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With an aim to investigate the nature of Mandarin neutral tone through the lens of language variation and change,

this study examines the pitch patterns of speech sequences containing neutral tone syllables, i.e. those that do not

have any of the four canonical lexical tones and are often overlooked in prior studies of tones, in two Mandarin

varieties: Standard Mandarin and Plastic Mandarin spoken in Changsha, China. Using Generalised Additive

Mixed Models, the study shows (a) that f0 contours of a sequence of neutral tone syllables following various lexical

tones converge in the end at a low pitch in both Mandarin varieties, and (b) that the low pitch target of neutral tone

syllables tends to be the same across the two Mandarin varieties. The cross-dialectal comparison favours the

phonological account that neutral tone is underlyingly underspecified and attracts the boundary tone. It suggests

that the constant pitch target across two Mandarin varieties with distinct lexical tone contours may be attributed to

the stable transfer of prosodic structure in the Standard-Plastic variation.

� 2024 The Author. Published by Elsevier Ltd.
1. Introduction

Prominence in speech is often accompanied by greater
articulatory care, whereas weak elements tend to exhibit a
broader spectrum of variability. It is frequently observed that
an English reduced vowel, schwa /ə/ for example, shows a
continuum of vowel qualities that are contextually conditioned
(Flemming & Johnson, 2007). Similarly in the suprasegmental
domain, it is well established that the acoustic properties of the
Standard Mandarin neutral tone, which never occurs in
stressed positions, display considerable variability and are lar-
gely influenced by its neighbouring contexts (e.g. Chao, 1968;
Shen, 1992; Yip, 1980). The high susceptibility of unstressed
vowels and neutral tones to coarticulation raises the parallel
debate on whether they are phonologically underspecified or
targetless (e.g. see Browman & Goldstein, 1992, Flemming,
2009 for views on schwa; Shen, 1992 on neutral tone).

The theoretical discussion on the presence of a target, in
addition to explaining the variable surface realisation, is perti-
nent to understanding how a tone or a vowel may undergo
change or remain unchanged. While historical research on
tones has predominantly concentrated on the changes of lex-
ical tones, a synchronic comparative analysis of neutral tones
offers insights into their potential mechanisms of evolution.
Neutral tone is not confined to Standard Mandarin. A few stud-
ies have reported on neutral tones in other Mandarin varieties
such as Ürümqi Mandarin (Wei, 2011), Taiwan Mandarin
(Huang, 2018), and Tianjin Mandarin (Li & Chen, 2019). Neu-
tral tone in other Mandarin varieties can potentially be a test
ground of theoretical proposals built upon observations of neu-
tral tones in Standard Mandarin (refer to section 1.4).

This study aims to shed light on the nature of Mandarin neu-
tral tone through the lens of language variation and change, by
eliciting and examining comparable neutral tone data from
Standard Mandarin and Plastic Mandarin, a newly emerged
urban Mandarin variety in Changsha. Such cross-dialectal
comparison between two closely related Mandarin varieties
under the context of new dialect formation highlights the pat-
terns of continuity and variation in tones, which in turn con-
tributes to the discussion on the representation of neutral tone.
1.1. Tone change in Mandarin variation

Since at least the second millennium BC, the language
ancestral to contemporary Chinese varieties on the North
China Plain along the banks of the Yellow River has been
spreading and evolving. The history of Chinese languages
can be characterised by a constant interplay between the
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natural diversification accompanying the spread and the insti-
tutional drive for uniformity. Largely owing to the expansive
plain territory in the north as well as the historical unity and
influence, the northern varieties in China are overall quite
homogenous, compared to the remarkable diversity among
southern varieties. The northern group, that is, the Mandarin
group, has been the language of the capital for most of the last
millennium (Norman, 1988), and is the largest group in terms of
both population and geographical span, exerting a strong influ-
ence on other Chinese varieties.

The homogeneity of Mandarin varieties lies in their segmen-
tal phonology, along with grammar and lexicon. A defining
characteristic of most Mandarin varieties compared to other
Chinese groups, for example, is the absence of voiced obstru-
ents in their phoneme inventories. Most regional varieties such
as Tianjin, Xian, Jinan, Chengdu, and Nanning Mandarin also
have the same tone categories as Beijing, or Standard Man-
darin. The phonetic realisation of the four lexical tones, espe-
cially their most salient pitch patterns, however, is highly
variable among these varieties (e.g. Hou et al., 2023; Li
et al., 2017; Wu, 2015). In other words, the tone patterns are
not stable and can be a significant cue of regional Mandarin
variation.

