspirated affricates were analyzed with Linear
Mixed Effects Models, for which the dependent variable, the predicting variable and its baseline,
and the random variable are listed in (39).

(39) Variables in the analysis of unaspirated affricates — Dispersion

Variable names Notes and abbreviation

Dependent variable

Dispersion The acoustic measurements of Dispersion in Hz

Predicting variables
Onset ts (Canonical /ts/), tsi (/ts/ in the [_i] context), te (Canonical /te/)

(Baseline = ts (Canonical /ts/))

Random variable

Speaker 11 speakers

Model comparison was adopted to determine if Onset made a difference in the Dispersion of ts
(Canonical /ts/), tsi (/ts/ in the [_i] context), te (Canonical /te/) by comparing a null model with
Speaker as the random factor with a superset model with Onset as the predicting variable. It
turned out that the addition of Onset did not significantly improve the model. Therefore, Onset

was not a significant predictor of Dispersion.
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C. Intensitiy

The measurements of the intensity in the unaspirated fricatives were analyzed using Linear
Mixed Effects Models too, for which the dependent variable, the predicting variable and its
baseline, and the random variable are listed in (40).

(40) Variables in the analysis of unaspirated affricates — Intensity

Variable names Notes and abbreviation

Dependent variable

Intensity The acoustic measurements of Intensity in dB

Predicting variables
Onset ts (Canonical /ts/), tsi (/ts/ in the [_i] context), te (Canonical /te/)

(Baseline = ts (Canonical /ts/))

Random variable

Speaker 11 speakers

Model comparison was adopted to determine if Onset made a difference in the Intensity of ts
(Canonical /s/), tsi (/s/ in the [_i] context), te (Canonical /¢/) by comparing a null model with
Speaker as the random factor with a superset model adding Onset as the predicting variable. It
turned out that the addition of Onset did not significantly improve the model. Therefore, Onset

was not a significant predictor of Intensity.
D. Duration

The measurements of the duration in the unaspirated affricates were analyzed using Linear
Mixed Effects Models as well, for which the dependent variable, the predicting variable and its

baseline, and the random variable are listed in (41).
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(41) Variables in the analysis of unaspirated affricates — Duration
Variable names Notes and abbreviation

Dependent variable

Duration The acoustic measurements of Duration in ms

Predicting variables
Onset ts (Canonical /ts/), tsi (/ts/ in the [_i] context), te (Canonical /te/)

(Baseline = ts (Canonical /ts/))

Random variable

Speaker 11 speakers

Model comparison was adopted to determine if Onset made a difference in the duration of ts
(Canonical /ts/), tsi (/ts/ in the [_i] context), and te (Canonical /te/) by comparing a null model
with Speaker as the random factor with a superset model with Onset as the predicting variable.
The addition of Onset turned out to significantly improve the model (X? = 40.622, df = 2, p
<.001). Therefore, the final model included Onset as the predicting variable and Speaker as the
random factor, as in Table 38.

Table 38 Fixed effects in the mixed-effect linear regression for unaspirated affricates — Duration

Estimate  Std.Error df. tvalue  Pr(>|t])
(Intercept) 48.985 1.877 1642 26.092 <.001***
Onset(tsi) -9.773 1.629 16085 -5998 <.001***
Onset(te) -10246 1925 16704 5324 <.001***

Model:  Duration~ Onset + (1|Speaker)
Baseline; Onset =ts (Canonical /ts/)
Signif. codes: “***> 0.001, “*** 0.01, “*’ 0.05

For the significant effect of Onset, the differences among ts (Canonical /ts/), tsi (/ts/ in the [_i]
context), and te (Canonical /te/) were further checked using ts (Canonical /ts/) and tsi (/ts/ in the [_i]
context) alternatively as the baseline. The results are reported in Table 39 in t values (p values),
which showed that the duration of ts (Canonical /s/) was significantly longer than that of tsi (/s/

in the [_i] context) and te (Canonical /te/), while the latter two had no significant difference.
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Table 39 Acoustics of unaspirated affricates — Onset difference in t value (p value)

tsi (/ts/ in the [_i] context) te (Canonical /te/)
ts (Canonical /ts/) -5.998 (<.001***) —5.324 (<.001**%*)
tsi (/ts/ in the [_i] context) -0.246 (.806)

P values appear in parentheses and boldface marks those that reached significance (.05).

The Onset effect in the four acoustic measurements of are summarized in (42) below, where

>’ indicates ‘a significantly higher value than’.

(42) Unaspirated affricates: Onset effect in model comparisons and the directionality of onset effect

Onset effect  Directionality
COG v ts > ts before [i] > te
Dispersion | %
Intensity x
Duration v ts > ts before [i] & te

4.2.4.3. Aspirated affricates

For the aspirated affricates, the three types of sibilants are the canonical dental /ts"/ in [ts"], the
pre-[i] /tsh/ in [ts"i], and the canonical palatal /teh/ in [tehi].

A manual check of the data revaled that the same four speakers who variably produced /tei/
as [ki] also produced some or all the /tehi/ syllables as [k"i]. As Figure 15 shows, the sibilant
onset of /te"/ produced by in FO1 was a [te"], with a clear rise of the amplitude in the frication
noise, whereas the one produced by FO06 was a clear [k"] with double release bursts and
aspiration noise afterward. Of these four speakers, FO6 produced all her /tehi/ syllables as [k"i]
while F09, F10, and F11 produced some of their /tehi/ syllables as [khi]. These four speakers’

production of /te"i/ was thus not included in the acoustic measurements.

114



a. FO01 _tchi_1 b. FO6_tchi_1

[te"] (k"]
Figure 15 Palatal affricate vs. velar stop in the production of /tehi/.

The measurements of the canonical /ts"/ and the pre-[i] /ts"/ were performed over all 11
speakers. The acoustic properties of the three aspirated affricates are plotted in Figure 16, where
‘tsh’ is the canonical /ts"/ in [tshy], ‘ts® before [ i]’ is the onset in [ts"], and ‘te?’ is the canonical
palatal /tet/ in [tehi].

Similar to the analyses above, a series of statistical analyses were performed separately on
the measurements of COG, Dispersion, Intensity, and Duration, to examine whether there was a
significant difference among the three types of sibilants.

A. COG
The COG of the aspirated affricates were analyzed using Linear Mixed Effects Models, for which
the dependent variable, the predicting variable and its baseline, and the random variable are listed

in (43).

115



— ]
(] -
EEII:II:II:I | 60-
23000~ 6= o =47
% ey — ci 7 +
(9 7000- * = +
o @ 50- g
o Fiv)
i 6000- E i € 45- .
% ‘
O 5000- . | 10-
tsh tsh befare [i] gh tsh tsh befare [i] teh

3000- Y
N —100-
E 2500- T E ‘
5 c s0- % ,
i 2000- 1%'3 = - ¥
o ]..'.h 1]
@ 1500- g 80 |
519

1[”:”:'_ 1 1 4I:I_ 1 1 1

tsh tsh befare [i] feh sk tsk before [i] teh

Figure 16 Acoustic properties of dental and palatal aspirated affricates.
COG (Hz), Dispersion (Hz), Intensity (dB), and Duration (ms).
The bar and the number in the middle of each box indicates the mean value.

(43) Variables in the analysis of aspirated affricates — COG

Variable names Notes and abbreviation

Dependent variable
COG The acoustic measurements of COG in Hz

Predicting variables
Onset tsh (Canonical /tst/), tshi (/ts"/ in the [_i] context), te® (Canonical /te®/)
(Baseline = ts® (Canonical /tst/))

Random variable

Speaker 11 speakers
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The fixed effects in the final model are presented in Table 40. This model was obtained by
comparing a null model with Speaker as the random factor with a superset model with Onset as
the predicting variable. The addition of Onset significantly improved the model (X? = 128.3, df =
2, p <.001). Therefore, the final model included Onset as the predicting variable and Speaker as
the random factor.

Table 40 Fixed effects in the mixed-effect linear regression for aspirated affricates — COG

Estimate  Std.Error df. tvalue  Pr(>|t))
(Intercept) 795523 17802 1319 44688 <.001***
Onset(ts"i) —-656.73 11541 15997 5691 <.001***
Onset(te") -1877.25 13712 16336 -13.690 <.001***

Model:  COG~ Onset + (1|Speaker)
Baseline:  Onset=ts" (Canonical /ts"/)
Signif. codes: “***> 0.001, “*** 0.01, “*’ 0.05

For the significant effect of Onset, the differences among ts" (Canonical /ts"/), tshi (/ts/ in
the [_i] context), and te" (Canonical /te/) were further checked using ts* (Canonical /ts"/) and tshi
(/ts'/ in the [_i] context) alternatively as the baseline. The results are reported in Table 41 in
terms of t values (p values). It turned out that the COG of the three sibilant onsets were all
significantly different from one another. More specifically, tsh (Canonical /ts"/) had a higher
COG than tshi (/tst/ in the [_i] context), which in turn had a higher COG than teh (Canonical /teh/).

Table 41 Acoustics of aspirated affricate COG — Onset difference in t value (p value)

tshi (/tsh/ in the [_i] context)  teh (Canonical /te"/)
tsh (Canonical /ts"/) -5,691 (<.001***) —13.690 (<.001***)
tshi (/ts"/ in the [_i] context) -8901 (<.001***)

P values appear in parentheses and boldface marks those that reached significance (.05).
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B. Dispersion

The measurements of the dispersion of the aspirated affricates were analyzed using Linear Mixed
Effects Models, for which the dependent variable, the predicting variable and its baseline, and
the random variable are listed in (44).

(44) Variables in the analysis of aspirated affricates — Dispersion
Variable names Notes and abbreviation

Dependent variable
Dispersion The acoustic measurements of Dispersion in Hz

Predicting variables
Onset tsh (Canonical /tsh/), tsi (/tst/ in the [_i] context), te" (Canonical /tet/)

(Baseline = ts" (Canonical /ts"/))

Random variable

Speaker 11 speakers

The fixed effects in the final model are presented in Table 42. This model was obtained by
comparing a null model with Speaker as the random factor with a superset model adding Onset
as the predicting variable. The addition of Onset significantly improved the model (X? = 23.682,
df= 2, p < .001). Therefore, the final model included Onset as the predicting variable and

Speaker as the random factor.

Table 42 Fixed effects in the mixed-effect linear regression for aspirated affricates — Dispersion

Estimate  Std.Error df. tvalue  Pr(>Jt))
(Intercept) 191045 9912 1157 19275 <.001%**
Onset(ts"i) —24723 5065 16116 -4.881 <.001***
Onset(te") 18663  60.33 1333 -3.09%4 002**

Model:  Dispersion~ Onset + (1|Speaker)
Baseline: Onset=ts" (Canonical /ts"/)
Signif. codes: “***> 0.001, “*** 0.01, “*’ 0.05
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For the significant effect of Onset, the differences among ts" (Canonical /ts"/), tsi (/ts/ in the
[_i] context), and te" (Canonical /te"/) were further checked using ts" (Canonical /ts"/) and tshi (/ts"/
in the [_i] context) alternatively as the baseline. The results are reported in Table 43 in terms of t
values (p values). It turned out that the three sibilant onsets were all significantly different from
one another in terms of Dispersion. More spefically, tst (Canonical /ts®/) had a larger dispersion
than tsh (/ts"/ in the [_i] context), which in turn had a larger dispersion than tet (Canonical /te"/).

Table 43 Acoustics of unaspirated affricate Dispersion — Onset difference in t value (p value)

tshi (/ts"/ in the [_i] context)  te" (Canonical /te"/)
ts" (Canonical /ts"/) —4.881 (<.001***) -3.094 (.002**)
tshi (/ts"/ in the [_i] context) 1.004 (.317)
P values appear in parentheses and boldface marks those that reached significance (.05).

C. Intensitiy

The measurements of the intensity in the aspirated fricatives were analyzed using Linear Mixed
Effects Models too, for which the dependent variable, the predicting variable and its baseline,
and the random variable are listed in (45).

(45) Variables in the analysis of aspirated affricates — Intensity

Variable names Notes and abbreviation

Dependent variable
Intensity The acoustic measurements of Intensity in dB

Predicting variables
Onset tsh (Canonical /tst/), tshi (/tsh/ in the [_i] context), teh (Canonical /teh/)

(Baseline = tsh (Canonical /tsh/))

Random variable

Speaker 11 speakers
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The fixed effects in the final model are presented in Table 44. This model was obtained by
comparing a null model with Speaker as the random factor with a superset model adding Onset
as the predicting variable. The addition of Onset significantly improved the model (X? = 51.842,
df = 2, p < .001). Therefore, the final model included Onset as the predicting variable and
Speaker as the random factor.

Table 44 Fixed effects in the mixed-effect linear regression for aspirated affricates — Intensity

Estimate  Std.Error df. tvalue  Pr(>|t))
(Intercept) 490182 11644 1131 42098 <.001***
Onset(ts"i) 26985 05359 16092 5035 <.001***
Onset(te") 47746  0.6388 16265 7475 <.001***

Model:  Intensity ~ Onset + (1|Speaker)
Baseline:  Onset=ts" (Canonical /ts"/)
Signif. codes: “***> 0.001, “*** 0.01, “*’ 0.05

For the significant effect of Onset, the differences among tst (Canonical /ts"/), tsi (/ts"/ in the
[_i] context), and te" (Canonical /te"/) were further checked using ts" (Canonical /ts"/) and ts"i (/ts"/
in the [_i] context) alternatively as the baseline. The results are reported in Table 45 in terms of t
values (p values). It turned out that the three sibilant onsets were all significantly different from
one another in Dispersion. More spefically, ts" (Canonical /ts"/) had a smaller intensity than tsh
(/ts"/ in the [_i] context), which in turn had a smaller intensity than te" (Canonical /te"/).

Table 45 Acoustics of unaspirated affricate intensity — Onset difference in t value (p value)

tshi (/tsh/ in the [_i] context)  teh (Canonical /te"/)
tsh (Canonical /tsh/) 5.035 (<.001***) 7475 (001***)
tshi (/ts/ in the [_i] context) 3250 (.001**)

P values appear in parentheses and boldface marks those that reached significance (.05).
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D. Duration

The measurements of the duration in the aspirated affricate were analyzed using Linear Mixed
Effects Models, for which the dependent variable, the predicting variable and its baseline, and
random variables are listed in (46).

(46) Variables in the analysis of fricatives — Duration

Variable names Notes and abbreviation

Dependent variable

Duration The acoustic measurements of Duration in ms

Predicting variables
Onset tsh (Canonical /tst/), tsti (/tst/ in the [_i] context), te (Canonical /tet/)

(Baseline = ts" (Canonical /ts"/))

Random variable

Speaker 11 speakers

Model comparison was adopted to determine if Onset made a difference in the duration of
tsh (Canonical /tst/), tshi (/ts"/ in the [_i] context), te" (Canonical /te"/) by comparing a null model
with Speaker as the random factor with a superset model with Onset as the predicting variable. It
turned out that the addition of Onset did not significantly improve the model. Therefore, Onset
was not a significant predictor of duration.

A summary of the effect of Onset in the four acoustic measurements of aspirated affricates
is given in (47) below, focusing on whether Onset has a significant effect and the directionality

of the effect, where “>’ and ‘<’ indicate ‘have a significantly higher/lower value than’.
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(47) Aspirated affricates: Onset effect in model comparisons and the directionality of onset effect

Onset effect  Directionality
COG v tsh > tsh before [i] > te"
Dispersion | v’ tsh > tsh before [i] & teh
Intensity v tsh < tsh before [i] < teh
Duration x

The results of the acoustic measurments, as listed in (37) (42) and (47), show that the dental
sibilants in the [_i] context in general fall between the canonical dental sibilants and the palatal
sibilants. The focus of the study in Xiangtan sibilants is if in the [_i] context, there is a sign of
neutralization between the dental and palatal sibilants. It is predicted that there should be a sign
of neutralization, by which the dental sibilants in the [_i] context is indistinguishable from the
canonical palatal sibilants. To test this prediction, the acoustic measurements of the sibilants in

Xiangtan Chinese were submitted to a linear discrimination analysis, as detailed in 4.2.5.

4.2.5 Discriminant analyses

To examine whether there is a sign of neutralization between the dental and palatal sibilants in
the [_i] context, the measurements in 4.2.4 were submitted to a series of linear discriminant
analyses (LDA) — a statistical analysis using a discriminant function to assign data points to one
of two or more groups.?® In an LDA analysis, a classifer was first built from a training set that
have two (or more) groups based on a number of measurements. The classifer was trained to
distinguish the members of the two (or more) groups based on the measurements. A typical

function of a built classifer is to predict the group affiliation of a new number that have the same

% There are two major types of discriminant analyses: Linear discriminant analysis (LDA) and quadratic
discriminant analysis (QDA). LDA was adopted in this study due to the relatively small number of data
points. An analysis using QDA was also conducted and it returned very similar results to those of the
LDA.
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measurements as the ones in the training set.

In this study, LDA would be adopted to recognize a pre-[i] dental sibilant as being dental or
palatal. More specifically, the two groups to be recognized as are dental sibilants and palatal
sibilants. For these two groups, the training set included the acoustic measurements of canonical
dental sibilants and those of canonical palatal sibilants. Then, a classifer would be built based on
the acoustic measurements of dental vs. palatal sibilants, i.e., COG, Dispersion, Intensity,
Duration, etc. The build classifer would then be adopted to predict whether a dental sibilant in
the [_i] context should be recognized as a dental sibilant or a palatal sibilant. Below, separate

analyses were performed on the fricatives, unaspirated affricates, and aspirated affricates.
4.2.5.1. Fricatives

The acoustic measurements of fricatives (4.2.2.1) were divided into two subsets:
(a) A training set including the measurements of COG, Dispersion, Intensity, and Duration
for the 66 canonical dental /s/ in [s1] and the 66 canonical palatal /e/ in [ei];
(b) A test set including the measurements of COG, Dispersion, Intensity, and Duration for
the 66 pre-[i] dental /s/ in [si].
In both datasets, the original acoustic measurements were centered and z-scored. In the linear
discriminant analysis (LDA), the classifier was trained on the training set to distinguish dental vs.
palatal sibilants using the acoustic measurements of COG, Dispersion, Intensity, and Duration.?

Then, the trained classifier was adopted to categorize the pre-[i] dental /s/ in the test set as being

% A linear discriminant analysis creates one or more linear combinations of predictors to differentiate two
(or more) groups. As to be shown later, an acoustic measurement may involve a significant difference
between the dental vs. palatal sibilants, yet it may not be a significant predictor in the classifer built in
the linear discrimination analysis.
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dental or palatal. If palatalization has applied to the pre-[i] dental sibilants in Xiangtan, then it is
predicted that some of the pre-[i] /s/ tokens would be classified as palatals.

In the training phase, a discriminant analysis was performed using the greedy.wilks function
in the r package klaR (Weih, Ligges, Luebke, Raabe 2005) with stepwise variable selection. The
significance cutoff point was set as .05 for the p-value of the F-statistic. Information of the
classifier function obtained from the training is given in (48) below. The classifer in (48a) shows
that, in distinguishing /s/ vs. /e/, COG is the most important predictor, followed by Intensity, and
then Disperion. More specifically, /¢/ is characterized by a lower COG, higher intensity, and
lower dispersion compared with /s/. The overall accuracy of the classifier on the training set was

96%, and the predictions of dentals and palatals were equally good, as shown in (48b).

(48) Classifier function obtained from the training set: Fricatives
a. Classifier:
Place ~ (-1.78)*COG + 0.36*Intensity + (-0.24)*Dispersion

b. Performance of discrimination on the training set:

Dental token Palatal token
Classified as dental 64 3
Classified as palatal 2 63

c. Overall accuracy of discrimination on the training set:
96%

The classifier function was then used to predict the place of the tokens in the test set, i.e.,
the pre-[i] /s/ sounds in [si]. The 11 native speakers of Xiangtan Chinese each produced 6 tokens
of /si/, thus a total of 66 tokens were categorized by the classifier as either dental or palatal. It
turned out that of the 66 /s/ tokens in the [_i] context, 39 were classified as dentals and 27 as
palatals. That is, 41% (= 27/66) of the pre-[i] /s/s were classified as palatal sibilants.
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The results of classification for the 11 speakers are plotted in Figure 17, where the x-axis
indicates the 11 speakers and the y-axis indicates the number of tokens for each speaker. In
Figure 17, dark color marks the tokens classified as a dental sibilant and light color marks tokens

classified as a palatal sibilant.