The role neutral tone plays in Mandarin variation and
change is rather obscure given that it is understudied both syn-
chronically and diachronically. The presence of unstressed syl-
lables tends to be universal in Mandarin varieties (Norman,
1988), though differences across dialects are observed includ-
ing the lower frequency of their use in Taiwan Mandarin
(Huang, 2018). Neutral tone is particularly prominent in Beijing
Mandarin (Qian, 1985), and the degree and frequency of neu-
tral tone realisation in Beijing can be a linguistic resource in
indexing Beijing localness or cosmopolitan personae (Q.
Zhang, 2005). While a synchronic comparison of neutral tones
among long-existing Mandarin varieties reveals characteristics
of neutral tones, the analysis of tonal specifications in neutral
tone syllables may be complicated by varied strata of sound
change over long stretches of time. The investigation of neutral
tone in the process of new Mandarin dialect formation offers a
novel and relatively straightforward perspective on neutral tone
in Mandarin change over the past two decades. This study
probes into a case of a newly emerged Mandarin variety that
features distinctive tonal patterns, known as Plastic Mandarin,
in southern China where a non-Mandarin local variety
predominates.
1.2. Plastic Mandarin

In the city of Changsha, China, Standard Mandarin has
gained momentum in the repertoire of a large part of the pop-
ulation which hitherto had spoken the regional vernacular,
Changsha, one of the Xiang varieties largely mutually unintel-
ligible with Standard Mandarin (see N. Wu, 2023 for Changsha
phoneme inventory and tones). The addition of the standard
variety, both the written and spoken form, in Changsha has
been accelerated by education and mass media, as well as
greater human mobility. The increasingly intensified contact
between Standard Mandarin and Changsha was accompanied
by the emergence of Plastic Mandarin. Plastic Mandarin has
been quickly spreading among younger generations and
rapidly reshaping local speech patterns.

The term Plastic Mandarin, a literal translation of sùliào
pǔt�onghuà (塑料普通话) in Mandarin Chinese, or sù pǔ (塑
普) in its short form, describes a Mandarin variety spoken
mainly in Changsha, Hunan Province. This term has multiple
connotations: first, the pronunciation of sù in Changsha,
[sʷo], is a homophone of another morpheme meaning ‘bad’,
thus sù pǔ indicates ‘bad Mandarin’; second, sùliào ‘plastic’
connotes the negative sense of being artificial and fake, in
opposition to authenticity. The term hence implies ‘a sham or
parody of the high prestige Standard Mandarin’, which reflects
Changsha speakers’ self-mocking tone of their Mandarin
pronunciation.

Although it still remains unknown when this term first
appeared in Changsha and who coined it, the earliest mention
of this term in academic work to my knowledge occurs in Wu
(2005), p. 22, referring to “a variety that combines the features
of the local Changsha dialect with features of Standard Man-
darin”. It was originally used as an umbrella term covering var-
ious kinds of Mandarin-vernacular-hybrid varieties including L2
Mandarin accents when adult monolingual Xiang speakers
started to learn Mandarin, but in recent decades the referent
of Plastic Mandarin has become crystallised and increasingly
identified as a particular non-standard Mandarin with distinct
and consistent tonal patterns mostly spoken by young people.
Despite the absence of authoritative definition or standard,
most respondents in Xu et al. (2012)’s study could identify this
particular Plastic Mandarin and differentiate it from the general
Changsha-accented L2 Mandarin. Furthermore, Jing and Niu
(2010) observe that most speakers of such Mandarin were
below 30 years old, and those with high academic qualifica-
tions were capable of and inclined to code-switching between
Standard Mandarin, Plastic Mandarin, and Changsha. In this
article, Plastic Mandarin refers to the emerged and crystallised
Mandarin of the young generations in Changsha.