Results: Discriminant Analysis

FO1  FO02 FO3 FO4 FOG FOg  F10  F11 F12

FUIFr FUIB
Speakers
Figure 17 Predicted place of the pre-[i] sibilant: Fricatives.
(Dark = predicted as dental; light/blue = predicted as palatal)

n

.

Number of tokens

s

The results in Figure 17 show that there are three types of speakers: First, those who did not
palatalized their /s/ in the [_i] context, like FO4; second, those who have palatalized some of their
/sl in the [_i] context, like FO3; and third, those who have palatalized all their /s/ in the [_i]
context, like FO1. Note that all these three types of speakers produce /¢/ in the [_i] context as
palatal sibilants. Focusing on the contrasts between detal vs. palatal sibilants in the [_i] context,
the three groups of speakers were named as below in (49): Contrast preservers like FO4, who did
not palatalize any of her /s/s in the [ _i] context and thus preserved the dental vs. palatal contrast
in this context; Partial palatalizers like FO3, who palatalized some of her /s/s in the [_i] context,

thus were in the process of neutralizing the dental vs. palatal contrast in this context; Complete
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palatalizers like FO1, who palatalized all of the /s/s in the [_i] context, thus had completed the

neutralization.

(49) Difference in the sibilant onsets: Fricative

Speaker types Phonetic forms of ~ Phonetic forms of = Speakers
/si/ syllables [ei/ syllables
Contrast preserver Si ci F04, F06, F08, F09, F10, F11
Partial neutralizer Si~ ei ei FO03, FO7
Complete neutralizer | ei ci FO1, FO2, F12

Overall, the patterns in (49) showed that, although not all speakers showed a sign of
neutralizing /s/ and /¢/ in the [_i] context, some speakers did, which confirms the prediction that
a sound change neutralizing the pre-[i] dental /s/ and the palatal [¢] is in progress.
4.2.5.2. Unaspirated affricates
The acoustic measurements of the unaspirated affricates (4.2.2.2) were divided into two subsets:

(@) A training set including the measurements of COG, Dispersion, Intensity, and Duration
for the 66 canonical /ts/s in [tsg] and the 42 canonical /te/s in [tei]. Note that 24 /tei/
tokens were excluded, i.e., the ones from the speakers F06, F09, F10, and F11, who
produced /ki/ variants for the /tei/ syllables (c.f. 4.2.2.2).%"

(b) A test set including the measurements of COG, Dispersion, Intensity, and Duration of

the 66 pre-[i] dental /ts/s in [tsi].

27 As noted in 4.2.4.2, FO6 and FO9 produced all /tei/ as [ki], while F10 and F11 produced some of /tei/s
as [ki]. It is unclear, for F10 and F11, whether the [tei] they produced can be considered as canonical or
not. To avoid arbitrariness in the decision, all 24 tokens of /tei/ from these speakers were excluded in
the LDA analysis.
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Centering and scaling were performed on the original acoustic measurements before the linear
discriminant analysis (LDA). Similar to the LDA analysis of the fricatives above, the classifier
was trained on the training set to distinguish dental vs. palatal sibilants using COG, Dispersion,
Intensity, and Duration. The details of the classifier are given in (50). Below, (50a) shows that, in
distinguishing /ts/ vs. /te/, COG is the most important predictor, followed by Disperion. More

specifically, /te/ is characterized by a lower COG and a lower dispersion compared with /ts/.

(50) Classifier function obtained from the training set: Unaspirated affricates
a. Classifier:
Place ~ (-1.56)*COG + (-0.60)*Dispersion

b. Performance of discrimination on the training set:

Dental token Palatal token
Classified as dental 64 12
Classified as palatal 2 30

c. Overall accuracy of discrimination on the training set:
87%

As (50) shows, the overall accuracy of the classifier on the training set was 87%. A closer
look shows that the classification for canonical /ts/ was very acccurate (64/66 = 97%) while that
for canonical /te/ was less so (30/42 = 71%). To examine the lower accuracy in the prediction of
palatal sibilants, the acoustic properties of the canonical /ts/ tokens and canonical /te/ tokens
were examined. Note that the classifier in (50a) has COG and Dispersion as the two predictors,
therefore these two acoustic measurements were examined for dental vs. palatal sibilants, as
plotted in Figure 18. In Figure 18, the raw measurements of COG and Dipersion were scaled and
centered, and D and P represented ‘Dental’ and ‘Palatal’ respectively, i.e., the membership of a

token as a canonical dental sibilant (D) or a canonical palatal sibilant (P). The upper light/blue
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region is what the classifer recognized as ‘dentals’ in the two-dimensional space of COG and
Dispersion; the lower dark/purple region is what the classifier recognized as ‘palatals’. Close to
the boundary in the middle, it can be seen that a number of canonical palatal sibilants (P-tokens

in red-color) were categorized as dental sibilants based on their COG and Dispersion.

app. error rate: 0.19
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Figure 18 Classification of canonical /ts/ and /te/ in the training set.

The classifier function in (50a) was then used to predict the place of the 66 tokens of the
pre-[i] /ts/. Out of the 66 tokens /ts/ in the [_i] context, 14 tokens (= 21%) were classified as a
palatal sibilant. The classification results for the 11 speakers are plotted in Figure 19, where the
x-axis indicates the 11 speakers and the y-axis indicates the number of tokens for each speaker;

dark color marks the tokens classified as dental and light color marks tokens classified as palatal.
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Results: Discriminant Analysis
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Figure 19 Predicted place of the pre-[i] sibilants: Unaspirated affricates.
(Dark = predicted as dental; light/blue = predicted as palatal)
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Out of the 66 tokens of pre-[i] /ts/, 52 were classified as dentals and 14 as palatals.?® A
quick look at Figure 19 shows the same three types of speakers as for the fricatives in (49), i.e.,
Contrast preservers like FO3, Partial neutralizers like FO8, and Complete neutralizers like FOL.
However, as noted in 4.2.4.2, there were four speakers who produced velar stop variants for the
palatal sibilants, FO6, FO9, F10, and F11. Taking this into consideration, there turned out to be a
more nuanced pattern across the speakers in the contrast between dental and palatal unaspirated
affricates in the [_i] context, as summarized in (51). The four speakers with velar variants of the
palatal sibilants fell into three types: FO6 and FO9 produced all their palatal sibilants as velar
stops and all their pre-[i] dentals as dentals; F11 had variation between velar stops and palatal

sibilants and produced all her pre-[i] dentals as dentals; F10 had variation between velar stops

2 As shown above, the classifier was more accurate in predicting dentals than in predicting palatals, i.e.,
the classifier has a ‘dental bias’. Therefore, an unbiased classifier (presumably obtainable from more
training data) may have recognized more tokens in the test set as palatals than reported in this study.
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and palatal sibilants and variation between dental and palatal sibilants.?® The other 7 speakers
fell into the same three types as in (49), i.e., Contrast preservers, Partial neutralizers, and

Complete neutralizers, in the [_i] context. Therefore, there are six types of speakers in (51).

(51) Difference in the sibilant onsets: Unaspirated affricates

Speaker types Phonetic forms of Phonetic forms of  Speakers
ftsi/ syllables Itei/ syllables

No palatal speaker tsi ki F06, FO9

Variant palatal speaker 1 | tsi tei ~ ki F11

Variant palatal speaker 2 | tsi~ tei tei ~ ki F10

Contrast preserver tsi tei FO03, F04, FO7, F12
Partial neutralizer tsi~ tei tei FO8

Complete neutralizer tei tei FO1, FO2

Generally, the pattern in (51) shows that there is a sign of the neutralization between the
dental /ts/ and the palatal /te/ in the [_i] context, as shown by the results of the Variant palatal
speaker 2 (F10), Partial neutralizers (FO8), and Complete neutralizers (FO1, FO2). On the other
hand, palatalization of the dental /ts/ was not observed in No palatal speakers (F06, FQ9),
Variant palatal speaker 1 (F11), and Contrast preservers (FO3, FO4, FO7, F12).
4.2.5.3. Aspirated affricates
Similar to the analysis above, the measurements of the aspirated affricates (4.2.2.3) were divided

into the following two subsets:

2 For the four speakers FO6, F09, F10 and F11, the onsets in the /tsi/ syllables are all recognized as the
dental sibilant, except that one token from F10 was recognized as a palatal sibilant by the classifier.
Condidering that some of their /tei/ tokens are produced as /ki/, the four speakers are in fact preserving
the contrasts of a dental sibilant /ts/ vs. a velar stop /k/.
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(@) A training set including the measurements of COG, Dispersion, Intensity, and Duration
for the 66 canonical /ts"/ in [ts"f], and the 42 canonical /te"/ in [teti], excluding the 24
Itehi/ tokens from FO06, F09, F10, and F11, who produced /k"i/ variants for /te"i/ (c.f.
4.2.2.3)30
(b) A test set including the measurements of COG, Dispersion, Intensity, and Duration of
the 66 pre-[i] dental /ts"/ in [tshi].
Centered and z-scored measurements were submitted to the linear discriminant analysis (LDA).
The details of the classifier are given in (52). Below, (52a) shows that, in distinguishing /ts"/ vs.
Iteh/, COG is the most important predictor, followed by Disperion. More specifically, /te"/ is

characterized by a lower COG and a lower dispersion than /ts"/.

(52) Classifier function obtained from the training set: Aspirated affricates
a. Classifier:
Place ~ (-1.79)*COG + (-0.50)*Dispersion

b. Performance of discrimination on the training set:

Dental token Palatal token
Classified as dental 64 6
Classified as palatal 2 36

c. Overall accuracy of discrimination on the training set:
93%

As shown in (52), the overall accuracy of the classifier on the training set was 93%. The
classification of the canonical dental /ts"i/ was highly accurate (64/66= 97%) while that of the
canonical palatal /tehi/ was somewhat less so (30/42= 86%), though more accurate than the

classifier function built to predict /te/ in 4.2.5.2.

% As noted in 4.2.4.3, FO6 produced all /te"i/ as [khi], while and F09, F10 and F11 produced some of their
ftehi/s as [kM]. For similar consideration in the last footnote, all the 24 tokens of /tehi/ were excluded in
the analysis.
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Again, the classifier function was used to predict the place of the 66 tokens of the pre-[i]
/ts?/. Out of the 66 tokens /ts"/ in the [_i] context, 18 tokens (= 27%) were classified as a palatal
sibilants. The overall results for the 11 speakers are plotted in Figure 20, where the x-axis

indicates the 11 speakers and the y-axis indicates the number of tokens for each speaker.

Results: Discriminant Analysis
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Figure 20 Predicted place of the pre-[i] sibilant: Aspirated affricates.
(Dark = predicted as dental; light/blue = predicted as palatal)
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Out of the 66 tokens of pre-[i] /ts"/, 50 were classified as dentals and 16 as palatals. Note
again that, as stated in 4.2.4.3, four speakers’ production of palatal sibilants involved variants as
velar stops, namely F06, F09, F10, and F11. Taking their details into consideration, the 11
speakers’ pattern is summarized in (53). There turned out to be five types of speakers: No palatal
speakers like FO6 produced all her palatal sibilants as velar stops and all her pre-[i] dentals as
dentals; Variant palatal speakers like FO9 had variation between velar stops and palatal
affricates and produced all her pre-[i] dentals as dentals; Contrast preservers like FO4 preserved
the contrastive dental vs. palatal sibilants in the [_i] context; Partial neutralizers like FO3 had

palatal sibilants and produced some of their pre-[i] dentals as palatals; Complete neutralizers like
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FO1 produced both pre-[i] dentals and palatals as palatals. Therefore, the pattern in (53) generally
confirmed the prediction that a sound change neutralizing the dental /ts/ and the palatal [te] in the

[_i] context is in progress.

(53) Difference in the sibilant onsets: Aspirated affricates

Speaker types Phonetic forms of Phonetic forms of  Speakers

/tshi/ syllables Itehi/ syllables
No palatal speaker tshi kbi F06
Variant palatal speaker tshi tehi ~ khi F09, F10, F11
Contrast preserver tshi tehi F04, FO5, FO7, FO8
Partial neutralizer tshi~ tehi tehi FO03, F12
Complete neutralizer tehi tehi FO1, FO2

Generally, the pattern in (53) shows that there is a sign of the neutralization between /ts"/
and /te/ in the [_i] context, as shown by the results of the Partial neutralizer (FO3, F12) and
Complete neutralizers (FO1, F02).

For /s/, /ts/, and /ts"/ in the [ i] context, the discrimination analyses above showed that
across the three manners of articulation, there is generally a sign of neutralization between the
dental and palatal sibilants. This supports the prediction that the pre-[i] dental sibilants are in the
process of being palatalized in Xiangtan Chinese. Variation in palatalization was observed in the
production of dental sibilants in the [_i] context across different speakers, e.g., FO1 was a
complete neutralizer and FO4 was a contrast preserver. On the other hand, variation in
palatalization was also observed within speakers, e.g., F03’s production of /s/ and /ts"/ in the [_i]

context showed variation between dental and palatal sibilants.
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4.3 Perceptual experiment: Sibilant identification

The acoustic measurements and the linear discrimination analyses have shown that some of the
dental sibilants in the [ _i] context were indistinguishable from palatal sibilants, based on their
acoustic properties (i.e., COG, dispersion, intensity, and duration). In this section, a
forced-choice identification experiment was conducted to examine the perceptual properties of
the [s ts ts"] extracted from the [_i] context. In particular, the perceptual experiment aims to
examine whether some of the dental sibilants in the [ i] context are perceptually equivalent to

palatal sibilants and to verify the results of the discriminant analyses.

4.3.1 Method

4.3.1.1 Listeners

The aim of the identification experiment was to examine whether the dental sibilants in the [ _i]
context in Xiangtan are perceived as palatal sibilants. In this study, Mandarin native listeners
were recruited as the participants based on a number of considerations:
(@ Mandarin Chinese has the same sibilant inventory as Xiangtan Chinese, i.e., both
languages have dental sibilants [s ts ts"], palatal sibilants [¢ te te"], and retroflex sibilants
[s ts ts"] in their phonetic inventory.
(b) Dental vs. palatal sibilants in Xiangtan Chinese and Mandarin are acoustically similar in
terms of COG. In Mandarin, the COG of dental [s ts ts"] is typically around 6000—7000
Hz and that of palatal [¢ te tet] is around 5000-6000 Hz (Svantesson 1986). As shown
in Figure 12, Figure 14, and Figure 16, the dental and palatal sibilants in Xiangtan

Chiense generally differ the same way as their counterparts in Mandarin.
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(c) Mandarin listeners have been shown to treat dental vs. palatal sibilants as different
categories (Lu 2014), even though they are not contrastive in the [_i] context. In the
identification experiment, the listeners heard only the first half of the sibilant, so the
vowel context should not matter to Mandarin listeners.

Taking these considerations into acount, the use of Mandarin listeners should give a reliable
identification of the place of articulation for a particular sibilant given the lack of vowel context
in the stimuli and the acoustic similarity of the sibilants in Xiangtan and Mandarin.

Twenty native Mandarin speakers were recruited as the listeners in the identification
experiment. These 20 listeners were undergraduate students at the University of Kansas and all
of them knew English. Each listener completed a language background questionaire. All listeners
reported that they started speaking Mandarin in early childhood, though they were from different

geographic regions in China.3! No hearing impairment was reported among these 20 listeners.
4.3.1.2 Stimuli

The stimuli in this experiment were the dental vs. palatal sibilants in the [sy ts1 tsh1], [ei tei tehi],
and [si tsi tshi] syllables in Xiangtan Chinese, shown in (54). More specifically, the stimuli
consisted of two sets: (i) the screening stimuli of 18 canonical dental sibilants extracted from [s:
tsy tsh] and 18 canonical palatal sibilants extracted from [ei tei te"i], which were randomly
selected from the caononical dental and palatal tokens from three female speakers; (ii) the test

stimuli included 198 pre-dental sibilants extracted from [si tsi tsti]. The screening stimuli were

3t |n addition to the questionaire, each listener was also asked the produce all of the Mandarin sibilants in
[sx tsx tsh], [el tei tei], and [sy tsy ts"y] to further verify his/her ability to produce the sibilants at
different places. As a native speaker of Mandarin, the author of this dissertation observed that all the 20
listeners could produce the dental, palatal, and retroflex sibilants in Mandarin correctly.
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used to test the listener’s ability to accurately identify the dentals vs. palatals, and the test stimuli
were used to test the perceived place (dental vs. palatal) of the pre-[i] dental sibilants. To be
consistent with the acoustic measurements and the linear discrimination analyses, only the first

half of the sibilants was used as the stimuli in the identification experiment.®2

(54) Stimulus sibilant (first half) used in the identification experiment

Sibilants extracted from the syllables # of tokens
Screening stimuli [Sl1 [ts]x [tsh]x 6 tokens %3 sibilants
[eli [te]i [te"]i 6 tokens %3 sibilants
Test stimuli [s]i [ts]i [tsh]i 66 tokens x 3 sibilants

4.3.1.3 Procedure

The experiment was conducted using Paradigm (Perception Research Systems 2007). The
listeners were told that they would listen to speech sounds and they should identify a sound as a
Mandarin onset consonant by choosing from two options. More specifically, on hearing a
stimulus, a listener was presented with two choices on the computer screen, as shown in Figure
21. The two choices were in Chinese Pinyin with accompanying Chinese characters, one
corresponding to a dental sibilant and another corresponding to a palatal sibilant. In Figure 21,
for example, ‘s’ is the Pinyin form of the dental sibilant [s] and ‘}£.” is a Chinese word with the
pronunciation [sy]; ‘x’ is the the Pinyin form of the palatal sibilant [¢] and ‘P5’ is a Chinese word
with the pronunciation [ei]. Color coding was used for dental vs. palatal choices: The choice ‘s

(&)’ appeared in blue color and the choice ‘x ()’ appeared in red color.

% The stimulus sounds were the first half of the sibilants as they were extracted and thus all the stimulus
sounds ended abruptly without a fade-out phase.
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Figure 21 Procedure of the identification experiment.

The experiment consisted of two parts, a screening test and the main identification test. In
the screening test, the stimulus sibilants were the screening stimuli in (54). To ensure the
accuracy of the place identification in the main experiment, a listener’s data were excluded if
his/her accuracy in the screening test was lower than 90% (i.e., if 4 or more errors were made for
the 36 tokens). In the main identification test, the stimuli were the test stimuli in (54).

The main experiment consisted of three blocks and the stimuli were [s] [ts] [ts"] respectively
in each block. The listeners had the choice to take a short break between blocks. The whole

experiment, including a questionnaire on language background, lasted for about 20 minutes.

4.3.2 Results

4.3.2.1 Screening test

Holding to an accuracy threshold of 90%, a total of 10 listeners passed the screening test. In
other words, 10 out the 20 listeners served as the listeners in the subsequent identification task.
One potential explanation for the relatively low passing rate in the screening is that the task was
difficult, as the listeners needed to give the correct identification of the place of a sibilant when

they only heard the first half of the sibilant. The mean accuracy for the 10 listeners was 95.6%

137



and the lowest accuracy was 93%.

A closer examination of the 10 listeners showed that the listeners generally had a higher
accuracy for dental sibilants than for the palatal sibilants in the screening test. All the dental
sibilants were correctly identified by the 10 listeners, except for 1 error made by listener LF15;
almost all the errors were made in the identification of the palatal sibilants. Therefore, despite the
relatively small number of tokens, there was a tendency for a ‘dental bias’ in the 10 listeners’
identification.

One explanation for this ‘dental bias’ can be found in the variability of COG in Mandarin
sibilants. For example, for three of the four male Mandarin speakers in Svantesson (1986), the
dental vs. palatal sibilants were clearly separated by COG, with dentals around 6000—-7000Hz
and palatals around 5000-6000Hz; for the other speaker, the COG of the dental sibilants was
around 5000Hz, overlapping with that of the palatal sibilants. For female Mandarin speakers in
particular, S. Lee (2011) reported COG values around 8000—-10000Hz. In other words, Mandarin
dental sibilants may have a larger COG variance (5000-10000Hz) compared with the palatal
sibilants. Therefore, a native Mandarin speaker aware of this variance may be biased to identify a

palatal sibilant as a dental one if its COG is around 6000Hz.*

3 Interestingly, the dental bias in the 10 listeners’ responses is inconsistent with the phoneme probability
of dental vs. palatal sibilants in Mandarin. For example, F. Li (2008) reported that Mandarin dental /s/
is lower in phoneme frequency than the palatal /¢/.
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4.3.2.2 Main identification task

For each token, the 10 listeners each gave a response as either dental or palatal, thus the 10
listeners gave a total of 1980 responses to the dental sibilants [s] [ts] [ts"] extracted from the 11
speakers’ production of [si] [tsi] [ts"i]. This led to a total of 60 responses respectively for the [s]
[ts] [ts"] produced by one speaker of Xiangtan Chinese. For example, speaker FO1 produced 6
tokens of [s] and the 10 listeners each gave a response to these 6 tokens. For each speaker then,
the rate of ‘dental responses’ was calculated respectively for [si] [tsi] [tsi], by dividing the total
number of dental response by 60 (i.e., the responses as dental and palatal together). Out of the
660 tokens of /s/ in the [_i] context, a total of 274 tokens (= 41.5%) were identified as palatal;
out of the 660 /ts/ tokens in the [_i] context, 234 tokens (= 35.5%) were identified as palatal; out
of the 660 /ts?/ tokens in the [_i] context, 356 tokens (= 54.9%) were identified as palatal. The
results of the mean rates of dental responses are plotted in Figure 22, where dark color marks the
rate of dental responses and light color corresponds to the rate of palatal responses.

As shown in Figure 22, for the dental sibilants in the [ _i] context, the Mandarin listeners
identified most of them as dentals and some of them as palatals. Across-speaker variation was
observed: some speakers’ pre-[i] dentals were all perceived as palatals, e.g. FO1, but the same
was not true for other speakers. Within-speaker variation was also observed: for some speakers,
some of the produced tokens were generally perceived as dentals, but the same was not true for

other speakers.
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Figure 22 Rate of dental responses in the identification experiment.
(Dark = dental; light/blue = palatal)
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4.3.3 Identification and acoustic properties

The results of the listeners’ identification are similar to those in the linear discriminant analyses,
which are based on the acoustic properties of the sibilants, in that both analyses showed that
some of the dental sibilants in the [_i] context are recognized as palatal sibilants. In this section,
the relation between the acoustic properties of sibilants and the listeners’ identification is
examined. A series of Mixed Effects Logistic Regression was run separately for the
identification of [s], [ts], and [ts"] in the [ i] context, using the glmer function in the r package
Ime4 (Bates, Maechler, Bolker and Walker 2015a, b). For each analysis, the dependent variable,
predicting variables and random variables are listed in (55). For each predicting variable in (55),
the original measurements were centered and z-scored.

(55) Variables in the analysis of the listeners’ identification

Variable names Notes

Dependent variable

Identification 0 = Dental, 1 = Palatal as identified by a listener

Predicting variables

COG Center of gravity (spectral mean) over the first half of the sibilants
Dispersion Spectral variance over the first half of the sibilants

Intensity Intensity over the first half of the sibilants

Duration Duration of the first half of the sibilants

Random variable

Listener 10 listeners
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Backward elimination of non-significant effects was performed in the analysis of each set of
data. More specifically, a full model with COG, Dispersion, Intensity, and Duration as the
predicting variables and Listener as the random variable was compared separately with four
subset models each eliminating one predicting variable.®* A predicting variable was kept in the
final model if there is a significant difference between the superset model and the corresponding
subset model. For the identification of [s], for example, it turned out that COG and Duration
were both significant predictors (COG: X2 = 516.11, df= 1, p < .001; Duration: X? = 40.983, df=
1, p <.001) but not Dispersion or Intensity. The final model then included COG and Duration as
the predicting variable and Listener as the random variable.

The final models for the identification of [s], [ts], and [ts"] are listed in Table 46 (dental
responses were encoded as 0 and palatal responses were encoded as 1). As shown in Table 46,
palatal responses are more likely to be given to the fricative tokens with a lower COG and a
longer duration, to the unaspirated affricate tokens with a lower COG, narrower dispersion,
higher intensity, and shorter duration, and to the aspirated affricate tokens with a lower COG,

higher intensity, and longer duration.

¥ To match the linear discriminat analyses, the statistical analysis did not involve interaction terms
between any predicting variables.
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Table 46 Fixed effects in the final models for the listeners’ identification
a. Fricative (/s/i)

Estimate  Std.Error zvalue Pr(>jt|)
(Intercept) -8.86 0.194 4422 <001+
COG(z score) -4.26 0.369 -11546 <.001***
Duration(z score) 133 0.193 6914 <.001***

Model: Identification ~ (-4.26)*COG + 1.33*Duration + (1|Listener)
Signif. codes: “**** 0.001, “**’ 0.01, “** 0.05

b. Unaspirated affricate (/ts/i)

Estimate  Std.Error zvalue Pr(>Jt])
(Intercept) -0.83 0.160 5157  <.001***
COG(z score) -171 0.147 11654 <.001***
Dispersion(z score) -0.87 0.151 -5719 <., 001***
Intensity(z score) 0.76 0.145 5277  <.001***
Duration(z score) -0.24 0.117 -2.080 038**

Model: Identification ~ (-1.71)*COG + (-0.87)*Dispersion + (0.76)*Intensity + (-0.24)*Duration + (1|Listener)
Signif. codes: “*** 0.001, ‘*** 0.01, ‘** 0.05

C. Aspirated affricate (/ts"/1)

Estimate  Std.Error zvalue Pr(>|t])
(Intercept) 1.28 0.296 4307 <.001***
COG(z score) -3.66 0.338 -10.803 <.001***
Intensity(z score) 0.50 0.118 4232  <.001%**
Duration(z score) 041 0.124 3319  <.001***

Model: Identification ~ (-3.66)*COG + 0.50*Intensity + 0.41*Duration + (1|Listener)
Signif. codes: “**** 0.001, “*** 0.01, “*’ 0.05

4.3.4 Linear discriminant analysis vs. listeners’ identification

The linear discriminant analysis and the listeners’ identification both focused on the [s ts ts"]
extracted from [si tsi tsti]. To examine the correlation between the identification by the Mandarin
listeners and the results from the linear discrimination analysis, the correlation between two

measurements are examined for each token:%°

% An alternative way to examine the relation between the results of the discriminant analysis and the
listeners’ identification is to use the results of the discriminant analysis as a predictor for the listeners’
identification. But given that the results of both analyses were directly related to the acoustic properties
of the sibilants, this section examines the correlation between the results of these two analyses.
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(@) The probability of being recognized as a palatal sound in the results of the linear
discriminant analysis. For each token, the linear discriminant analysis gives a
categorization (e.g., the token ‘FO2 si_1’ was classified as a palatal sound) as well as a
group probability of the classification (e.g., for the token ‘FO2 si_1°, the probability of
being a palatal sound was 0.9794 and that of being a dental sound was 0.0206).

(b) The rate of palatal responses from the 10 listeners’ identification. For each token, this
rate was calculated by dividing the number of ‘palatal’ responses from the 10 listeners’
identification by the total numbe of responses (e.g., for the token ‘F02 si 1°, 9 out of
the 10 listeners identified it as a palatal sound, thus the rate was 0.90.)

Kendall rank correlations were calculated between these two measurements for each token, and
separate calculation was conducted for the sibilants [s], [ts], and [ts"]. For each dataset, the
correlation turned out to be significant and positive, as shown in (56), which indicates that the
results of the linear discriminant analysis are generally consistent with those from the listeners’

identification.

(56) Kendall rank correlation coefficients of the palatal probability from linear discriminant analysis and
the rate of palatal responses in the listeners’ identification

a.[s: t=.714,p<.001

b. [ts]: t=.546, p <.001

c. [ts"]: 1=.662,p <.001

A close comparison between the two analyses also revealed some detailed differences. Even
though COG was the most important factor in both analyses, the classifier in the discriminant

analysis differs from the model for the listeners’ classification in terms of other factors. For

example, for [s], the classifier obtained from the discriminant analysis was ‘Place ~ (-1.78)*COG
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+ 0.36*Intensity + (-0.24)*Dispersion’ (48a), while the model for the listeners’ identification
was ‘Identification ~ (-4.26)*COG + 1.33*Duration’ (56a). Intensity and Dispersion were
significant factors in the classifier but not in the model of the listeners’ identification while
Duration was a significant factor in the the listeners” model but not in the classifier. It is unclear
why the two analyses differ in the contribution of these factors, given the similarity between
Xiangtan and Mandarin in terms of the sibilant inventory and the acoustic properties of dental
and palatal sibilants (4.3.1.1). A possible reason for the difference in the models of
discrimination and lidentification could be that, in doing the identification task, the Mandrin
listeners might have referred to their knowledge about the acoustic properties of Mandarin
sibilants. For example, Feng (1985) reported that in normal speech the mean duration of
Mandarin [s] (123 ms) is shorter than that of [¢] (134 ms), which is consistent with the
observation that in the listeners’ identification, longer duration introduced more palatal responses.
On the other hand, it is also possible that the listeners may pay attention to acoustic properties
other than the four acoustic measurements in this dissertation, e.g., spectral peak location,
skewness, and kurtosis (Jongman, Wayland, and Wong 2000, McMurray and Jongman 2011,

among others). Future research is needed to investigate this issue.
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4.4 Discussion

4.4.1 Neutralization of dental vs. palatal sibilants

The typological survey of sibilant place contrasts, the historical development of Mandarin
sibilants, and the perceptual experiment reported in Chapter 3 all suggest that dental vs. palatal
sibilants in the [_i] context are unstable contrasts and thus tend to be avoided in a sound system.
Based on the historical developments of Mandarin Chinese, it was predicted that for a sound
system like Xiangtan Chinese, the dental vs. palatal sibilants in the [_i] context would likely be
neutralized with the dental sibilants [s ts ts"] being palatalized into [¢ te te"].

This prediction is borne out in both the linear discriminant analysis, which was based on the
acoustic measurements of the dental vs. palatal sibilants, and the perceptual identification
experiment, by which Mandarin listeners identified the place of the pre-[i] dental sibilants. In
both, some of the [s ts ts"] extracted from [si tsi tshi] were recognized as being palatal sibilants;
the palatalized /s ts ts"/ were observed across different speakers and within the production of the
same speaker. This suggests that a sound change is in progress towards the neutralization of the
dental vs. palatal sibilants in the [_i] context, duplicating the sound change of Mandarin between

the 18" century and the 20" century.
4.4.2 Manner difference in the listeners’ identification

As shown in Figure 22, the listeners recognized some of the dental sibilants as palatals, and a
closer examination showed that the aspirated affricates introduced more palatal responses than
the fricatives and the unaspirated affricates. This differs from the results of the linear

discriminant analysis in Figures 18 and 19, which showed similar rates of palatalization between
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the unaspirated affricates and the aspirated affricates. The larger proportion of palatal responses
for the aspirated affricates in the listeners’ identification can be accounted for as an effect of the
listeners’ knowledge of the acoustic properties of the aspirated affricates and the nature of the
stimuli used in the identification experiment.®

In the natural speech of Mandarin, the aspirated [ts"] and [te"] both have two portions: the
frication noise and the aspiration, as illustrated in Figure 23. In terms of frication noise, the COG
of a [ts"] sound was higher than that of a [te"] sound. Within a [ts"] sound then, there is an abrupt
drop of COG from the frication noise to the aspiration portion, as illustrated in Figure 23a;
within a [te?] sound, the COG drop was less abrupt, as illustrated in Figure 23c. Thus, a native
Mandarin listener may use COG drop as a perceptual cue to distinguish dental sibilants (a higher
COG at the start followed by a more abrupt drop) and palatal sibilants (a lower COG at the start

followed by a less abrupt drop) in addition to other perceptual cues.

a. Canonical ts" (whole)  [b. Pre-[i] ts" (first half only) c. Canonical te" (whole)
@D
@D @D
frication-aspiration frication-aspiration

Figure 23 COG patterns in canonical ts, pre-[i] ts" (first half), and canonical te".

In the identification experiment, the stimuli only included the first half of the sibilants,
mostly the frication noise of [ts"] as extracted from [ts"] in Xiangtan Chinese, without the
aspiration. As shown in the acoustic measurements, the COG of the [ts"] before [ i] was

generally lower than the COG of the canonical [ts"] in [tstx]. Therefore, compared with a whole

% Thanks to Charles Redmon for suggestions on the following analysis.
147



[ts"] sound, the pre-[i] [ts"] presented to the Mandarin listeners has two properties:
(@ The COG was lower than the COG of a canonical dental [ts"];

(b) There was no significant COG drop across the whole stimuli.

These two properties may have biased the listeners towards a palatal response in that both
properties are cues to a palatal [te"], particularly when the listeners assumed that they were
listening to a whole segment. Note that in the experiment, the listeners were not informed that
the stimuli were the first half of the sibilants, thus they may have simply assumed that they were
listening to a whole sibilant (presumably at a fast speech rate since the duration was short). In
other words, in addition to (a) and (b) above, an additional assumption by the listeners was likely
to be:

(c) Iam listening to a whole consonant without a following vowel (in fast speech)
Therefore, when asked to judge whether the first half of [ts"] was an aspirated dental or palatal
affricate, the listeners were more likely to be biased towards a palatal response because it would
sound more likely to be an aspirated palatal [te"] than an aspirated dental [ts"]. Simply put, the
bias above may have arisen from the listeners’ knowledge of the acoustic properties of the
canonical [ts"] vs. canonical [te"] in Mandarin.

Note that the bias sketched above should be assumed to be specific to the identification of
[ts"] in the [ i] context, and the same effect may not be expected for the fricatives [s-¢] and the
unaspirated affricates [ts-te]. In the stimulus words, the COG values of the dental sibilants in the

[_i] context were comparable across the three manners of articulations. For example, in the [_i]
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context, the dental [s ts ts"] generally have a mean COG around 7000Hz, which are lower than
the mean COG of canonical dental sibilants, i.e., 7000 — 10000Hz as reported for female
Mandarin speakers (S. Lee 2011). However, the perception of canonical Mandarin [s] and [ts]
does not involve an additional cue like COG-drop, which is available for the perception of
canonical Mandarin [ts"]. Therefore, when Mandarin listeners were listening to the pre-[i] /s/ and
the pre-[i] /ts/ in the identification experiment, they may have assumptions (a) and (c), however,
(b) would not be relevant the same way as when they were listening to the pre-[i] [ts"]. In other
words, the relevance vs. irrelevance of (b) may have contributed to the difference between the
Mandarin listeners’ identification of [s] and [ts] vs. that of [ts"]. Simply put, with the additional
cue (b), the Mandarin listeners were more biased towards a palatal response when listening to the

pre-[i] /tsh/ compared to when listening to the pre-[i] /s/ and the pre-[i] /ts/.*’

4.5 Summary of the phonetic studies on Xiangtan sibilant contrasts

Based on the results of the perceptual experiment and the historical development of Mandarin
sibilants, it was predicted that contrastive dental vs. palatal sibilants in the [_i] context form
weak contrasts and are likely to be avoided in sound change. To test this prediction, the dental vs.
palatal sibilants in Xiangtan Chinese, which were reported to fully contrast in the [_i] context,
were investigated to examine if there is any sign of neutralization between dental and palatal
sibilants in the [_i] context. More specifically, the acoustic measurements were made on the

canonical dental sibilant, canonical palatal sibilants, and the dental sibilants in the [_i] context,

3 The observed manner difference in the identification experiment (i.e. more palatal responses for [ts"]
than for [s] and [ts]) was thus specific to the design of the identification experiment in this study. It
should not be taken as evidence as to whether [ts"] is more likely to be palatalized than [s].
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and then a series of linear discriminant analyses were conducted to investigate whether the pre-Ji]
dental sibilants were distinguishable from the canonical palatal sibilants. The results from the
linear discriminant analyses showed that some of the dental sibilants in the [ _i] context were
indistinguishable from the canonical palatal sibilants based on the acoustic measurements of
COG, Dispersin, Intensity, and Duration. The results were further verified by an identification
experiment, in which Mandarin listeners perceived some of the pre-[i] dental sibilants as palatal
sibilants. In short, the phonetic studies of Xiangtan Chinese showed that there is a sign of
neutralization between the dental vs. palatal sibilants that were reported to fully contrast in the
[ _i] context. These results further support the contention that dental vs. palatal sibilants form
weak contrasts in the [_i] context, and these contrasts are likely to be avoided in a sound system

through sound changes.
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Chapter 5. Contrast distinctiveness in sound systems

5.1 Summary of the two studies

The cross-linguistic typology in Lee-Kim (2014a) has shown that sibilant place contrasts in the
[ _i] context tends to be avoided, based on the survey of languages that have sibilants at three
places of articulation. This typological generalization was examined in this dissertation across
170 Chinese dialects in two aspects:
(a) Sibilant place contrasts in the [ _i] context in Chinese dialects that have sibilants at three
places and in those that have sibilants at two places;
(b) Sibilant place contrasts across different manners of articulation: fricatives, unaspirated
affricates, and aspirated affricates.
The typological survey across the 170 Chinese dialects showed that:
(a) Sibilant place contrasts in the [_i] context tend to be avoided in dialects that have
sibilant at three places as well as in those that have only dental and palatal sibilants;
(b) For dental vs. palatal sibilants in the [ _i] context, the place contrast of affricates implies
that of fricatives.
The historical developments of sibilants in Mandarin Chinese verified the observation (a) above,
and further showed that:
(c) The dental vs. palatal sibilant contrasts in the [_i] context once developed into the dental

vs. retroflex contrasts.
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Focusing on the perceptual properties of sibilant contrasts, three hypotheses were made

based on the three observations above:

(@) Hypothesis I (Vowel effect): Dental vs. palatal sibilants are less distinct in the [_i]
context than in other vowel contexts;

(b) Hypothesis Il (Place effect): In the [_i] context, the place contrast of dental vs.
retroflex sibilants is more distinct than the place contrast of dental vs. palatal sibilants;

(c) Hypothesis Il (Manner effect): For dental vs. palatal sibilants in the [_i] context, the
place contrast of affricates is less distinct than the place contrast of fricatives.

These hypotheses were tested in a speeded-AX discrimination experiment, the results of which
confirmed the three hypotheses:

(a) For dental vs. palatal sibilants, the [_i] context generally introduced longer response
times and more discrimination errors, thus reduced perceptual distinctiveness, than
other vowel contexts;

(b) For the [_i] context, the place contrast of dental vs. palatal sibilants introduced longer
response times and more discrimination errors, thus less distinctiveness, than the place
contrast of dental vs. retroflex sibilants;

(c) For contrastive dental vs. palatal sibilants in the [ _i] context, the place contrast of
affricates introduced more discrimination errors, thus less distinctiveness, compared
with the place contrast of fricatives.

Out of these conclusions from the perceptual experiments, the most important one is the

vowel effect on the perceptual distinctiveness of dental vs. palatal sibilants. Based on the results
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of the perceptual experiment, the typology of sibilant place contrasts, and the historical
development of Chinese sibilants, it is predicted that dental vs. palatal sibilants in the [_i] context
form weak contrasts, which is likely to be avoided in a sound system. A phonetic study was
conducted on the dental vs. palatal sibilants in Xiangtan Chinese, which were reported to fully
contrast in the [_i] context, to examine if there is a sign of avoiding contrastive dental vs. palatal
sibilants in the [_i] context. Acoustic measurements were made on the canonical dental sibilant,
canonical palatal sibilants, and the dental sibilants in the [ _i] context, and then the acoustic
meansurements were submitted to a series of linear discriminant analyses to determine whether
there is neutralization between the dental vs. palatal sibilants in the [ _i] context. The results
showed that some of the pre-[i] dental sibilants were in fact indistinguishable from the canonical
palatal sibilants, and this observation was further verified by the results from an identification
experiment by Mandarin listeners. Generally, the phonetic studies of dental vs. palatal sibilants
in Xiangtan Chinese confirmed the prediction that the place contrasts between dental and palatal
sibilants in the [_i] context are likely to be avoided, which further supports the contention that

contrastive dental vs. palatal sibilants form weak contrasts in the [_i] context.