Plastic Mandarin as a new Mandarin dialect features a core
of distinctive pitch patterns. The phoneme inventory of Plastic
Mandarin is hardly different from that of Standard Mandarin
(Jing and Niu, 2010), though there may be individual varia-
tions, especially in the nasal codas. Plastic Mandarin has the
same four citation tone categories as Standard Mandarin, but
the shapes of tone contours in Plastic Mandarin exhibit sys-
tematic variations when compared to their counterparts in
Standard Mandarin, as illustrated in Fig. 1, where prototypical
time-normalised f0 contours in semitones referenced on
speaker mean f0 are shown (Xu, 2022). Plastic Mandarin
may have arisen when Mandarin tones adapted the pitch pat-
tern of some corresponding Changsha tones (see Xu, 2022 for
Plastic Mandarin citation tones). While Plastic Mandarin man-
ifested an incursion of northern elements, the Mandarin pho-
nemes, into the area, it concurrently signalled an infiltration
of southern features, some Changsha prosodic patterns, into
Mandarin.
1.3. Standard Mandarin neutral tone

Standard Mandarin is best known as a lexical tone lan-
guage, although about one-third of all syllables in natural
speech (Duanmu, 2000) may in fact not carry any of the four



Fig. 1. Prototypical citation tone contours of Standard Mandarin (left) and Plastic Mandarin (right).
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canonical lexical tones (Lee & Zee, 2003). These are tradition-
ally referred to as qīng sh�eng (literally, ‘light or soft tone’) or
neutral tone syllables (Chao, 1968). While the name ‘light tone’
describes the articulation – these syllables are said to be pro-
nounced softly with less intensity (Hu & Xu, 1995), the term
‘neutral tone’ reflects Chao’s view of the neutralisation of con-
trasts among lexical tones in unstressed positions.

Acoustically neutral tone syllables are often manifested in
reduced duration, loudness, and vowel contrasts (Duanmu,
2000). Two examples below demonstrate the centralised
vowel of a syllable when it becomes a neutral tone syllable
in the unstressed position in a disyllabic word: in (1a), the back
mid unrounded /ɤ/ is realised as a mid-central vowel [ə]; in
(1b), an example from Duanmu (2000), the velar nasal is
dropped, nasality is coarticulated with the vowel, and a back
low unrounded /a/ is realised as a mid-central vowel [ə]. More-
over, the vowel can even be deleted, as in (1c). Sometimes
voiceless onsets, especially voiceless unaspirated affricates,
in neutral tone syllables may be voiced (Cao, 1986). The four
lexical tones in Standard Mandarin are, therefore, sometimes
regarded as full tones (e.g. in Chen & Xu, 2006; Tang et al.,
2017), with neutral tone being the reduced tone. The degree
of reduction tends to depend on speaking rate, formality, focus,
emphasis, and so on. In line with the Pinyin transcription of
Standard Mandarin in many Chinese dictionaries (e.g.
Institute of Linguistics CASS, 2016), diacritics denoting tones
are absent for neutral tone syllables (in bold) here.
(1)
Table
Phon

Pr

T1
T2
T3
T4
a.
1
etic

eced

H
LH
L
HL
gè
descript

ing ton

e
˚

jj
�

/kɤ�/
ions of neu

e

CL
tral tone in pr

N

C

ha
m
ha
lo
zhège
evious stu

eutral tone

hao, 1968

lf-low
id
lf-high
w

[ʈʂei� kə]
dies.
这个
Shih, 1

starts h
starts h
starts f
starts f
‘this one’
b.
 f�ang
 /faŋe/
 ‘direction’
 dìfang
 [ti� f~ə]
 地方
 ‘place’
c.
 fǔ
 /fu �=j/
 ‘rotten’
 dòufu
 [toʊf�]
 豆腐
 ‘bean curd’
987

igh, then falls
igh, then falls, but
airly low, then rise
airly low, and falls
Neutral tone syllables mostly occur enclitically whereby their

pitch patterns tend to depend heavily on the preceding lexical
tone (Chao, 1968; Shih, 1987; Yip, 2002). The phonetic
description of neutral tone in Standard Mandarin, however, is
not consistent across different studies. Table 1 presents the
findings of four influential studies amongst many others (e.g.
Dreher & Lee, 1968; Lin & Yan, 1980): two impressionistic
descriptions of the pitch value of neutral tone by Chao (1968)
and M. Y. Chen (2000); and two acoustic analyses by Shih
(1987) and Lee & Zee (2008). While the impressionistic studies
only report one pitch value of neutral tone in different contexts,
the acoustic studies include the pitch movement details.
Although their conclusions disagree over the phonetic details,
one common characteristic is that neutral tone in Standard
Mandarin is falling or overall lower in pitch than the offset of
the preceding tone when preceded by H, LH, HL (T1, T2, T4)
tones, but rising or higher in pitch than the offset of the preced-
ing tone when preceded by the L (T3) tone.