5.2 Contrast distinctiveness, typology, and sound change

In this dissertation, a striking connection was observed between the results of the perceptual
study, the results of the production study, the patterns observed in the cross-linguistic typology,
and the historical sound changes. In other words, there is a constraint against the existence of

contrastive dental vs. palatal sibilants in the [_i] context. This constraint is grounded in the
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psychoacoustic similarity of the contrastive elements and it is manifested in the cross-linguistic
typology and historical sound changes.

The connection between contrast distinctiveness and linguistic typology has long been
noticed in the linguistic literature. It has been observed that languages may apply diverse
phonological processes to avoid a perceptually weak contrast. For example, the voicing contrast
between /k/ and /g/ is avoided with the palatalization of /g/ in Arabic, the nasalization of /g/ in
Japanese, the spirantization of /g/ in Low German, and the spirantization plus pharyngealization
of /g/ in Czech, Slovak, Ukrainian (Boersma 1998:384-386). The typological survey in this study
provides further illustration of this observation in that different Chinese dialects adopt different
strategies to avoid contrastive dental vs. palatal sibilants in the [_i] context, e.g., vowel
enhancement with the introduction of apical vowels after the dental sibilants, e.g., [S1-¢i] in DayU
(L. Liu 1995), and phonotactic gap whereby the dental sibilants do not combine with a following
[_i], e.g. *[si-el] in Shibei (Hiroyuki 2004).

Studies in historical phonology have also shown that different sound changes in a language
may achieve the same goal. The historical development of Mandarin contributes to the literature
an additional case: The constraint against weak contrasts manifests itself through diverse sound
changes across different historical stages to avoid contrastive dental vs. palatal sibilants in the [_i]
context, e.g., the formation of apical vowel around the 7" century, the shift of sibilants around
the 11" century, and the sibilant neutralization around the 18" century. Thus, the study in this
dissertation strengthens the empirical connection between perceptual distinctiveness and

historical phonology.
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5.3 Perceptual vs. articulatory factors in language typology

Lee-Kim’s (2014a) typological study centers on the place contrasts of sibilants at different places
in the [_i] context. Her typological generalization was primarily drawn from a survey of the
languages with three-way sibilant place distinction. The languages surveyed in her typology
typically have a distinction among dental, palatal, and retroflex sibilants, and her typology does
not examine languages with only a two-way sibilant place distinction. The typological survey in
this dissertation differs from Lee-Kim’s study in that:

(@ Two-way sibilant place contrasts in the [ _i] contexts were examined as well as

three-way sibilant place contrasts;
(b) Pair-wise place contrasts, e.g., dental vs. palatal, dental vs. retroflex, were investigated

in languages with two sibilant places and three sibilant places alike.

5.3.1 Vowel effect as place-specific

The typological survey in this study showed that for dialects with a two-way sibilant place
distinction, the contrasts are mostly between dental and palatal sibilants. When it comes to dental
vs. palatal sibilants, there is a tendency to avoid contrastive dental vs. palatal sibilants in the [_i]
context even when there are no retroflex sibilants in a sound system. As noted in 5.1, this
typology is consistent with the results from the perceptual experiment, the historical
development of Mandarin, and the phonetic studies of Xiangtan Chinese.

The typology of dental vs. palatal sibilants in the [_i] context to the exclusion of retroflex
sibilants suggested that the reduced distinctiveness of sibilant place contrast in the [_i] context

should be specific to sibilants contrasts between particular places. First, as shown in the results
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of the perceptual experiment, the [ i] context leads to reduced perceptual distinctiveness for
dental vs. palatal sibilants, but not for the place contrasts of [s-s] and [ts'-ts"]. Second, the
tendency to avoid contrastive dental vs. palatal sibilants in the [_i] context is independent of
whether retroflex sibilants exist in a sound system. In other words, the avoidance of contrastive
dental vs. palatal sibilants in the [ _i] context is primarily based on the psychoacoustic similarity
between the two contrastive elements, oblivious of whether the language has a two-way or a

three-way place distinction for sibilants.
5.3.2 Retroflex sibilants in the typology

The typological survey in this study investigated the patterns of three-way place contrasts of
sibilants across 51 Chinese dialects (2.2.2). The general pattern is summarized in (57), where the
dialects are grouped in terms of the presence/absence of place contrasts in the [ i] context. A
closer look at (57) showed that a prominent factor contributes to the avoidance of three-way
place contrasts, that is, retroflex sibilants generally do not combine with [_i]. Out of the 51
dialects in (57), for example, only 3 dialects allow the combination of retroflex with [_i], namely
Qimen (T. Shen 1989), Datan (Y. Chen 2015), and Xuancheng (Shen and Huang 2015). Among
the 17 dialects of Group 2 in (57), 16 dialects avoid the three-way contrasts exclusively with the
non-combination of retroflex sibilants and [i], e.g., 1 in Nanjing (D. Liu 1994) and *si in
Changshu (D. Yuan 2010). A similar pattern is observed in Lee-Kim’s (2014a) generalization in
(2), repeated as (58) below, which showed that retroflex sibilants tend not to be followed by a
following vowel [_i]. For example, in the avoidance of three-way place contrast, most languages

enhanced or avoided the combinations like si, except Telugu.
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(57) Typology of three-way sibilant place contrasts across 51 Chinese dialects
Group ContrastPattern ~ Example dialect
1. Three-way contrasts present (2) sy si el gi Qimen (T. Shen 1989)
2. Two-way contrasts present (17)
a. Dental vs. palatal contrasts present (16)
al) Retroflex with vowel enhancement (13) sposioel g1 Nanjing (D. Liu 1994)
a2) Phonotactic gap at the retroflex (3) sy si ei *si  Changshu (D. Yuan 2010)
b. Palatal vs. retroflex contrast present (1) | s1 ei fi*® Xuancheng (Shen and Huang 2015)
3. Contrast avoided/enhanced (32)
a. Dental/retroflex with vowel enhancement (28) | s1 el s  Anging (H. Bao 2012)
b. Dental with vowel enhancement s; el *i* Dangtu (Zhang, Yuan, and Shen 2012)

+ Phonotactic gap at the retroflex (2)
c. Dental with vowel enhancement sy *el g Ledu (Cao and Shao 2001)

+ Phonotactic gap at the retroflex (2)

Notes: i) In the list above, the number in parentheses indicates the number of dialects.
ii) Most Chinese dialects have a three-way distinction of fricative, unaspirated affricates and
aspirated affricates. A fricative above thus generally represents the three relevant sibilants.
iii) As shown in Table 5, there are seven dialects like Daoxian (K. He 2003) and Datan (Y.
Chen 2015), where the affricates do not behave the same as their fricative counterparts in
terms of their place contrasts in the [_i] context. This detail is not reflected in (57).

(58) Recall the reduction of sibilant contrast in the /_i/ context — Repeated from (2) (Lee-Kim 2014a)

Contrast  before
Language (Family) Sibilants i/ Phonological pattern
Acoma (Kersan) S-e-8 S-¢ s>sorg (more)/ _i
Chacobo (Panoan) S-f-s s-f s> [/ _i
Cashinahua (Panoan) S-f-s s-f *si
Telugu (Dravidian) S-6-8 c-8 s—>¢/_ile (optional)

For the non-combination of a retroflex consonant and a following vowel [i], there have been
a number of analyses in terms of articulatory incompatibility and perceptual salience. In terms of

articulatory gesture, Pulleyblank (1984:25-26) suggested that a retroflex consonant involves a

% Shen and Huang (2015) used the symbol [f] and they did not explicitly state whether [[] refers to a
retroflex sibilant. Considering the existence of the palatal [¢] in the consonant system of Xuancheng, it is
likely that the [[] is at least close to a retroflex sibilant.

% Similar to the footnote above, Zhang, Yuan, and Shen (2012) did not explicitly state whether [[] is a
retroflex sibilant, though it is likely that it is due to the existence of [¢] in the sound system.
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non-front constriction and is thus articulatorily incompatible with a following [ _i], which may
lead to a tendency to eliminate high front vowel after the retroflex consonants. Similarly,
Hamann (2003:95-96) noted that a large number of languages avoid retroflexes in the front
vowel context, even though this might not be a universal principle. In terms of perceptual cue,
the retroflex-to-vowel transitions are similar or identical to the apicoalveolar-to-vowel transitions
(Stevens and Blumstein 1975), and in a word-initial prevocalic position, the primary perceptual
cues for a retroflex consonant (the lowered F3 and F4) are decreased as compared with a
post-vocalic position (i.e., vowel-to-retroflex transition) (Steriade 1999). Thus, in terms of
transitional cues alone, it would be hard to maintain a distinct contrast between a retroflex
consonant and an apical-alveolar consonant in the prevocalic position.

The inherent incompatibility between a retroflex consonant and a following [ _i] indicates
that, in the typology of sibilant place contrasts in (2) or (57), the avoidance of the three-way
contrasts of sibilant places in the [_i] context could be broken down into two different patterns:

(a) The avoidance of contrastive dental vs. palatal sibilants in the [_i] context;

(b) The avoidance of a combination of a retroflex consonants and a following vowel [ _i].
The former pattern is likely to be rooted in the perceptual similarity of the contrasts, as
evidenced by the results of the perceptual experiment in this study. The latter pattern, however, is
likely to be rooted in the articulatory configuration of a sound sequence (Stevens and Blumstein
1975) and the difficulty to perceptually maintain a place contrast between a retroflex and another

consonant (Steriade 1999). Further research is needed to tease apart these two possibilities.
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5.3.3 Distinctiveness difference between manners of articulation

In linguistic typology, implicational relations have been observed to hold among different
manners of articulation in terms of consonant inventory, place contrasts, and phonological
processes. For the consonant inventory, the typological survey in Maddieson (1984:13-14)
showed that the existence of nasal consonants at a particular place implies that of stops or
affricates at the same place of articulation. For place contrasts, Hockett (1966) observed that, in a
particular language, the place contrast of nasals implies that of stops. For place assimilation
procceses, it has been observed that if stops are the targets of place assimilation, so are nasals
(Jun 1995).

The typological survey in this dissertation showed that among the 41 dialects with
contrastive dental vs. palatal sibilants in the [_i] context, the place contrast of affricates (i.e.,
[tsi-tei] [tshi-teMi]) implies the place contrast of fricatives (i.e., [si-ci]). The observation of the
implicational relation between fricatives and affricates thus supplies to the literature a case of
nuanced manner hierarchy in terms of consonant place contrasts.

Previous studies have made attempts to connect perceptual distinctiveness and linguistic
typology. For example, Mohr and Wang (1968) observed from their perceptual experiment that
voiced stops (b, d, g) are generally perceived by the listeners as less distinct from each other
compared with voiceless stops (p, t, k). In other words, in terms of the perceptual distinctiveness,
the place contrasts among voiced stops are found to be less distinct than the place contrasts
among voiceless stops. Mohr and Wang (1968) connected their observation to the notion that

voiced stops are marked and voiceless stops are unmarked in linguistic typology. In their view,
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the markedness of a phonetic category is related to the lower perceptual distinctiveness among its
members, as compared with the higher distinctiveness among the members in the corresponding
unmarked category.

In this dissertation, a similar connection is established between the manner differences in
phonological contrasts and the results of perceptual experiments. Focusing on the perceptual
distinctiveness of contrastive elements, it was hypothesized in this dissertation that a [si-gi]
contrast is perceptually more distinct than a [tsi-tei] or [ts"i-te"i] contrast. This hypothesis was
confirmed by the results of the speeded AX discrimination experiment, which showed that a
[si-ei] pair is significantly less likely to introduce discrimination errors (i.e., different sounds
judged as the same) than a [tsi-tei] pair or a [tshi-te"i] pair. This result is thus consistent with the
unpopularity of the affricate place contrasts in the [ _i] context compared to that of fricatives.
This connection between linguistic typology and the results of the perceptual experiment
therefore supplied another case study in the perceptual explanation of language typology.

5.4 Contrast distinctiveness in sound change

5.4.1 The unit by which to evaluate contrast distinctiveness

Contrast distinctiveness has been discussed in terms of consonant and vowel inventories
(Martinet 1952; Lindblom 1986, 1990; Flemming 2002, 2004, 2005, etc.) as well as the effect of
neighboring sounds on the perception of consonant contrasts (Steriade 1997, 1999, 2001, 2008).
This study falls into the second category when evaluating the distinctiveness of contrastive

dental vs. palatal sibilants in different vowel contexts.
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Hume & Mailhot (2013), for example, argued that perceptual distinctiveness can be
modeled as a function of miscategorization probability of a contrast, by which a high degree of
overlap is correlated with poor perceptual distinctiveness and high confusability. The results of
response time in the perceptual experiments suggest that the dental and palatal sibilants are
perceptually less distinct (i.e., more confusable) in the [ _i] context than in the [ a] context,
where the place distinction can be better cued by larger formant transitional differences between
the dental and palatal consonants. This observation suggests that CV combination could
potentially be taken as a unit by which a language configures its contrast distinctiveness. The
motivation to consider units larger than segments is that the perceptual information for a segment
is usually distributed over its neighboring segments (Liberman et al. 1967; Sereno, Baum,
Marean and Lieberman 1987). While it is certainly possible to discuss contrast distinctiveness in
a context-neutral way (e.g., a vowel system like /i-a-u/ is generally preferred cross-linguistically),
taking into account the following vowel allows a more nuanced understanding of the perceptual
distinctiveness between consonants.

This perspective is compatible with the proposal of Licensing by Cue (Steriade 1997, 1999)
or P-Map (Steriade 2001, 2008), which posits a greater likelihood of contrast in the phonetic
environments where the contrasting cues can be better recovered by the listener. The results of
the perceptual experiment in this study showed that, in regard to consonant place contrast,
different vocalic contexts may differ in cue recoverability. For the dental vs. palatal sibilant
contrast, the transitional cues in the [_i] context tend to be less recoverable due to the smaller

transition difference in this context. Such contrasts are shown to be dispreferred in the typology
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of Chinese dialects, similar to the observation in Lee-Kim (2014a). Simply put, the weak
recoverability of place cues in the [_i] context shows its effect in language typology.

For the sound system of a particular language, evaluating distinctiveness by a unit larger
than the segment would make different claims about the sound inventory. In the case of
Mandarin, for example, the less distinct contrasts between the dentals and the palatals in the [ i]
context (e.g., [tsi-tei]) are avoided with the introduction of an apical vowel after the dental
sibilants (e.g., [tsi-tei]). This introduced one more vocalic sound into the vowel system, and it
will inevitably make the vowel space ‘more crowded’ under a theory that evaluates the density of
the vowel space with the number of vowels on the F1 and F2 dimensions (e.g., the introduction
of [1] as an allophone of /i/ makes the /i-x/ contrast more crowded in the dental context). For
example, a previous [tsi-tsx] contrast may develop into a [tsi-tsy] contrast, in which the
phonological change may be deemed as an enhancement of a consonantal contrast at the cost of
undermining vowel distinctiveness. However, if the CV combination is adopted as a unit to
evaluate distinctiveness, it is in principle possible to compare the perceptual distinctiveness

among these larger units in a unified space (e.g., [tsi-tei-tsxy] vs. [tsi-tei-tsx¥]).
5.4.2 The emergence of weak contrasts

A key notion in the current study is that a weak contrast in a sound system tends to be enhanced
or avoided in sound change, which is consistent with the position in a number of previous studies
on the enhancement of contrasts in diachronic sound change (Penny 2002, Zampaulo 2013,
Padgett and Zygis 2007; Zygis and Padgett 2010, among others). In the historical development of

Polish, for example, the [e-f7] contrast developed into the [e-s] contrast and the perceptual
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experiment by Zygis and Padgett (2010) showed that the latter pair is perceptually more distinct
than the former pair. Although the notion of contrast enhancement in sound changes seems
straightforward, an important and difficult question, as Zygis and Padgett (2010) put it, is why a
less distinct contrast was created in a sound system in the first place, if it was to be avoided in
the sound system later?

The current study is not in a position to fully answer this question. Yet, the development of
sibilants and contrasts in Mandarin does suggest a possible direction to explain the emergence of
weak contrasts in a sound system: less distinct contrasts can be created in a sound system by
independently-motivated and unrelated sound changes that accidentally bring the contrasts into
the sound system. In the historical development of Mandarin sibilants in (14), repeated as (59)
below, weak contrasts like [si-ei] were created by unrelated sound changes across different
historical stages. Prior to the 7" century, dental vs. palatal sibilants existed in the sound system
but there was no rime [_i] (L. Wang 1985). In other words, dental vs. palatal sibilants do not

form weak contrasts like [si-¢i], even though they may contrast in other vowel contexts.

(59) Recall of the historical development of Mandarin in (14)

(Based on Li and Zhou 1999; L. Wang 1985)
l. Il. 118 V.

e, @ sV XV
l |
11"c. s @ xV
| !
Si S

14"%¢. s Xi |
| | l |
18"c. s 51
| ! |
20"c. s ¢i S
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Between the 7" century and the 11" century, the weak contrasts between dental and palatal

sibilants in the [_i] context were created three times, through independent sound changes:

(@)

(b)

()

Around the 7" century, contrasts like [si-ei] were created by a comprehensive rime
merger, by which various rimes merged into [_i]. Therefore, for the lexical items whose
onsets were dental and palatal sibilants and whose rimes were relevant to this rime
merger, the phonetic contrasts turned into contrastive dental vs. palatal sibilants in the
[ _i] context. As shown in (59), these phonetic contrasts were avoided with the formation
of apical vowels in Column I (7 c. — 11% c.).

Between the 11" century and the 14" century, the rime merger created syllables like [si]
again (Column 11), which turned out to contrast with syllables like [¢i]. The contrasts
were subsequently avoided with the retroflexion of the palatal sibilants in the 11%
century.

Around the 18" century, the velar obstruents (Column 111 in (59)) were palatalized, e.g.,
[khi] — [temi], and this caused the contrasts of dental vs. palatal sibilants to be formed in
the [_i] context again. As an independent sound change, the palatalization of velar
obstruents before a high front vowel, for example, is crosslinguistically common (Bhat
1978) and well-motivated in terms of articulation (Keating and Lahiri 1993, Recasens
and Espinosa 2009), acoustics (Guion 1998, Wilson 2006), and perception (Clements

1999, Chang, Plauch€& and Ohala 2001).
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Simply put, the weak contrasts of dental vs. palatal sibilants in the [_i] context were created
three times in the development of (59), each time by an independently motivated sound change.
Back to the question ‘why weak contrasts exist in a sound system in the first place’, it is thus
suggested from the development of Mandarin sibilants that weak contrasts may come into
existence in a phonological system as the results of different sound changes that may not be
directly related to the pre-existing contrasts in a sound system. Ultimately, the weak contrasts

tend to be resolved by additional sound changes.

5.4.3 The enhancement of weak contrasts

The perceptual experiment in Chapter 2 has established that contrasts like [si-ci], [tsi-tei],
[tshi-tehi] are perceptually less distinct than contrasts like [s1-ei], [tsi-tei], [tsh1-tehi], where the
dental sibilants are followed by apical vowels. This is consistent with the observations that,
across Chinese dialects, the introduction of apical vowels is the most common way to avoid
contrastive dental vs. palatal sibilants in the [ i] context. This synchronic pattern is mirrored in
the sound change of Mandarin as well. Between the 7" century and the 11" century, apical
vowels were developed in the syllables [si tsi ts'i] (Column I in (59)), which led to the avoidance
of contrastive dental vs. palatal sibilants in the [_i] context. The results of the perceptual
experiment in this dissertation suggest an answer as to why the apical vowels are formed, i.e., to
enhance the weak contrasts of dental vs. palatal sibilants in the [ _i] context. What remains

unclear is how this sound change (e.g., [si]— [s1]) was completed.
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Contrast-enhancing sound changes occurred in languages like Trique, where the less distinct
contrast of [uga] vs. [uda] developed into the more distinct contrast of [ugva] vs. [uda]
(Silverman 2006a). Silverman (2006a:133-143, 2006b), for example, attributed the relevant
sound change (i.e., [uga] — [ug“a]) to (i) the inherent gradience of speech production, by which
[uga] have variant forms like [ug¥a] in production and (ii) the preference for tokens that may
reduce the probability of coomunication confusion, by which [ug“a] stands out to be more
distinct from [uda].*°

The formation of apical vowels in Mandarin is a case where a vowel underwent a complete
change to enhance a lexical contrast that used to surface as a sibilant place contrast in the [ i]
context. The mechanism laid out in Silverman (2006a), by which the variant of a sound is
established as a new category, may not be adequate to fully account for apical vowel formantion
(e.g., [si]— [s1]).- While this dissertation is not in a position to propose a full model for the
formation of apical vowel, it is possible to sketch a scenario of this sound change, based on
previous studies on hyperarticulation (Lindblom 1990b; Johnson, Flemming, and Wright 1993),
listener’s reinterpretation of speech signals (Ohala 1981, Beddor 2009), and presumably the
mechanism laid out in Silverman (2006a) as well, as shown below:

(@) As the results of independent sound changes, contrasts like [si-ci] emerged in a sound

system. These contrasts are perceptually weak and may cause a higher possibility of

4 A similar position is taken by Pierrehumbert (2002), among others, who explained the hyperarticulation
of words by referring to their higher likelihood to be categorized correctly. Under such an approach,
contrast enhancement is non-teleological in the sense that ‘enhancement’ is in fact the
overrepresentation of ‘exaggerated’ tokens in the exemplar cloud.
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confusion between the relevant lexical items.

(b) Faced with (a), the speakers may attempt to hyper-articulate the contrasts (Lindblom
1990b; Johnson, Flemming, and Wright 1993, Cho, Lee, and Kim 2011, Wedel, Nelson,
and Sharp 2016, among others) to lower the chance of the confusion among lexical
items. For example, they may hyperarticulate a lexical item corresponding to /si/ to
make it acoustically and perceptually more distinct from [ei].

(c) One likely way to hyperarticulate a syllable like /si/ is to strengthen the co-articulation
between the consonant and the vowel, e.g., by lengthening the duration of the
coarticulation to provide a better cue for the place of the consonants (Scarborough 2004,
Pycha 2015).** This is consistent with the suggestion from the perceptual experiment
that the reduced distinctiveness of sibilant place contrasts in the [_i] context is likely to
be rooted in the similar transitional properties related to the dental and palatal sibilants
in the [ _i] context.*?

(d) The hyper-articulated /si/ tokens (represented as [sni] below) may be favored by the

speaker-listeners in that they lower the possibility of confusion between [si] and [¢i] and

41 In the perceptual experiment, the duration of the CV transition was manipulated (= shortened) to 50ms
across all stimulus syllables to facilitate the comparison of response times. Note that in real speech, it is
possible to lengthen the CV transition to enhance the perceptual recoverability of the place of the
consonants (Scarborough 2004, Pycha 2015).

42 Hyper-articulation on the sibilants is conceivable; however, it might not be as helpful as the
hyper-articulation of the CV coarticulation. For the stimuli used in the perceptual experiment, for
example, it has been shown that the acoustic difference of the dental vs. palatal sibilants was in fact
greater in the [_i] context than in the [_a] context. Yet, the smaller transitional difference in the [_i]
context overrides the larger acoustic difference in the onset sibilants and leads to the reduced
perceptual distinctiveness of the sibilant place contrast in the [_i] context. Therefore, hyper-articulation
on the consonant vowel coarticulation might be more effective than one on the sibilant onsets. Of
course, there remains the possibility of hyper-articulation in both sibilants and the consonant-vowel
coarticulation.
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thus facilitate communication. Over time, the hyper-articulated exemplars of [sni] may
be retained by the speaker-listener.

In the speaker-listener interaction, the hyper-articulated CV coarticulation, as in [sni],
might be reinterpreted as a property of the vowel rather than simply consonant-vowel
coarticulation (Ohala 1981, Beddor 2009). Beddor’s (2009) study of vowel nasalization,
for instance, showed that in a VN combination, the velum lowering associated with the
consonant constriction can be reinterpreted as being associated with the vowel, thus
leading to the sound change VN— V. In case of the hyperarticulated [swi], similarly, the
coarticulation could be reinterpreted as a property of the vocalic portion, e.g., [-1i],
rather than simply a transition between the consonant and the vowel.

With the reinterpretation assumed above, the listener-speaker interaction would create
[sni] tokens that are phonetically even more similar to [s1]. These exemplars would be
retained by the speakers and finally lead to the establishment of [sj] in the language. In
the end, a sound change like [si] — [s1] is completed and the probability of confusion

between the original contrasts of /si/ vs. /gi/ is lowered.*?

The scenario above of course remains hypothetical and empirical evidence is needed to verify its
validity. In general, the formation of apical vowel is likely to be accounted for by a model that
reconciles hyperacticulation of contrastive elements (Lindblom 1990b; Johnson, Flemming, and

Wright 1993) and the overrepresentation of exaggerated tokens (Silverman 2006a).

8 Another possible factor that may facilitate the establishment of [si] can be its ease of articulation

compared with [si]: In [s1], the consonant and vowel share the same place of articulation and thus fewer
articulatory gestures are involved compared to a [si] syllable.
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5.5 Enhancement and neutralization in sound change

5.5.1 Enhancement vs. neutralization

As Hume and Johnson (2001:8) noted, weak contrasts may be avoided by enhancing the contrast
or neutralizing it. For contrast enhancement, the typological survey in this dissertation has shown
that vowel enhancement is the most common way of avoiding the weak contrasts between dental
and palatal sibilants in the [_i] context. Neutralization of contrasts, on the other hand, seems not
to be as preferred as enhancement in a sound change. Silverman (2010), for example, examined a
range of consonant neutralization processes in Korean and observed that only a very low level of
homophony results from these processes. In other words, even when there is a natural phonetic
tendency toward a phoneme-neutralizing sound change, it is likely that a language will not
evolve toward the neutralization of lexical contrasts (Silverman 2010).%

The diachronic development of Mandarin sibilants involved three separate sound changes
that turned out to avoid contrastive dental vs. palatal sibilants in the [_i] context, as illustrated in
(60), where bold face marks the contrasting forms before and after the sound changes. Out of the
three sound changes, the first two preserved the lexical contrasts, i.e., the formation of apical
vowel in (60a) and the retroflexion of palatal sibilants in (60b). This is consistent with the
contention that the neutralization of lexical contrasts is not preferred in sound change (Silverman

2010, among others).

4 Studies by Wedel, Kaplan, and Jackson (2013) and Silverman (2010) showed different aspects of the
neutralization of lexical contrasts: Wedel et al. (2013) showed that contrasts with higher functional load
are less likely to be neutralized while Silerman (2010) showed that, in the phonemic neutralization in
Korean, the actually neutralized lexical contrasts are relatively rare.
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(60) The avoidance of dental vs. palatal sibilants in the development of Mandarin

a. Apical vowel formation (7" — 11" century)
si ¢i
v
Sa Gi

b. Retroflexion of palatal sibilants (11" — 14" century)
s; sioel s_(*si)
| | N
sy Si si

c. Sibilant neutralization (18" — 20" century)
s;sio¢i sy
N
S1 ¢ 81

As stated in 4.1.2, the sibilant neutralization in (60c) turned out to be a case where the weak
contrasts (i.e., dental vs. palatal sibilants in the [_i] context) needed to be avoided and the
existing syllabic inventory provided no room for vowel or consonant enhancement, that is, the
sibilant neutralization was left as the only option to avoid the weak contrasts. The sound change
in (60c), thus, showed that the need to avoid weak phonetic contrasts may override the force to
preserve lexical contrasts, even though the sound change may lead to an increase of the level of
homophones in the language.

A closer examination of (60) also showed that the retroflexion of palatal sibilants (60b) and
the sibilant neutralization (60c) both involved phonological neutralization. The palatal
retroflexion in (60b) involved the neutralization of the palatal sibilants and the pre-existing
retroflex sibilants, where the retroflex sibilants used not to combine with a following vowel [_i].

Therefore, the sound change in (60b) involved the neutralization of two sound categories (i.e.,

palatal vs. retroflex sibilants) but no neutralization of lexical items. On the other hand, the
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neutralization in (60c) involved the neutralization of lexical contrasts. This difference suggested
that, in the evaluation of neutralization of a sound system, a distinction needs to be made
between a neutralization involving phonemic categories and a neutralization involving lexical
items, as Silverman (2010) did in the analysis of consonant neutralization in Korean.

5.5.2 Syllable inventory, enhancement, and neutralization

A natural question related to the avoidance of a weak contrast, e.g., dental vs. palatal sibilants in
the [_i] context, is what determines whether a sound system chooses to enhance the contrasts
(e.g., with the introduction of an apical vowel) or to neutralize the contrasts (e.g., with the
palatalization of dental sibilants in the [_i] context). Focusing on linguistics-internal factors, the
historical developments of Mandarin sibilants suggested that the existing syllabic inventory in a
sound system may influence whether a language choose to enhance the contrasts or neutralize the

contrasts. The historical sound changes of Mandarin sibilant, as in (14), is repeated as (61).

(61) Sibilant contrasts in Mandarin sound change repeated from (14)

(Based on Li and Zhou 1999; L. Wang 1985)
l. Il. Il. V.

e, @? sV XV
l |
11"c. s @P xV
| l
Si S

14M¢, s Xi |
| | ! |
e .
| ! |
20Mc. s ¢i S1

As shown in (61), the contrasts of dental vs. palatal sibilants came into the sound system

around the 7' century, the 11" century, and the 18" century. Contrast enhancement applied in
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the first two cases and sibilant neutralization applied in the third case. An examination of the
syllabic inventory showed that, in the 7™ and the 11" century, there were fewer syllables in the
form of ‘sibilant+[+high, -back]vowel’ than in the 18™ century. As discussed in 4.1.2, the
neutralization of dental vs. palatal sibilants in the 18" century seems to be a case where there
was no room left for vowel enhancement, e.g., [si-ei] — [sJ-¢i], or sibilant enhancement, e.g.,
[si-ei] — [si-si]. Therefore, for the enhancement vs. neutralization of sibilant place contrasts in
the [_i] context, it is reasonable to assume that:

(@) A sound system with fewer types of syllables in the form of ‘sibilant+[+high, -back]
vowel’ is more likely to choose contrast enhancement and less likely to choose sibilant
neutralization;

(b) A sound system with more types of syllables in the form of ‘sibilant+[+high, -back]
vowel’ is less likely to choose contrast enhancement and more likely to choose sibilant
neutralization.

The validity of these assumptions needs to be tested with acoustic measurements of sibilants and
vowels in languages that have different numbers of syllables in the form of ‘sibilant+[+high,

-back] vowel’.

5.6 Contrast distinctiveness and usage factors in sound change

For sibilant place contrasts, the focus of this dissertation is the perceptual distinctiveness of the
contrastive elements. It is obvious that multiple factors may influence the change in a sound

system, including phonetic factors (e.g., perceptual distinctiveness, articulatory effort, etc.),
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usage factors (e.g., functional load, frequency), and processing factors (e.g., structural
complexity). This section attempts to give a brief discussion of the relation between contrast
distinctiveness and usage factors in language.

5.6.1 Perceptual distinctiveness and lexical contrasts

The existence of lexical contrasts or minimal pairs has been shown to be relevant to
hyperarticulation (Ohala 1994; Stent, Huffman, and Brennan 2008; Maniwa, Jongman, and
Wade 2008, 2009; Schertz 2013; Seyfarth, Buz, and Jaeger 2016), by which phonetic cues are
hyperarticulated as a response to the competition between lexical items that are phonetically
similar. For example, Wedel, Nelson, and Sharp (2016) observed that, in natural speech data, the
existence of minimal pairs is correlated with an enhancement of phonetic cues in creating a
greater perceptual distance between the relevant lexical competitors.

An important characteristic of Mandarin and other Chinese dialects is that a syllable
typically corresponds to a lexical item or a morpheme, e.g., & [s1] ‘think” vs. P4 [¢i] ‘west’.
Around the 7" century, the general rime merger into [_i] in Mandarin created a situation where
the phonetic forms of different lexical items were contrastive by the onset sibilants only. For
example, the two lexical items & ‘to think’ and % ‘to give’ were phonetically [sio] vs. [¢ie]
prior to the rime merger in the 7™ century (Li and Zhou 1993). With the general rime merger, the
phonetic forms of the same lexical contrast became [si] ‘to think’ vs. [¢i] ‘to give’, where the
onsets took the role of distinguishing the relevant lexical items. Therefore, the emergence of
minimal pairs around 7" century Mandarin, e.g., [si] ‘to think’ vs. [¢i] ‘to give’, was likely to be

relevant to the hyperarcitulation of the contrast, as discussed in 5.4.3.
173



Compared with the lexical contrasts dicussed in Wedel, Nelson, and Sharp (2016), the
contrast in 7" century Mandarin has an additional property, i.e., the contrastive dental vs. palatal
sibilants in the [_i] conext are shown to form weak contrasts as evidenced by the results of the
perceptual experiment. Therefore, it is conceivable that the perceptual similarity in contrasts like
[si-ei] may further call for hyperarticulation of the contrasts.

5.6.2 Perceptual distinctiveness and functional load

Between the 18" century and the 20™ century, the contrastive dental vs. palatal sibilants in the [ _i]
context were avoided with the neutralization of dental vs. palatal sibilants, illustrated as (62a)
below. As discussed in 4.1.2, the avoidance of contrastive dental vs. palatal sibilants in the [ i]
context can be avoided with the neutralization of contrasts like [si-¢i] in (62a) as well as the
hypothetical neutralization of contrasts like [s1-si] in (62b). In both cases, the neutralization of
lexical contrasts is involved. The choice of (62a) over (62b) turned out to be a neutralization of

two elements that are perceptually more similar, e.g., [si-¢i] in stead of [s1-si].

(62) Neutralization of dental vs. palatal sibilants (a partial recall of (31)):

a. Neutralization of dental vs. palatal sibilants (18" c. — 20" c.)
SN
| N |
81 ei 5
b. Hypothetical apical vowel formation (18" c. — 20" c.)
S
| v |
s1 G

Perceptual similarity is by no means the only factor that can influence the neutralization of

phonological contrasts. Previous studies have shown that the more ‘work’ a sound pair does in
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the communication of a language, the less likely their contrast is to be lost (de Courtenay 1895;
Hockett 1969; Wang 1969; Silverman 2006a, 2006b, 2010; Kaplan 2011; Wedel, Kaplan, and
Jackson 2013; Wedel, Jackson, and Kaplan 2013, among others). More specifically, the more
minimal pairs a sound pair involves, the less likely the contrast will be neutralized (Wedel,
Kaplan, and Jackson 2013; Kaplan 2011).

A more complete account of the the neutralization in (62a) needs to incorporate the
functional factors such as the counts of minimal pairs. However, an analysis of the functional
load of a sibilant contrast in Chinese is challenging due to the existence of a high level of
homophony among morphemes. In Mandarin, for example, the phonetic form [si] with a
high-level tone corresponds to lexical items like & ‘to think’, #i ‘to tear’, 22 ‘silk’, etc. One
possible way to evaluate the role of functional load in diachronic sound change is to evaluate
‘created homophones’, following Kaplan (2011), i.e., to compare the level of homophony before
and after a sound change. For example, it could be that one neutralization process creates a
smaller number of homophones than its alternatives. Future research is needed to evaluate the

role of functional factors in the sound change of Mandarin.

5.8 Conclusions

This dissertation showed that the perceptual distinctiveness of dental vs. palatal sibilants is
reduced in the [_i] context compared with other vowel contexts. The reduced distinctiveness of
sibilant place contrasts in the [ _i] context turns out to function like a constraint in linguistic

typology and in sound change, as evidenced in a survey of the typology of Chinese dialects and
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the historical development of Mandarin sibilants. Similarly, the relative distinctiveness of
sibilant contrasts among different manners, as shown in the results of the perceptual experiment,
is shown to be correlated with the patterns observed in the crosslinguistic typology as well.

For the avoidance of sibilant place contrast in the [ _i] context, the study in this dissertation
suggests the need to disentangle perceptual and articulatory factors in the explanation of
language typology. The experimental study in this dissertation supplied evidence for the
perceptual aspect and more work is needed to explore the articulatory aspect. In terms of sound
change, particularly for the enhancement vs. neutralization of a weak contrast, this dissertation
supplied empirical evidence on language-internal factors such as the relative perceptual
distinctiveness of sibilant place contrast in different vowel contexts. For a more complete model
of sound change, future studies are needed to investigate the interaction of linguistic factors like

contrast distinctiveness and usage factors like functional load.
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Appendices

Appendix I. Typology of sibilant contrasts across Chinese dialects: An overview

The following data are drawn from Fangyan [Dialects], a Chinese journal that focuses on the
description of Chinese dialects. This list includes an overview of pattern of sibilant place
contrasts across the 170 Chinese dialects. The focus is on the CV syllables whose onsets were
sibilants and whose vowels are [i], or apical vowels [)/].

1. Sibilants at 1 Place

1.1 Sibilants at one place - No apical vowel: 28 dialects
1.1.1 Sibilants at one place — Dental - No apical vowel: 22 dialects

Dialects Labial (DAﬁCteeglar) Fl\?cl)aé?llset) Retroflex | Velar (Glottal)
Chenghai pi  phi  bi ti thi ki khi gi
(L. Lin 1994) tsi tshi  dzi
e si hi
mi ni i i i

1.1.2 Sibilants at one place — Palatal - No apical vowel: 6 dialects
Dialects Labial E)Aeicggl ar) (PI\?éaalset) Retroflex | Velar (Glottal)
Cangwu pi  phi  bi ti thi *di ki KW *kwi *khwi
(Z. Zhong 2015) tho M
BB RS [ ) fi Ji hi
WE-NEH mi ni i i ni wi

1.2 Sibilants at one place - Contrastive 7 and i: 7 dialects
Dialects Labial Dental (Alveolar) (PI\?cl)aé?l!set) Retroflex Y(glgtrtal)
Huiyang pi  phi ti thi ki kM
(R. Zhou 1987) ts)-tsi  tsh-tshi
H5ER] *fi v S)-Si hi
e mi ni i i ni

2 Sibilants at 2 Places

2.1 Sibilants at 2 places— Dental vs. Palatal

2.1.1 Sibilants at 2 places— Dental vs. Palatal — Contrastive

2.1.1.1 Sibilants at 2 places- Dental vs. Palatal — Contrastive — si-¢i: 3 dialects
Dialects Labial Dental (Alveolar) (P,\?(I)aé%!set) Retroflex | Velar (Glottal)
Jiangyong pi phi ti thi (ki)  (khi)
(X. Hunag 1988) tsi  tshi tei  teh
TLok +EEHE] fi  (vi) Si ¢ (hi)
i mi ni i nio i *pi
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2.1.1.2 Sibilants at 2 places- Dental vs.

Palatal — Contrastive — s)-si-¢i: 20 dialects

Palatal

Dialects Labial Dental (Alveolar) (No onset) Retroflex | Velar (Glottal)
Changle pi phi bi|[ti thi di *Kki *khi *gi i
(Z. Qian 2003) tS)-tsi tsh-tshi dz-dzi | tei tehi dzi

RBCER)HL] | fi vi spsi z)-zi i *z *hi *hi
B (FREE) | mi ni i nio *ni

2.1.2 Sibilants at 2 places— Dental vs. Palatal — Non-Contrastive
2.1.2.1 Sibilants at 2 places— Dental vs. Palatal — Non-Contrastive — s)-¢i: 56 dialects

Dialects Labial Dental (Alveolar) Z\?cl)a(g?]!set) Retroflex | Velar (Glottal)
Anxiang pi phi ti o thi *Ki *khi
(Y. Ying 1988) ts) s tel tehi
gsillbifea] *fi S) ¢i *7j *Xi
WA E R | mi li i *ni
2.1.2.2 Sibilants at 2 places— Dental vs. Palatal — Non-Contrastive — *si-¢i : 1 dialect
Dialects Labial Dental (Alveolar) E’,\?(I)a(t)%lset) Retroflex | Velar (Glottal)
Shibei pi ph  bi ti thi di Ki Kkhi gi*?i
(A. Hiroyuki 2004) *tsi *tshi *dzi | tei tehi dzi
it ki *si Gi Xi Ai
] - ] b mi ni i i ni
2.1.2.3 Sibilants at 2 places— Dental vs. Palatal — Non-Contrastive — (S]-) si-*i : 1 dialect
Dialects Labial Dental (Alveolar) (P[\?(I)a(t)%lset) Retroflex }/Cglgtrtal)
Jixi pi-p) *pti-p™ |t th ki kM
(R. Zhao 1989) ts)-tsi  tsh-tshi | *tei  *tehi
AR fi vi s)-si - z2)-*zi | *ei Xi
mi-m ni-m *nl *i *ni
2.2 Sibilants at 2 places— Dental vs. Retroflex

2.2.1 Sibilants at 2 places— Dental vs. Retroflex — Contrastive —S)-Si-gi: 1 dialect

Dialects Labial Dental (Alveolar) Palatal(No onset) | Retroflex Velar (Glottal)
Wuhua pi phi ti thi ki kP

(Y. Wei 1997) ts)-tsi  tsh-tshi tsi tshi

HEE[EH] fi i s)-si si hi

B XK mi ni i i *ni

2.2.2 Sibilants at 2 places— Dental vs. Retroflex — Non-contrastive —)-Si-fy; 1 dialect

Dialects Labial Dental (Alveolar) Palatal (No onset) | Retroflex Velar (Glottal)
Jinggangshan | pi phi ti o th ki kM

(S. Lu 1995) tsi-ts)  tshi-tsh th t™.