A small number of grammatical morphemes including suf-
fixes and particles are the most common examples of syllables
bearing neutral tone. These include the nominaliser or posses-
sive particle de /tə/, the perfective particle le /lə/, the classifier

particle ge /kə/, the diminutive suffix zi /ts
_
z̩/, and so on. They

predominantly fall on the light end of the light-heavy continuum
between neutral tone and lexical tone syllables, considering
their acoustic parameters including pitch, duration, and inten-
sity (Huang & Li, 2023). Some of them are obligatory instances
of neutral tone, such as de, and they are not affiliated with any
canonical lexical tone category even when uttered in isolation,
though their affiliation may be traced back diachronically (Lin,
Chen, 2000 Lee & Zee, 2008

mid mid falling
not as low as after H mid high falling
s half-high mid-level
even lower low low falling
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2006). Only a limited number of such morphemes exist – Shen
(1992) referenced 47 grammatical morphemes. Other neutral
tone syllables, in contrast, have a canonical lexical tone when
spoken in isolation. While a neutral tone syllable can serve as
an allophonic variant of its corresponding full tone syllable in
some words, it leads to phonemic distinctions in others as
exemplified in minimal pairs (2a) and (2b).
(2)
 a.
 d�ong xī
 /tʊŋe ɕie/
 东西
 ‘east and west’

d�ong xi
 /tʊŋe ɕi/
 东西
 ‘things’
b.
 dà yì
 /ta� i�/
 大意
 ‘general idea’

dà yi
 /ta� i/
 大意
 ‘careless’
Not all neutral tones are necessarily uniform underlyingly. Shen

(1992) proposed a three-way typology (toneless, detonic, and
atonic) for neutral tones in Standard Mandarin and Zhang
(2022) similarly suggested the categories of intrinsic and
derived neutral tones, in which the latter are underlyingly the
same as their lexical tone counterparts. The present study
focuses on the most frequently occurring and representative
neutral tone syllables, such as the possessive marker de and
the plural marker men, thereby providing a baseline for further
neutral tone research in Plastic Mandarin, considering the scar-
city of studies in this area.

1.4. Approaches to Mandarin neutral tone

Various accounts have attempted to explain the observed
variable pitch realisation of neutral tone in Standard Mandarin.
Neutral tone has been treated as the fifth lexical tone, a tone
sandhi phenomenon, or a product of tonal neutralisation result-
ing from the interaction of stress (Liu, 2002). The contextual
dependency of neutral tone revealed by previous impressionis-
tic observations and earlier acoustic studies has led to only a
few attempts on the phonological specification of neutral tone
as an independent tone category. Within the framework of
autosegmental phonology, Yip (1980) proposes that a neutral
tone is specified with a register feature [�upper], and the sur-
face values of a neutral tone are realised through left-to-right
feature spreading from the preceding tone. Shen (1992)
adopts a similar feature spreading view as Yip (1980), linking
a neutral tone to the end component of its preceding tone
(i.e. [H] or [L]), but her model differs in that toneless neutral
tone syllables such as de are not specified with any features.

Besides acquiring a tonal feature from the preceding tone
through progressive assimilation, Lin (2006) posits an underly-
ing L tone for neutral tone, given that neutral tones after Tones
1, 2, and 4 are typically falling. The rising neutral tone after
Tone 3, an L tone, is accounted for by dissimilation appealing
to the Obligatory Contour Principle. Li (2003) also assigns an L
target to neutral tone, but via a different mechanism. The posi-
tional constraint that neutral tone syllables are never in the ini-
tial position of a phrase and always cliticised to the preceding
lexical tone syllable motivates the unit of a prosodic word, con-
sisting of a neutral tone syllable or a sequence of neutral tone
syllables and the preceding full tone syllable regardless of their
morphosyntactic structure. In Li (2003)’s account, the pitch tar-
get of neutral tone syllables is derived by inserting a post-
lexical prosodic word boundary L tone at the right edge of
the last neutral tone.