FRLDTAE] | fi v si-5) A Xi

R mi ni i i ni
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2.3 Sibilants at 2 places— Palatal vs. Retroflex
Sibilants at 2 places— Palatal vs. Retroflex — Non-contrastive — ¢i-g); 1 dialect

Dialects Labial Dental (Alveolar) (P’\?(I)a(t)%lset) Retroflex Velar (Glottal)
Haizhou pi *phi |t th *ki o *kM
(X. Su 1990) tei  teh ts, ts™,
HINDTEE] *fi ¢l s\ *7), *Xi

mi li i

3 Sibilants at 3 or more Places

3.1 Sibilants at 3 places— Dental vs. Palatal vs. Retroflex
3.1.1 Sibilants at 3 places— 3-place Contrasts — (s)-)si-¢i-gi: 2 dialect

Dialects Labial Dental (Alveolar) (Pﬁcl)act)%get) Retroflex Velar (Glottal)
Qimen pi pho [t thi *ki  *khi
(T. Shen 1989) ts)-*tsi ts™)-tshi tei  tehi tsi  tshi
B2 fi s)-si ¢i si Xi

mi (ni) i o *ni

3.1.2 Sibilants at 3 places— 2-place contrasts — Contrastive dental vs. palatal
3.1.2.1 Sibilants at 3 places—2-place Contrasts -1- (s-)si-¢i-g\; 12 dialects

Dialects Labial Dental (Alveolar) (Pﬁcl)act)%get) Retroflex Velar (Glottal)
Binxian pi  phi | ti *thi o *th *Ki - *Kkhj
(Qiao & Chao 2002) ts)-tsi  tsh-tshi tel  tehi ts, ts™.

wWhlEds | *fi spsi - 7)-*z ¢i SO R
R | mi li ni i

3.1.2.1 Sibilants at 3 places—2-place Contrasts -2- (s)-)si-¢i-*si: 3 dialects

Dialects Labial Dental (Alveolar) (Pl\?(l)att)?llset) Retroflex }/Cglg’[tal)
Changshu (Meili) | pi pti bi [ti ti di *ki *khi *gi
(D. Yuan 2010) tS)-tsi tsM-tshi dz)-dzi | tei tehi dzi | *tsi *tsh *dzi

W) TR | fi vi s)si z)-zi ¢i *si *zi | *hi *hi
R N (ER)ESR) mi *ni i nioJiod )
3.1.3 Sibilants at 3 places— 2-place contrasts — Contrastive Palatal vs. Retroflex : 1 dialect

Dialects Labial Dental (Alveolar) (P,\?éaéﬁlset) Retroflex(?) Velar (Glottal)
Xuancheng pi phi pffi |t thi thi th) *Ki *khi
(Shen & Huang 2015) | Py P™ ts) tsh *tsfy tei tehi tehi | tfi thi *t/hi

EWER)[LE] | i Vi v | s 7 ¢l Ji 3 i *hh
F-EMA-FEN  miom i i i *ni
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3.1.4 Sibilants at 3 places— Non-contrastive
3.1.4.1 Sibilants at 3 places— Non-contrastive-1- s3-¢i-g\ -A: 20 dialects

Dialects Labial BAelcglar) (P’\?(I)a(t)%lset) Retroflex Velar (Glottal)
Anging pi  phi ti thi *Ki - *khi
(H. Bao 2012) ts) tsM tel  tehi ts1  tsh,

2 B[ %] *fi 8) ¢i LA X
HE-TE-E | mi ni i o

3.1.4.2 Sibilants at 3 places— Non-contrastive-1- s)-¢i-s\, -B: (with-labial affricates): 8 dialects

Dental

Palatal

Dialects Labial (Alveolar) (No onset) Retroflex Velar (Glottal)
Jiangxian pi  phi ti thi Ki  *khi
(L. Wang 2014) | pfi pfhi ts)  tsh tei  tehi ts1, ts™,
Z82[LpE] fi  *vi S] ¢ SL Z)L *Xi o *yi
BRI | mi i i |ni i

3.1.4.3 Sibilants at 3 places— Non-contrastive-1- s)-¢i-*si: 2 dialects
Dialects Labial Dental (Alveolar) | Palatal (No onset) Retroflex Velar (Glottal)
Dangtu (Huyang) | pi ph bi [ti thi i *Ki *khi *gi
(Zheng et al. 2012) ts) ts dzy | tei tehi *dzi | *tfi <t
ERG) (2R | *fi s 7\ ¢i zi *io*3i | *xi *yi *hi
SeE-EMA O mi *ni *hi 9 ol *1 | *ni

3.1.4.4 Sibilants at 3 places— Non-contrastive-1- s)-*¢i-g;: 2 dialects
Dialects Labial Dental (Alveolar) (P,\?éaéﬁget) Retroflex Velar (Glottal)
Ledu P PM i *thi *ki *khi
(Cao & Shao 2001) ts)  tsM *tei *tehi | ts) ts™
g <l h=pisd| *i  *vi |y 7| *¢i sU 7 *hi

m ni  h

3.2 Sibilants at 4 places— Dental vs. Palatal vs. Retroflex: 1 dialect
Dialects Labial/Dental | Dental (Alveolar) (Pl\?(l)att)?llset) Retroflex Velar (Glottal)
Jikian pi  phi ti thi *Kki o *khi
(M. Shi 1987) 0 toM tS)-tsi tsh-tshi | tei  tehi | ts  ts™,
EV A 0 *fi S)-si ¢ S\, *Xi
L mi i i i *ni
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Appendix Il. Typology of sibilant contrasts across Chinese dialects: A complete list

Notes:

1. In the tables below, the dialects are ordered first by the number of sibilant places, then by the
pattern of sibilant contrast (if applicable), and lastly by alphabetical order within each sublist.
2. For each dialect, the columns follow the order of place of articulation; the rows follow the

order of stop, affricate, fricative, approximant, etc. In the original resources, most of the
aspirated consonants are expressed like p°, t¢‘, etc., in accordance with the convention in
Chinese literature. Following the IPA style, such consonants are transcribed into p", t¢", etc. in
the following tables.
3. For each dialect, symbols like “*”, “(')”, and *“/” are used in the following way:
pi = the dialect has the onset [p], and the combination [pi];
*fi = the dialect has the onset [f] and [i], but [f] does not combine with the rime [i];
(z1) =the dialect has [z)] only colloquially, without written forms;
si-s) = the dialect has contrastive [si] vs.[s}].

1 Sibilants at 1 Place

1.1 Sibilants at one place - No apical vowel: 28 dialects
1.1.1 Sibilants at one place — Dental - No apical vowel: 22 dialects

Dental

Palatal

Dialects Labial (Alveolar) (Onsetless) Retroflex Velar (Glottal)
Binyang pi phi ti *thi *Kki khi
(H. Mo 2014) tsi tshi *kwi  *khwi
BP(E R )] *fi *vi si i
- FE mi ni i di niji i *gwi
Chenghai pi phi bi [t thi ki kb gi
(L. Lin 1994) tsi  tshi dzi
AEER] si hi
mi ni i i ni
Danzhou ?bi ti di Ki
(Y. Wu 1988) tsi
{EIN ] oi v si. zi xi hi
mi ni i i ni
Dongguan *pi *phi (ti) *thi *Ki (ki) kui Kbui
(Zhan & Chen 1995) tsi tshi
HEE[EH] fi i si zi *hi
BEE *mi *ni i (ni)
Fuging pi phi ti o thi ki Kkbi
(A. Feng 1988) tsi tshi
TR RN si hi
EE-ERE-EE S | mi ni i i pi
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Dialects Labial Dental (Alveolar) | Palatal (Onsetless)| Retroflex | Velar (Glottal)
Haikang pi phi bi|ti o thi ki khi
(Z. Zhang 1987) tsi  tshi
BRI Si hi
15 mi ni i i ni
Haikou bi tidi Ki
(Y. Du 2007) tsi
EOEIR)MEE] | fi v si zi xi  hi
mi ni i i ni
Huaiji (Xiafang) *pi Fpho [t *th ki kMo i
(B. Yang 2012) tsi tshi
HECTOD[ER] | *fi 0i hi
*mi ni i i *ni
Lechang (Tatouba) | pi  phi ti o thi Ki kb
(C. Zhuang 1996) tsi tshi
SEE(ETRE) [ER] si hi
[ B *mi *ni i i *pi
Lianjiang pi phi ti thi ki kbi
(C. Lian 2002) tsi tshi
BRILAMER] | *fi i Si hi
B mi *ni i i ni
Nanhai Shatou *pi *phi |t Rt ki ki *kui *kMui
(X. Peng 1990) tsi  tshi
FRCPE)ER] | i Si hi
*mi ni i i ni *ui
Nanning (Ping) pi phi ti *thi ki kM *kwi *khwi
(Y. Tan 1996) tsi  tshi
FS(EER | fi B |si hi
P mi ni i i ni i *pi
Ningde pi  phi ti thi Ki  kbi
(P. Sha 1999) tsi tshi
TrEMEE] si hi
[ - [ O = mi ni i i ni
Rongxian pi phi ti o thi ki khi
(X. Chen 1999) tsi tshi
BRCHERBIL] | fi *vi zi hi
BRER mi ni li & i ni
Sanya (Mai) phi o bi ti thiodi ki kMo i
(Jiang et al. 2007) tsi tshi
—niEER] | vi i zi hi
mi ni i ni
Wenchang ?hbi  bi ti 2di  (di?) ki *gi
(Y. Liang 1986) tsi
B[] o si zi xi hi
mi ni i i ni
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Dialects Labial Dental (Alveolar) | Palatal (Onsetless) | Retroflex Velar (Glottal)
Wuchuan *phi *bi | *ti *thi *di *Ki *Kkhi
(Z. Zhang 1992) tsi tshi
S R] *fj v si *hi
EEEGRLER) | *mi *ni *li *H i ni
Xiamen pi phi bi|ti o thi ki khi gi
(C. Zhou 1991) tsi tshi
EFHEE] si hi
L *mi *ni i i *i
Xinfeng pi  phi ti th ki Kb
(R. Zhou 1992) tsi  tshi
MEERER] | (f) *vi o | si (hi)
BRI mi li i ni
Zengcheng pi - *phi ti *thi ki *khi (kui) *khui
(W. He 1990) tsi tshi
KR *fi Si *hi  (ui)
mi ni *li i i
Zhangzhou pi  phi bi |t thi ki kb gi
(Z. Ma 1993) tsi  tshi dzi
R si hi
*mi *ni i i *ni
Zhaoping pi phi ti thi ki khi
(Q. Huang 2006) tsi - tshi
HAE ] fi Si hi
+ A mi ni i ni i *pi

1.1.2 Sibilants at one place — Palatal - No apical vowel: 6 dialects

Dialects Labial (D,A?Ir\}gglar) Palatal (Onsetless) | Retroflex | Velar (Glottal)
Cangwu pi phio B |t thi *di ki K *kwi *kbwi
(Z. Zhong 2015) th M
EH(REE) R fi Ji hi
Bif-alsh mi ni i i ni wi
Hezhou (Babu) pi  phi ti o thi ki *k"
(X. Chen 2012) tho M
BN\ [ ] fi 0i fi hi
mi ni i i i
Lianzhou pi  phi i thi Ki Khi *kwi *kbwi
(Q. Cai 1987) tio tri
BRI [ re] fi *vi Ji Xi
iR mi ni li H ni i *ni
Mengjiang pi  phi ti thi Ki ki *kui *khui
(S. Yang 2013) tio i
G [Er] fi *vi 0i Ji Xi
BiE-A) R mi ni i ni ji i i
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Dental Palatal

Dialects Labial (Alveolar) (Onseess) Retroflex | Velar (Glottal)
Yongnin (Sitang) pi - phi ti thi Ki *khi *kwi *khwi
(C. Zhou 1991) th M
EEDUE (] | fi hi
Tk mi ni g i) ) i *wi
Zhongshan pi  phi ti thi ki khi
(Y. Deng 2000) tho M
LR fi Vi 0i Ji hi
mi ni i ol i *ni
1.2 Sibilants at one place - Contrastive 7 and i: 7 dialects
Dialects Labial Dental (Alveolar) (F)g:%atiess) Retroflex Yé:gtrtal)
Dongfang(Sigeng) phi - bi i di Ki kb
(Liu & Ou 2005) toi *ts)-tsi  tsh-tshi
SRR | *fi *vi s)-si hi
mi ni li i [ *ni
Gongcheng pi phi bi [t th di ki khi gi
(Y. Guan 2005) tS)-tsi tshy-tshi *dz)-*dzi
IW(EEE)EE] | i s1si z)zi Xi *yi
mi ni i I *ni
Huiyang pi  phi ti thi ki kM
(R. Zhou 1987) ts)-tsi  tsh-tshi
ECIES *fi *vi S)-Si hi
XK mi ni i i i
Lishi pi phio obi | ti thi ki ki gi
(D. Li 2013) ts)-tsi  tsm
GOV et || fi i 9 hi
ERE mi li ji
Meixian Hakka pi phi ti thi ki kM
(X.Hunag 1992) ts)-tsi  tsh-tshi
R[] fi vi S)-Si hi
ERE mi ni i i ni
Nanning (Bai) pi phi ti o *thi Ki  Kkhi *?i
(J. Xie 1994) ts)-tsi  tsh-tshi *Kui *khui
ME(EED)EA] | fi s)-si hi *wi
mi ni li & ji *ni
Wuping Zhongshan | pi  phi ti *thi ki (kM)
(Y. Liang 1990) ts)-tsi  tsh-tshi
FEE(HRU)[FEE fi vi s1-si *xi
MWHEYE mi ni i i ni
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2 Sibilants at 2 Places

2.1 Sibilants at 2 places— Dental vs. Palatal
2.1.1 Sibilants at 2 places— Dental vs. Palatal — Contrastive
2.1.1.1 Sibilants at 2 places- Dental vs. Palatal — Contrastive — si-¢i: 3 dialects

Dialects Labial Dental (Alveolar) | Palatal (Onsetless) Retroflex [ Velar (Glottal)
Jiangyong pi phi ti thi (ki) (kM)
(X. Hunag 1988) tsi tshi tei  tehi
DA wteri b 2 fi  (vi) si ¢i (hi)
mi ni i i *ni
Lingui Liangjiang pi  phi ti o thi ki khi *kwi *ktwi
(J. Liang 1996) tsi tshi tio tri
GREM L[] *fi Si Ji hi
mi ni i i i *wi
Lingui Sitang pi phi ti thi ki *kbi
(M. Luo 1996) tsi - tshi tio M
B E DU R ] fi si Ji xi
mi ni i *ni
2.1.1.2 Sibilants at 2 places- Dental vs. Palatal — Contrastive — s)-si-¢i: 20 dialects
Dialects Labial Dental (Alveolar) Fh?(l)a(t)%lset) Retroflex| Velar (Glottal)
Changle pi pti bi |[ti thi di *Ki *khi *gi ?i
(Z. Qian 2003) tS)tsi tsh-tshi dz-dzi | tei tehi dzi
REEZIR)HT] | fi i s)si z7)-zi ¢i *zi *hi  *fj
St KR ) | mi ni i ni i *pj
Daoxian Shouyan pi phi ti thi ki kb
(K. He 2003) ts)  tsM tei  tehi
BiAEELHE] s)-si ¢i Xi
mi ni i i ni
Guiyang pi phi ti thi *i *hi Ki  *kbi
(J. Fan 2000) ts)-tsi  ts™-tshi tho i
AR | fi $)-Si fi *hi
mi ni i ol *ni
Hexian pi  phi ti o thi Ki  Kkbhi
(Y. Deng 1996) ts)-tsi  tsh-tshi tho yhi
HRCEEEE] | Ml *vio | sy Ji *hi
(2SS mi ni i ni i *pj
Jinhua pi pti bi |ti th di *Ki *khi *gi
(Z. Cao 1994) ts)tsi ts—tshi dz)-dzi | tei tehi dzi
SE[NT] fi i s)-si z)-zi ¢i 7 *hi  *Ai
Sif-ZM mi ni i nioi *ni
Jinhua Shanhu pi  phi ti thi *Kki *khi
(Z. Cao 2004) ts)-tsi tsh)-tshi tei  tehi
ST fi i S)-Si ¢i *X
B mi *ni i ni i *nj
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Dialects Labial Dental (Alveolar) Palatal (Onsetless) Retroflex | Velar (Glottal)
Leqing pi pho bi|ti thi di *ki *khi *gi
(R. Cai 1999) ts) tsM dz) tei tehi dzi
EnL fi vi s)-si z7)-zi ¢i  zi *hj *fi

mi ni i i i *pi
Linhai pi phi bi | ti thi di ci chi i *Ki *khi *gi
(X. Huang 2007) ts) tsM dz) tei tehi *dzi
ﬁ&}’i[}?ﬁ)ﬂ fi wvi ssi 7) ¢i zi @ fi  *hi

Seag-a M R mi li *ni nioi *ni

Linwu pi  phi ti o thi *ki - *khi
(H. Chen 2002) ts)-tsi - tsh-tshi ti i
() [SEE] | fi $)-si Ji X

mi ni i i *ni
Loudi pi phi bi|ti thi di *ki - *khi
(Lietal. 1987) tS)-tsi tsM-tshi dz)-*dzi | tei tehi dzi
A ]| s)-si ¢i  *zi yi o *xi

mi ni i i *ni
Longchuan pi phi ti thi ki kb
(X. Hou 2008) ts)-tsi  tsh-tshi ti i
FJE H(T WOIER] | *fi *vi | s)-si i *hi
BEE-EhH mi ni i ni i *pi
Pingdiyao pi  *phi ti o thi ki khi
(X. Li 2015) ts)-tsi tsh-tshi ti M
FHE (L] | fi $)-Si Ji "3 xi

mi *ni i i ni
Pingyang pi pti obi|ti th di *Ki khi gi i
(C. Chen 1979) ts)tsi tsty—tshi dz)-dzi | tei tehi dzi
SR PN fi vi s;si zy-zi ¢i zi *hi  *fi
%3 mi *ni_ i ni i i)
Shanghai pi ph bi | ti thi di *Ki *khi *gi
(Xu &Tao 1995) ts)-tsi  tsh-tshi tei tehi dzi
BEERLEE [§i B s1si 7z ¢i fii  *hi
Rt mi ni i ol *ni
Suzhou pi pt bi|ti thi di *Ki *khi *gi
(X. Ye 1992) ts)-tsi  tsh-tshi tei tehi dzi
FNCIRDTER] | fi Vi s)si )z ¢i fi  *hi

mi ni i ni *pi
Taishun (Sigian) pi  phi ti thi ki kM
(Z. Liu 2007) ts)-tsi  tsh)-*tshi tei  tehi
RIEFAUAL] | *fi s)-si ¢i *hi

mi *ni i ni *pi
Taojiang pi  ph ti th *ki *khi
(Zhang et al. 1988) ts)-tsi  tsh-tshi tei  tehi
PHOT(EE) D] | i s)si - z)-zi ¢i *xi

mi li i *ni
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Dialects Labial Dental (Alveolar) Z\?cl)a(t)%lset) Retroflex E/Cg:gtrtal)
Wannan-Chuanshang pi  phi ti o th ki *khi
(X. Huang 2013) tS)-tsi  tsh)-tshi tei  tehi
Eﬁ%(%i)[ﬁiﬁ] fi Vi S']-Si ¢l *yj
mi ni i ni i *ni
Xiuning pi phi ti thi *Ki - *Kkhi
(S. Hirata 1982) ts)-tsi  tsh-tshi tei  tehi
RE[Z ] fi vi s)-si ¢i *Xi
mi-m li-1h o *ni
Yongzhou pi phi ti thi di *Ki o *khi
(X. Li 2003) ts)  tsh tei  tehi
N ALLIDERE] fi Vi S|-si 7|z ¢i  *zi *Xi o *yi
mi *ni i ni *ni
2.1.2 Sibilants at 2 places— Dental vs. Palatal — Non-Contrastive
2.1.2.1 Sibilants at 2 places— Dental vs. Palatal — Non-Contrastive — s)-¢i: 56 dialects
Dialects Labial Dental (Alveolar) | Palatal (No onset) | Retroflex| Velar (Glottal)
Anxiang pi phi ti o thi *Kki *khi
(Y. Ying 1988) ts)  tsh tei tehi
gsil il *fi 81 ¢i *zi *Xi
2 TG R B mi li i *ni
Babu (Ertang) *pi *phi ti o *thi Ki K *kvi *kvhi
(Y. Mai 2008) ts)  tsm tho tri
JUb () [epe] | *fi 5 Ji i
*mi *ni *li ji ni i *gMio *wi
Chengbu pi phi bi ti thi di *Ki *khi *gi
(H. Bao 1993) ts) tsM dzy | tei tehi dzi
WL (RAOIWIRE] | *fi *vi 81 ¢i zi *Xi *yi
WRE-BHE mi li ni *ni
Chengdu pi  phi ti thi *Ki - *khi
(D. Liang 1993) ts) tsh tei  tehi
AERIEY)I] *fi ) 7| ¢ *Xi
mi ni ol *ni
Danyang pi  phi ti thi *ki o *kM
(G. Cai 1994) ts) tsM tei  teh
FHEZ 2] fi vi S| 27 ¢i *Xi
S RMATEER | mi *ni i ni i *ni
Danzhai pi  phi ti thi *Ki - *khi
(L. Li 1994) ts) ts™ tei  te"i
FIZE[E ] vi i SIS ¢i i *yi
mi ni i i *ni
Daoxian (Xiaojia) | pi phi ti thi ki kb
(X. Zhou 1994) ts) tsh tei  tehi
BRRCNF)DHEE] | fi $) ci *xi
mi ni i i *ni
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Palatal

Dialects Labial Dental (Alveolar) (No onset) Retroflex | Velar (Glottal)
Dayl pi  phi ti thi *Ki - *khi
(L. Liu 1995) ts)  tsh tei  tehi

mi il i *pi
Fenghuang pi phi ti thi *ki *kM
(Q. Li2011) ts) tshm tei  tehi
JBLJEL [t e ] *fj 1 7 ¢i *Xi
Har-lar-20 A | mi ni i i *pi
Fuyang pi  phi ti o thi *ki o *khi
(Q. Wang 2012) ts) tsh tei  tehi
B (2] *fj 1 7 ¢i *)i o *yi
Bab-PE-E R | mi ni i i
Guangfeng pi pti bi |ti thi di ki khi gi
(Hiroyuki 2000) ts) *ts™ *dzy | tei tehidzi
J& S [ TiE] fi S| ¢i Xi
Sei- bt mi *ni i ol *ni
Guanyang (Guanyinge) | pi  phi ti o thi *ki  *khi
(Q. Huang 1994) ts) tsh tei  tehi
VR (B T[] | *oi s ¢i *xi

mi li i *ni
Guidong pi  phi ti thi *ki o *kM
(Z.Cui 1997) ts)  tsm tei tehi
HEA [ rE] fi S) ¢ *Xi

mi *ni i ni *ni
Hengshan pi phi ti o thi *ti *hi *ki - *khi
(B. Mao 1995) ts) tsh tei  tehi
LI Ra] *fi 5] ¢i *Xi
MrE-Rm b *mi li *ni i *pi
Jiangjin pi  phi ti thi *Ki - *Kkhj
(W. Zhong 2002) ts)  tsh tei  tehi
JLE[EI] *fi  *yi s1 *71 ¢ *xi
R mi ni i *ni
Jiaxing pi phi bi |[ti thi di *Ki *khi *gi *?i
(G. Yu 1988) ts) tsm tei tehi dzi
FRECEIR)TI fi wvi s\ 1) ¢i z *hi  fi

mi *ni i ni i *pi
Lanxian pi  phi ti " *ki o *¥khi
(M. Shen 2009) ts) tsM tei  tehi
Je BR[LL PH] *fi S\ ¢ *zi *xi
SR BRI | mi ni i i i
Leiyang pi phi ti o thi *ti *hi *ki - *khi
(L. Zhong 1987) ts) tsh tei  tehi
RE5[HR] fi *vi s) i *Xi
B mi li i *ni
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Dialects Labial (D/flcgi)ll ar) Z\?(I)a(t)ils et) Retroflex | Velar (Glottal)
Lezhi pi  phi ti o thi ki Kkhi
(R. Cui 1988) ts) tsh tei  tehi
FEEHMNEI] | *fi 1 7 ¢i *Xi
iz aE) mi ni ni i i
Lianshui pi  phi ti thi *Kki o *khi
(S. Hu 1989) ts) tsM tei  tehi
K TER] *fj ] *7) ¢i *yj

mi ni i
Linwu pi  phi ti o thi ki khi
(K. Yin 2014) ts) tsm tei  tehi
(VD) [ | fi 5] ¢i Xi

mi ni i i *ni
l(_l\lll;ﬁr:gng) pi phi i thi ki khi
(J. Xia 1983) ts) tsh tei  tehi
et il i R S| ¢i *xi

mi li i i *ui
Luxi (Baisha) pi pti bi ti thi di *Ki *khi *gi
(J. Qu 2008) ts) tsm dzy | tei tehi dzi
R (EV) ] | fio i 1 7] ¢i zi *>xi  *yi

mi *ni i ni *pi
Lisi pi  phi bi ti thi di *Ki *khi *gi
(J. Lu 1986) ts) tsm dzy | tei tehi dzi
E VU TER] fi vi s 7] ¢i  zi *xi o *yi
Rt mi *ni i i *i
Mouping pi  phi ti o thi ci chi *Ki - *Kkhj
(F. Luo 1995) ts) tsh tei  tehi
ﬁ‘ﬁﬂi[m%] *fi S) ¢l g *yi
Hif-BE-gE R | mi *ni i mioi
Nanchang pi phi ti thi *ki o *khi
(Z. Xiong 1994) ts) tsh tei  tehi
FE B[] *fi s) ¢i i

mi li o *ni
Nancheng pi  phi ti o thi *ki o *kM
(S. Qiu 1991) ts) tei  tehi
[Eab 2 AN *fi 9 ¢i hi
Beh-E R mi ni (li) i *ni
Nanping pi  phi ti o thi ki kb
(H. Su 1994) ts)  tsh *tei  *tehi
FA P [rE ] s ¢i Xi
FE-LiiEE) | mi l i *5i
Neihuang pi  phi ti thi ki *Kkhi
(X. Li2012) ts)  tsh tei  tehi
N & [ R ] *fj ) 7 ¢i *yi
Eah-PE-EE A | mi ni i i
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Dialects Labial Dental (Alveolar) | Palatal (No onset) | Retroflex | Velar (Glottal)
Qingshuipin (anghua) | pi pti bi [ ti ti di Ig: *Kh
(Zhao & Li 2014) ts) tst dzy | tei tehi dzi
BATEB)MmE] | *fi *vi 1 7] ci *yi

mi ni ni i *pi
Qingyuan pi phi ?hi ti <t 2di *Ki *khi
(Hiroyuki & Cao 1998) ts) tsh tei  tehi
=gw kiip fi 5| ¢i *Xi

*mi *ni i i *ni
Shaoxing pi phi bi ti thi di *Kki *khi *gi
(F. Wang 2008) ts) ts™ dz) tei tehi dzi
AR 5L (T fi vi s] 7 ¢i 7z *hi  Ai
Rt mi ni i i *ni
Shaoyang pi phi bi ti thi di *Kki *khi *gi
(H. Bao 1989) ts) tsM dzy | tei tehi dzi
= bl *fi  *vi 1 7] ¢i z *Xi o *yi
- B mi ni ni i i
Shangcheng(Nansi) pi  phi ti thi *ki *khi
(Y. Yang 2008) ts) ts™ tei  tehi
[EEAREEE) s 7| ¢i *yj

mi li i
Suiping pi phi ti ot *Kki o *Kkhi
(S. Ding 1989) ts)  tsh tei  tehi
V[ RE] fi S| ¢i *Xi

mi ni i i
Taihu pi phi ti o thi *Ki *khi
(S. Huang 2011) ts) tsh tei  tehi
kﬁﬂ[ﬁ%ﬂ] *fi S ¢i *yij
AR mi ni i g i i *ni
Taiping (Xianyuan) | pi p"i bi ti thi di ki kb gi
(S. Zhang 1991) ts) tsM tei  tehi
1<¥(TUJ)J?)[2£T%Z] *fi *vi 1 7| ¢i  zi *Xio *yi

Sah-EMN mi *j i

Taixing pi  phi i *thi *Kki - *khj
(Q Gu 1990) ts) ts™ tei  tehi
ZRIH VT #K) *fi  *vi s)  *z; ¢ *Xi
LRI mi ni i [ *ni
Taiyuan pi  phi ti thi *Ki - *khi
(M. Shen 1993) ts) tsh tei  tehi
AR 7] *fi  *vi s] *71 ¢i *Xio *yi

mi ni i i
Taizhou pi  phi ti thi *Ki - *Kkhj
(Y. Yang 1991) ts) tsh tei  tehi
ZINCEITRDLE] | *fi  *vi s] *7 ¢i *j
Hib-ILHE-RWA | mi ni i
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Palatal

Dialects Labial Dental (Alveolar) (No onset) Retroflex | Velar (Glottal)
Tongling pi  phi ti i i *Ki  *khj
(T. Wang 1983) ts) tsM tei  tehi
gl [ 27 124] *fi vi S 4| ¢i  zi *xi *yi
LECIES) | mi *ni_li ni i
Wuning (Lixi) pi  phi ti thi Ki ki
(M. Zhong 2004) ts)  tsh tei  tehi
REZ)UTE | fi vi s) i Xi
L mi I ni i *ni
Xiaoshan pi phi  bi ti thi di *ki *khi *gi
(J. Zhang 1997) ts) tsM dz) tei tehi dzi
ALDHT] fi Vi 5| 71 ¢i zi *hi  fi
SRl KW R (BRA) | mi *ni i ni i *pi
Xinghe pi  phi ti thi *Ki *Khi
(D. Li 1986) ts) tsM tei  tehi
LA A %E] *fi  *vi S 7 ¢i *xi
B mi ni i i *pi
Xintian (Nanxiang) | pi  phi ti thi *Ki - *khi
(Q. Xie 2004) ts)  tsh tei  tehi
MHEEAE S | fi s ¢i *xi
*mi ni i ni *ni
XinyQ pi phi *ti thi *ki o *khi
(X. Wang 2010) ts) tsh tei  tehi
HER[IL ] *0i 5] ¢i *i
B ah-ILIE mi li ni-ng *pi
Yancheng pi phi ti th *ki o *Fkhi
(X. Su 1993) ts)  tshq tei  tehi
HA T K] *fi 5| ¢i *Xi
EEERIR mi ni i [
Yangshuo pi pt  phi |t thi thi ki khi o Kfi
(L. Li2015) ts) tsh tshy tei  tehi  tehi
Ko HA [ 7 ] *fi  *fhi S)  *sfy ¢l ¢hi  *zi Xi  *xAi
mi_ mAi ni nhi i IAi i ni  phi
Yangzhou pi  phi ti thi *Ki - *khi
(Wang & Huang 1993) ts) tsM tei  tehi
BINDTAR] *fi 5] ¢i *Xi
mi li i
Yinxian pi  phi  bi ti ti di *Ki *khi *gi
(Z. Chen 1990) ts) tsM dz) tei tehi dzi
EORRL L] fi vi 5| 71 ¢i zi *hi  Ai
S KM mi li  *ni nioi i
Yixing pi  phi  bi ti thi di *Ki *khi *gi
(Ye & Guo 1991) ts) tsM dz| tei tehi dzi
HE[TE] fi vi 5| 7) ¢i 7z i *hi
Rt AT (EE) | mi *ni i i *ni
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Palatal

Dialects Labial Dental (Alveolar) (No onset) Retroflex | Velar (Glottal)
Yiyang pi  phibi ti thi di *Ki *khi *gi
(Y. Zeng 1995) ts) tsM dz) tei tehi dzi
Zls D] *fi 51 2) ¢l *hi

mi li 1 4 I *ni
Yongxing pi-py phi-p™ | ti thi *i ki
(S. Hu 2009) ts)  tsh tio thi
KB CEIR) W] | fi ) i 3 *Xi
i mi—nm li-lh nioi
Youxian pi  ph ti thi *ki o *khi
(Z. Dong 1990) ts) tsM tei  tehi
] fi i 5| ¢ *Xi
L mi I i *i
Yunhe pi pti bi ti thi di ki khi gi
(Ota & Cai 1998) ts) tsM dz) tfi *tfhi*dzi
EHIDHT] fi Vi 51 7) i *3i *Xi

mi *ni i nioi *ni
Zhaji pi  phi ti o thi ki khi
(Liu & Chen 2015) ts) tsh tei  tehi
(BRI %H] | fi o i 9 ci *y
Ra-aMp-REM | mi li ni i *ni

2.1.2.2 Sibilants at 2 pl

aces— Dental vs. Palatal — Non-Contrast

ive — *si-¢i : 1 dialect

Dialects Labial Dental (Alveolar) (PI\?cI)act)%lset) Retroflex | Velar (Glottal)
Shibei pi  pti bi ti thi di ki kb gi *?i
(A. Hiroyuki 2004) *tsi *tshi *dzi | tel tehi dzi

Al ] *si ¢i xi fi

[ 5 - b mi ni i i ni
2.1.2.3 Sibilants at 2 places— Dental vs. Palatal — Non-Contrastive — (S)-) si-*i : 1 dialect

Dialects Labial Dental (Alveolar) Fl\?éaéﬁlset) Retroflex }/Cglgtrtal)

Jixi pi-p1 *phi-ph | ti thi ki khi

(R. Zhao 1989) ts)-tsi  tsM-tshi | *tei  *tehi

ER[ZH fi i s);si 2)-*zi *ci Xi

mi-my) ni-n o i *ni
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2.2 Sibilants at 2 places— Dental vs. Retroflex
2.2.1 Sibilants at 2 places— Dental vs. Retroflex — Contrastive —$)-Si-gi: 1 dialect

Dialects Labial (DAeIcg:)II ar) Palatal(No onset) | Retroflex YGe Igtrtal)
Wuhua pi phi ti o thi Ki ki
(Y. Wei 1997) ts)-tsi  tsh)-tshi tsi tshi

HEE[REH] fi vi s)-si si hi
B mi ni i i *ni

2.2.2 Sibilants at 2 places— Dental vs. Retroflex — Non-contrastive —$)-Si-fy; 1 dialect

Dialects Labial (DAel?/teEglar) Eﬁ;g,g’ll (NO | Retroflex }/Cglgtrtal)
Jinggangshan pi phi ti o thi ki kM
(S. Lu 1995) tsi-ts)  tshi-ts™ th, t™
HRWOTAE] | fi vi si-s) n Xi
ERE mi ni i i | ni

2.3 Sibilants at 2 places— Palatal vs. Retroflex
Sibilants at 2 places— Palatal vs. Retroflex — Non-contrastive — ¢i-g; 1 dialect

Dialects Labial ?Aﬁr\}g%llar) (P,\?cl)aéﬁlset) Retroflex E/(glgtrtal)
Haizhou pi *phi ti thi *ki o *khi
(X. Su 1990) tei  tehi ts), tsh,
BINDTER] i ¢i S\ *7), *Xi

mi li i
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3 Sibilants at 3 or more Places

3.1 Sibilants at 3 places— Dental vs. Palatal vs. Retroflex
3.1.1 Sibilants at 3 places— 3-place Contrasts — (s)-)si-¢i-gi: 2 dialect

Dialects Labial Dental (Alveolar) | Palatal (No onset) | Retroflex Velar (Glottal)
Datan pi ph |ti th *ki o *khi
(Y. Chen 2015) ts)-*tsi tsh-tshi | tei  tehi tsi  tshi
KA [ZE] fi s)-si i *si i
BEE-ARES | mi i i i *gi
Qimen pi pho [t thi *ki  *kh
(T. Shen 1989) ts)-*tsi tsh-tshi | tei  tehi tsi  tshi
illER= fi s)-si i si xi
mi (ni) i 14 I *ni

3.1.2 Sibilants at 3 places— 2-place contrasts — Contrastive dental vs. palatal
3.1.2.1 Sibilants at 3 places—2-place Contrasts -1- ($)-)si-¢i-g\; 12 dialects

Dialects Labial Dental (Alveolar) | Palatal (Noonset) | Retroflex | Velar (Glottal)
Binxian pi  phi ti o *thi * *thi | *ki *kb
(Qiao & Chao 2002) ts)-tsi tsM-tshi | tei  tehi ts1 ts™
iz e *fi sysi z-*zi el Uo7y | X
Bt R | mi [ ni i *ni
Fufeng pi  phio| *ti *thi *Kki o *Kkhi
(X. Wu 1997) ts)-tsi  tst-tshi | tei  tehi ts1  tsh,
R[] *fi s)-si ¢i SU 7z | *Xi

mi li ol *ni
Ganyu pi  phio o[ ti thi ci chi *Ki - *Kkhj
(B. Liu 1990) ts)-tsi  tsh-tshi | tfi  tfhi ts1 tsm
SEEOTE] | *fi *oi | sysi fi @ s1 X
EFHESES | mi ni i i i
Kaifeng pi  pM [t th *ki o Fkhi
(D. Liu 1997) ts)-tsi  tsh-tshi | tei  tehi ts1, ts™,
FECEIR)DTE] | fi $)-Si ¢ SU ozl | *xi
R mi ni i i
Luoyang pi  phi ti thi *ki *Kkhj
(W. He 1984) ts)-tsi  tsh-tshi | tei  tehi ts1, ts™,
S CEMETE [ fi ovio | s)si ¢i sU 7L | *xi

mi ni i i
Miluo pi phio | ti thi i *ti | ki kb
(S. Chen 2006) ts)-tsi  tsh-tshi | tei  tehi ts1, ts™,
THEERLLANMR] | *fi s)-si ¢i s1. *Xi
il3fi- B 2 mi I i i
Nanjing pi pt |t th ki kM
(D. Liu 1994) *fi ts)-tsi  tsh-tshi | tei  tehi ts, tsh | *xi
R 5 (G R) DT s)-si ¢i SL 7L
R mi li i
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Dialects Labial Dental (Alveolar) Palatal (No onset) | Retroflex Velar (Glottal)
Ningling pi  phi ti thi *Ki - *khi
(Y. Duan 2013) | fi ts)-tsi  tsh-tshi tei  teh ts, tsh, *Xi
?@[ﬂﬁeﬁ] S)-Si ¢l S
Har PR | mi *ni i nio *ni
Pingxiang pi phi ti thi *Ki *khi
(G. Wei 1995) | fi ts)-tsi - tsh-tshi tei  tehi ts1 tsh, *hi
SEARL TR S-S ¢l Sl
mi li ol *ni *ni
Xiangcheng pi phi ti o thi *kio *kM
(S. Liu 1993) tS)-tsi  tsh-tshi tei  tehi ts1 ts™
SR fi s)-si ¢i LA | X
i P E-EE R | mi ni i i
Xiangtan pi phi bi |[ti  thi di *Ki *khi *gi
(Y. Zeng 1993) tS)-tsi tst-tshi dz-dzi | tei tehi dzi |t tsM, dz|
HECERIHE] | *oi s)-si ¢i S *hi *Ai
- A | mi ni i i *pj
YUdu pi phi ti o thi *ki o *khi
(L. Xie 1997) ts)-tsi - tsh-tshi tei  tehi ts, tsh
%%B(%/ﬁ)[/l@] fi wvi S]-Si ¢l s, *hi
FoE-THA | mi ni i i i *ni
3.1.2.2 Sibilants at 3 places—2-place Contrasts -2- (s)-)si-¢i-*si: 3 dialects
Dialects Labial Dental (Alveolar) (P,\Tcl)aéﬁls et Retroflex Velar (Glottal)
Changshu (Meili) | pi ph bi |ti  thi di *Kki *khi *gi
(D. Yuan 2010) ts)-tsi tsh-tshi dz)-dzi | tei tehi dzi | *tsi *tshi *dzi
WAGED [T | fi vi s)si - z)-zi ¢i *si *z *hi *fi
P RHRERED | mi *ni_li LA (N o)
(Fj?l:fﬁe?]gcun) pi phio |t i i K
(L. Xie 2011) ts)-tsi  tsh-tshi tei tehi *tsi *tghi
FREMILIE | *fi S)-si ¢i *si *Xi
BEERE S | mi ni i i *gi
YUgan pi  phi ti thi *Ki - *khi
(C. Chen 1990) ts)-tsi  tsh-tshi tei tehi *t <M
ERER[IL Y] *i s)-si ¢i i *hi
mi li ol *ni *ni
3.1.3 Sibilants at 3 places— 2-place contrasts — Contrastive Palatal vs. Retroflex : 1 dialect
Dialects Labial Dental (Alveolar) Palatal Retroflex(?) Velar
(No onset) (Glottal)
Xuancheng pi phi pfhi | ti th tAi th *Ki - *khj
(Shen &Huang2015) | p1  P™M ts) tsh  *tshy | teitehitehi | tfi tMi *tfhi
HEIMER[ZH] [ *fi *vi v |1 7 ¢i i 3i *xi *hAi
SE-EMAELAR | mi m ni i i *5i
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3.1.4 Sibilants at 3 places— Non-contrastive
3.1.4.1 Sibilants at 3 places— Non-contrastive-1- s3-¢i-g\ -A: 20 dialects