Apart from phonological analyses, some experimental stud-
ies have also proposed tonal targets for neutral tone. In van
Santen et al.'s (1998) tone sequence approach to speech syn-
thesis, neutral tone has a single mid-level target placed slightly
before the end of a syllable and this target shifts from mid to
low when following a falling tone. Chen and Xu (2006) also
identify a static and mid target for neutral tones and explain
that the greater surface variability of a neutral tone is due to
the much slower or less robust implementation of the target
and a heavy carryover influence of the preceding syllable.

The seminal paper by Chen and Xu (2006) introduced a
classic experimental design paradigm by varying the number
of consecutive neutral tone syllables in a prosodic word so
as to reveal potential articulatory targets and the strength of
coarticulatory effects. A few more recent studies such as Li
and Chen (2019), Sun and Shih (2021), and Li & Li (2022)
adopted similar designs. In addition to the influence of the pre-
ceding lexical tone, some anticipatory effects from the follow-
ing tone have also been reported, such as the assimilatory
effect when the following tone is the high falling Tone 4 and
the dissimilatory effect when the following tone is the low Tone
3 in Standard Mandarin. Sun and Shih (2021) also show that
such anticipatory tonal coarticulation is conditioned on the
strength of prosodic boundary. The present study extends
the scope of such an f0 analysis by investigating neutral tones
in Plastic Mandarin. It also manipulates the number of consec-
utive neutral tones as well as their adjacent tones, with compa-
rable speech data in Standard Mandarin, allowing for a direct
comparison.
1.5. Research questions and hypotheses

From the perspective of language variation, the emergence
of Plastic Mandarin may have involved systematically varying
the pitch targets of the lexical tones in Standard Mandarin,
as demonstrated in Fig. 1: Tone 1 was lowered from a high
level into a mid level tone, Tone 2 changed from a mid rising
to a low rising tone, in Tone 3 the dipping contour was trun-
cated, flattened, and became a low falling tone, and Tone 4
was turned into a high rising tone from a high falling tone.
While the tone change patterns in Tones 1, 2, and 3 are not
uncommon in East and Southeast Asia according to the
crosslinguistic survey in Yang & Xu (2019), the great resem-
blance between Tones 1, 2, and 4, especially Tone 4, in Plastic
Mandarin and their counterparts in Changsha (Xu, 2022) indi-
cates a significant influence from language contact. How is
neutral tone, known for its heterogeneous tone patterns in
Standard Mandarin, manifested in Plastic Mandarin? Assum-
ing that Mandarin neutral tone has an underlying tone target,
does it conform to the tone variations that reshape a tone sys-
tem, as observed in all other lexical tones (Tones 1 to 4)? If not,
what prevents it from patterning with the other tones? In an
environment where Changsha Xiang has been dominating,
how might the prosodic systems of the two potential source
languages, Standard Mandarin and Changsha, interact in the
formation of Plastic Mandarin? The current study offers some
unique perspectives into these questions.

Considering the scarcity of studies in Plastic Mandarin, one
main goal of this study is to explore its neutral tone patterns.
Another goal is to clarify the nature of Mandarin neutral tone,
primarily through an acoustic–phonetic analysis of neutral
tones in the two Mandarin varieties that potentially served as



Table 2
An example scenario prompt in the word guessing game. The three keywords are only
available to the Clue-giver.

Scenario Prompt 他们堆的_____很稳当。
t�amen duī-de_____hěn wěndang
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the input and output in the formation of a new dialect. The
specific research questions are:

1) How is a neutral tone or neutral tone sequence realised in var-
ious tonal contexts in Plastic Mandarin?

2) What are the similarities and differences in neutral tone between
Plastic Mandarin and Standard Mandarin?

3) Is there an underlying pitch target for neutral tone in Standard
and Plastic Mandarin?

With the first two research questions being exploratory in
nature, several hypotheses can be proposed with regard to
the neutral tone patterns in Plastic Mandarin.

First, neutral tones in Plastic Mandarin are similar to their
counterparts in Standard Mandarin, with various f0 patterns
but approaching a mid-low or low target, as manifested also
in other Mandarin varieties such as Tianjin Mandarin and Tai-
wan Mandarin.

Second, the pitch patterns of neutral tones in Plastic Man-
darin resemble those in Changsha, mirroring the potential influ-
ence of Changsha on the lexical tones in Plastic Mandarin.
Unlike the neutral tones in Standard Mandarin whose pitch pat-
terns were largely predicted by the preceding tone, the pitch
pattern of a neutral tone in Changsha is determined by its cor-
responding full tone regardless of the neighbouring tones: it
has a high pitch contour if its full tone counterpart is rising/high
level but a low pitch contour if its full tone counterpart is a fall-
ing tone (Zhong, 2003).