Dental

Palatal

Dialects Labial (Alveolar) (No onset) Retroflex Velar (Glottal)
Anging pi  phi ti thi *Kki *Kkhi
(H. Bao 2012) ts)  tsh tei  tehi ts1 tsh,
7R *fj 9 ¢i UL *xi
BRI | mi ni i *pi
Chenxi pi pt bi ti thi di Ki *khi *gi
(B. Xie 2010) ts) tsh dzy | tei tehi dzi | ts) ts™, dz),
J I [ R] fi wvi S1 71 ¢ A *Xi
iR A mi ni *li i *ni
Harbin pi phi i thi *Kki - *khi
(S.Yin 1995) ts)  tsM tel  tehi ts1, tst,
EHZET] | *fi ) ¢i sz | A

mi ni i i
Huangyuan pi-p1 pri-pt | *ti o thi *ki - *khi
(L. Lu 2011) ts) ts™M tei  tehi ts1 tsh,
EIR[E ] *fj 1 *71 ¢i S *hi
Hab-TE-RA | m ni *li 1 i
Jimsar pi  phi ti thi *Kki - *khj
(L. Zhou 1991) ts)  tsh tei  tehi ts1, tst,
SARTERDITE] | *fi *vi s) ¢i s\ 70 *Xi
Han-wsR-bEh | mi *ni i moi *ni
Ji'nan pi  phi ti thi *Kki *Kkhj
(Z. Qian 1995) ts)  tsh tei  tehi ts1, ts™,
R[] *fi  *vi s ¢i A *xi

mi *ni i ni i *pi
Linyi pi  phi ti thi *Ki *khi
(Y. Cao (2005) ts)  tsh tei  tehi ts1, ts™,
ST i *vi S) ¢i L 2L *xi
Hab-HE-BER | mi *ni i moi *ni
Luxi pi phi bi ti i di *Kki - *khi *gi
(J. Qu 2005) ts) tsM dzy | tei tehi dzi | ts tsm, dz,
EACHT)HE] | fi vi 1 2 ¢i  *zi S *xi
W - U mi ni i *pi
Mingin pi  phi ti thi *Kki *khj
(K. Wu 2009) ts)  tsh tei  tehi ts1, ts™,
FEh (] *fi  vi 1 7 ¢i 7 s\ 7 *)i o *yi

mi ni *li *i
Pingli (Luohe) pi  phi ti thi *Ki - *Kkhj
(Z. Zhou 2005) ts)  tsh tei  tehi ts1, ts™,
PARE ] | *fi $) ¢i SUoZL | K

mi li i *ni *ni
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Dental

Palatal

Dialects Labial (Alveolar) (No onset) Retroflex Velar (Glottal)
Susong pi  phi ti thi *Kki *Kkhi
(Y. Sun 2002) ts)  tsh tei  tehi th, th
EAERA *fi s1 ¢i N3 *hi
s | mi ni i i i
Turpan pi  phi ti o thi *ki  *khi
(L. Zhou 1998) ts)  tsh | tei  tehi ts1, ts™
Di%é [%Ff 5%] *fi  *vi S ¢l S *xi

mi *ni i ol
Urumchi pi  phi ti thi *Kki - *khi
(L. Zhou 1994) ts)  tsh tei  tehi ts1, ts™,
SEATEE] | *fi *vi 8) ¢i SL7L X
Hab-M-dbE sy | mi *ni i nioi *ni
Wubaodong pi  phi i *thi *ki - *khi
(X. Xing 2011) ts)  ts™M tei  tehi ts, tsh
SERERLPTFY | *fi s *7 ¢i *s\ *z, | *xi
ELm=E il mi ni *li i *ni
Xinzhou pi  phi ti o thi *ki  *khi
(Wen & Zhang 1994) ts) tsM tei  tehi ts1, ts™,
M [l 7E] *fi  *vi s1 (z1) |l ST *7) *Xi

mi ni i i *i
Xingxian pi  phi ti thi *Ki *khi
(Shi & Zhang 2014) ts) tsh tei  tehi ts1, ts™,
BRI 7] s 21 | ST M
BB | mi ni i i *ni
Xuzhou pi  phi ti thi *Ki - *Kkhi
(Su & La1994) ts) tsh tei  tehi ts1, ts™,
ERAIME S| fi vi S| ¢l SU 7L *Xi

mi ni i i
Yanqi pi  phi ti o thi *ki  *khi
(L. Liu 1988) ts) ts™M tei  tehi ts1, tsh
EE[HE] *fi  *yj ) ¢i S\ 7 *xi

mi *ni i ol *pi
Yibin (Wangchang) | pi  phi ti thi *Ki - *Kkhi
(F. Zuo 1995) ts)  tsh | tei  tehi ts1, ts™,
HEFHUIN] | *fi *vi ] Gi SL ZL *Xi

mi li i *ni
Yinchuan pi  phi ti thi *ki  *khi
(Li & Zhang 1995) ts)  tsM tei  tehi ts)  ts™,
WN[EH] *fi *vi S| ¢i SLZL | *Xi

mi ni i i

197




3.1.4.2 Sibilants at 3 places— Non-contrastive-1- sy-¢i-s1 -B: (with-labial affricates): 8 dialects

Dialects Labial Dental Palatal Retroflex | Velar (Glottal)
(Alveolar) (No onset)

Jiangxian pi  phi ti o thi Ki  *kbi
(L. Wang 2014) | pfi pfhi ts) st tgi tehi | ts tsh,
23 (1] fi  *vi s) ¢i S *Xi o *yi
BT IR-GHTR | mi *ni i ni i *ni
Lanzhou pi phi ti o thi ki *kM
(B. Gao 1980) | *pfi *pfhi ts)  tsh tei tehi | ts) ts™
BN AR i *vi 51 (21) ¢i SL 2L X

mi *ni ol
Linyi (Shanxi) pi  phi ti o thi *Ki - *khij
(L. Wang 2003) | *pfi *pfhi ts)  tsM tei  tehi | ts) ts™
E S [LLIPE] *fi *vi 1 7 ¢i S\ 70 *Xi
B BN | mi li i *pj
Loufan pi phi ti *thi *Ki o *Kkhi
(Y. Zhai 1989) | *pfi *pfhi ts) tsh tei tehi | ts) ts™
FECETOMLA] | *fi *vi S| ¢i SL *zL | X

mi *ni i ni *ni
Wanrong *pi *phi ti thi *Ki - *Kkhi
(J. Wu 1996) *pfi *pfhi ts) tsh tei tehi | ts) tsm
Al *i *vi 1 7 ¢i S *Xi

*mi *ni i nio *ni
Wudu pi  phi ti o thi *Ki - *khi
(J. Shi 1992) *tsfi  *tsfhi | tS)  tsh tei tehi | ts) ts

*i  *vi * : .
FAHRA wsfi *2fi |51 2 ol SUZL |

mi li 1 W I *ni
Xi’an pi phi ti o thi *Ki *khi
(J. Wang 1995) | *pfi *pfhi ts) tsM tei  tehi ts1 ts™
G2 [Pk ] fi i s ¢ ST *7) *xi
Harr PRy | mi ni i *ni *pji
Zhangye pi phi *tio *thi £ gh *Ki - *kbhi *Ri
(D. Huang 2009) | *pfi *pfhi ts) tsM tei  teh ts1, ts™
g [ H ] *fi  *yj ) ¢i z ST *7) *Xi
B - mi *ni i ni *pi
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3.1.4.3 Sibilants at 3 places— Non-contrastive-1- s)-¢i-*si: 2 dialects

Dialects Labial Dental (Alveolar) | Palatal (No onset) Retroflex Velar (Glottal)
Dangtu (Huyang) | pi pti bi |[ti thi i *Ki *khi *gi
(Zheng et al. 2012) ts) tsm dz) tei tehi *dzi | *tfi *thi
ER O (260 | *fi A ¢i zi *(j 3 *xi *yi  *Ai
St EM b Ok®) | mi *ni *li nioi *Ji i
Taizhou pi p"i phAi | ti thi o thi *Ki *khi *Khi
(X. Lin 2012) ts) tsh tshy tei tehi  teAi | *tfi *tMi*thi
& M L] fi  fhi 51 shy) ¢i chi *i  *[hi *hi  fi
Rib-a M mi mAi *ni*nAi i 161 | nd nhi i *ni phi
3.1.4.4 Sibilants at 3 places— Non-contrastive-1- s)-*¢i-§\; 2 dialects
Dialects Labial Dental (Alveolar) (Pﬁ(l)aé?]lset) Retroflex Yélgtrtal)
Ledu o T L] *ti *thi *ki *khi
(Cao & Shao 2001) ts)  tsM *tel  *tehi ts1, tsh,
G i i |s1 7 *el SLZL *hi

m ni h
Lujiang o T L] ti o thi ki *khi
(Y. Zhou 2001) ts)  tsh *tel  *tehi ts1, ts™,
B L[Z#] *fi *yj 1 71 *Gi S *xi
B RE-TLIfE m ni-m *li i *ni
3.2 Sibilants at 4 places— Dental vs. Palatal vs. Retroflex: 1 dialect
Dialects Labial/Dental | Dental (Alveolar) (Pl\?éaéﬁlset) Retroflex Yélg{tal)
Jikian pi phi ti thi *ki *khi
(M. Shi 1987) 0t ts)-tsi  tst-tshi | tei  tehi ts1  ts™,
ERAUER] 6 *fi s)-si ¢i S\ *Xi
Han-dbs mi ni i i i
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Appendix I11. Chinese characters/syllables examined for the historical development
Notes:
1. The Chinese characters/syllables in the lists are those
(2) whose pronounciations are [sy ei g1, [tsy tei tgy], or [ts"y te"i tg"y] in Mandarin, and
(b) which appeared in the list in Li and Zhou (1999).
2. Below, separate lists are given to Mandarin syllables whose onsets are fricative (11-1),
aspirated affricates (I1-2), and unaspirated affricates (11-3).
(a) Within each part, the Mandarin syllables in the first column are generally ordered by the
Pinyin transcription and tonal marks, e.g., shi (jitt), sh i), shi (5%), sh{ii7).
(b) Whenever possible, the syllables sharing the same rime in Middle Chinese (MC) are
listed together, e.g., si(FA) si(3E) s{Y)
3. The phonetic forms in the lists below are obtained from the reconstructions in Li and Zhou
(1999), who followed the reconstructions in Wang (1980, 1985) and Ning (1985).
4. Within each list, the following abbreviations are used
MC= Middle Chinese;
EM= Early Mandarin;
Mdr= Mandarin
5. In Li and Zhou (1999), the following symbols are used:
1 =a short high front vowel,

1 = a cover symbol for apical vowels in Early Mandarin (around 18th century);
1 = the dental apical vowel [1] in Mandarin;
1= the retroflex apical vowel [1] in Mandarin.

These symbols are kept as they are in Li and Zhang (1999).
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List I1-1. Fricative-initial syllables

Pinyin &Character MC EM Mdr
si(‘8a]) Sio si s)
ST ) sie si )
si(#4) si(%E) s{Y) si si )
SUIME = i ) Zio Si 9
sit) zi si )
sUH) tf"io ts"i s
XI({E0E &) xi(2) hia hi ¢
Xi(E 1) siek si ¢i
xi(#%) hie hi Gi
X(i Hi) hioi hi ci
(i) hiei  hi ci
Xi(1) higp  hi ¢i
Xi(%) Kiei KN i
Xi(R7) X{R) yiei hi ¢i
XI(7G ) x {4) siei si Gi
X1 (E48) siok Si ci
XI(EHHT) siek Si ci
x ) zick si Gi
X (H5E) ziep si ci
XI(1) sie si Gi
Xi (%) siei si Gi
Xi(E) sie si Gi
Xi(JE) fie si Gi
XBX) hie hi Gi
Shi(i&/%) ¢igp si s,
shi(J™ ) shi (%) Gi si S1
shi(jitz) shi(ith) ¢ie si S1
shi(#%) shi(4f) shiGl#) | ¢io si 1
shi(%k) sh1%) ciet si s\
sh () dzist si s\
sh i) ¢iok si s\
shi(f) ziek Si S1
shi{H41) Ziep si s\
sh{&fh) dziok i s\
@ NEE | s n
sh') zi si s1
shi2 i) zie si s1
shim) dzi si s1
shfififif) {i Si S1
shBE 1) io Si S1
shLALAh) dzio Si S1
shitH) ¢liel si S
shF) ¢iek si s,
sh i) ¢iek si s,
shiiE) Ziei si s,
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List 11-2. Aspirated-affricate-initial syllables

Pinyin &Character MC EM Mdr

ci(%) tfMie tsMi ts™
ci(it) dzie ts" s
c Gwil) Zio si ts™
c{&B) dzis tsMi ts™
cTKE) dzi ts"i ts™
¢ (M) ci(it) tshie ts"i ts™
ciX) tshi tshy ts™
i) sie si ts™
ar(Ek) tshiek tshi teni
ai(-E#) tshist tshi tehi
i(#) siei tshi tehi
qi(ik) qi(Eic) k"o K" te"i
qi(EEE) qTi) ts"iei ts"i tehi
qTEAD) gi khi tehi
q LK) gia khi tehi
q(arf) gie K" te"i
q (AR ECHK) gie K" tehi
Y G)) gioi khi tehi
q 7% %) dziei tshi tehi
qi(4%) K'ie Kot
qi(H0) Kniei khi te"i
ai(Z) KMot Ko tehi
gi(2) qUAK) KMo Kni tehi
qUER) K" khi tehi
q#®) Kiiei Ko tehi
q#) Kniei khi te"i
q L) k"igp Kni tei
qiic) Kiot K" tehi
chi(%) te"i tsni ts™,
chi(#1z) teo ts"i ts™,
chi(#li) £ ts"i ts™,
chi(iE L) thie ts"i ts™,
Chi(BE ) ch ) chi(it) | £Mo s s,
ch (Bt ith) die tshi ts™,
ch () di st
chi&t) chi(T) zie si ts™,
chi(f®) tehre ts"i ts™,
chi(#) teMo tsh tsh
chi(R) ch7ff¥) teMek tsni ts™,
chiit) teMist ts"i ts™,
ch &) Mok ts"i ts™,
chi#) cie tsMi ts™,
ch k) te"o tsi ts™,




List 11-3. Unaspirated-affricate-initial syllables

Pinyin &Character MC EM  Mdr Pinyin &Character MC EM Mdr
(255 %) 71(F) tsio tsi ts) zhi(%) teiek tsi ts,
(8% (%) tsie tsi ts) zhi(it) teidp tsi ts),
A(E B L) zi(lh) Z (&) | tsi tsi ts) zhi(A%) teiok tsi ts1,
Z{H) dzi tsi ts) zhi(Z %) teio tsi sy
Z0iH) dzie tsi t§) Zhi(GTRLX) teie tsi  to,
Z i) tfio tsi t§) zhi(fi) ti tsi  to,
JCHILIATLY ki ki tei zhi(lg) zhi( 5 18) tei it
JI(EFE) kiei ki tei Zhi(%) zh &) tie tg.! ts),
JCHE) kioi ki tei Zh(H) diok tsi ts
) kiek ki tei zhi(%h) tio tsi ts)
i) K"ie Ko tei zhi(#ik) "o tsi ts)
Ji(HEE) JiCH) tsiek  tsi e zhi(4R) tete it
(RS iRk U | tsie tsi tei zhi(1k) teio i tsy
JI(HE R ) jTAC ) kio ki ftei %) telei  tsi tyy
JCER ) 1) kie kit hiH) elet it
ita) kigp Ki - tei higl) 2 i tn
i) kit ki tei Zh i ) di- ity
R kiok ki tei zh (%) (ﬁa! t§! ts\,
JURK) gigp ki tei Zh i) diei it
j i) giok ki tei Zh %) dist tsi ts
j CEIH) dziép  tsi te Zh i) teio  tsi ts
JORE) dzist  tsi e Zh ) dick tsi ts)
iUl ki ki tei
JiOEA) ) kioi ki tei
JELEH) ki ki tei
JGh kiei ki tei
0] kiei ki tei
LS gio ki tei
i) gie ki tei
&) giei ki tei
JUERE) gwi kui  tei
JUESR) tsiei tsi tei
JTR) tsiok tsi tei
JA) dziei tsi tei
JUE) dziek  tsi  ftei
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Appendix V. Acoustic properties (mean values) of the naturally produced CV syllables

Notes: For vowel, the FO, F1, F2, F3 are measured at the mid-points.

Onset Vowel Transition
Syllable - - :
Duration (ms) | Duration(ms) FO(Hz) F1(Hz) F2(Hz) F3(Hz) | Duration(ms)
Si 176 355 295 311 2494 2894 87
ci 169 331 282 322 2586 2919 60
si 195 321 283 315 2468 2938 125
sa 147 266 171 907 1358 2628 | 46
ca 169 283 166 916 1390 2522 86
sa 206 302 162 958 1369 2659 55
S1 157 328 304 420 1295 3189
L 176 278 287 344 1775 2551
tsi 81 342 284 332 2564 2868 70
tei 63 315 285 317 2558 2940 53
tsi 77 317 283 313 2471 2936 122
tsa 45 302 169 927 1315 2726 | 49
tea 72 315 160 929 1404 2483 106
tsa 56 312 163 951 1373 2638 | 48
tsy 79 366 289 354 1343 3145
tsy 74 320 275 342 1888 2766
tshi 165 325 288 320 2573 2980 70
tehi 141 309 283 319 2544 2938 63
tshi 156 306 279 322 2566 2943 101
tsha 152 268 168 942 1300 2670 | 48
teha 151 278 165 929 1395 2511 86
tsha 144 286 167 927 1337 2661 52
tshy 154 307 298 394 1276 3214
tshy 145 275 281 454 1915 2784
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Appendix V. Waveforms and Spectrograms of the Stimulus Syllables

V-1 Stimulus syllables with fricative onsets
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V-2 Stimulus syllables with unaspirated affricate onsets
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V-3 Stimulus syllables with aspirated affricate onsets
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