Third, neutral tones in Plastic Mandarin have a consistent
and distinct pitch pattern, acting as the fifth lexical tone pattern
in the tone space of Plastic Mandarin.

In light of the underlying tone target of a neutral tone, the
hypotheses diverge into two tendencies: if there is an underly-
ing target for neutral tones akin to other lexical tones in Stan-
dard Mandarin, neutral tones are highly likely to have
undergone a tone change towards a distinct tonal target, pat-
terned with all other tones in this Standard-Plastic variation.
On the contrary, if there is no underlying target, the tone
change mechanism manifested in other lexical tones may not
apply to neutral tones.
3PL built_____very stable
Keywords 雪人,城堡,台阶

xuěrén, chéngbǎo, táiji�e
snowman, castle, stairs

Table 3
An excerpt of the transcript of the conversation between speakers 213 and 214 during the
word-guessing game. The Clue-receiver had three attempts, highlighted in light grey, with
proposed keyword noun phrase underlined. The actual targeted phrases in this study are
in bold.

Speaker ID Role Transcript

214 Clue-giver 法国的国王都会住在一个地方。
‘One place the kings of France lived in.’

213 Clue-receiver 他们堆的宫殿很稳当。(2a)

‘The palace they built is very stable.’
214 Clue-giver 差不多。

‘Getting close.’
213 Clue-receiver 他们堆的皇宫很稳当。

‘The royal palace they built is very stable.’
213 Clue-receiver 他们堆的城堡很稳当。(2b)

‘The castle they built is very stable.’
214 Clue-giver 对。

‘Yes.’
2. Methods

This study utilises comparable semi-spontaneous speech
recordings in two Mandarin varieties. The current section pro-
vides a thorough description of data collection, acoustic pro-
cessing, and statistical techniques. It also highlights the
importance of fieldwork methods in eliciting data from a non-
standard variety.

2.1. Experiment design

2.1.1. Eliciting a non-standard accent: The disguised word-guessing
game

The key to eliciting Plastic Mandarin was to create a relax-
ing environment where informants speak naturally as they nor-
mally do with their friends in everyday life. This translates to
two aspects of the design of elicitation. First, the setting of a
peer group pair for each recording session was established,
as Labov (1972, p. 115) stated, “to allow the interaction of
actual peer group itself to control the level of language pro-
duced.” Second, an informal context in which less attention
is paid to speech was preferable to formal interviews. The
more formal the interviews, the less likely students are to
speak a non-standard accent, as they have been trained to
speak Standard Mandarin in formal settings for years through
education. Traditional passage reading tasks (such as that
illustrated in Deterding, 2006) were avoided because such lit-
erary activities are not typical in the realm of Plastic Mandarin
speaking. On the other extreme, speech data from completely
undirected conversations would be hard to compare across
subjects and language varieties, given that phonetic realisation
is influenced by numerous factors. Hence, a verbal game
embedded with carefully designed speech stimuli was devised
for the purpose of acquiring controlled yet spontaneous
speech.

Inspired by the map task (Anderson et al., 1991) and the
quiz-questionnaire (Sangster, 2002) that are conducted with
pairs of subjects, the word guessing game allows for phonetic
specification of tokens as well as some manipulation of infor-
mation structure. A pair of subjects was presented with a sce-
nario prompt through an incomplete stimulus sentence in
written Chinese on the laptop screen. As illustrated in Table 2,
the blank representing the missing keyword serves as an impli-
cit in situ WH-question. One participant, the Clue-giver, was
given three correct keywords in each scenario and tried to
have their partner guess all given keywords through sketches
or verbal hints without using the morphemes that comprise
these keywords. The other subject, the Clue-receiver,
attempted to reconstruct the scenarios by filling in potential
keywords, having received clues from their partner. A transcript
excerpt of a conversation between two participants is dis-
played in Table 3. In this excerpt, the targeted phrase duī de
was repeated three times. Having exhausted possible key-
words or correctly guessed all the keywords, the Clue-giver
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would confirm the correct answers by verbally filling in the cor-
rect keywords in the sentence before moving on to the next
scenario. The pair spoke in an uninhibited fashion during the
game. There are 16 scenario prompts and 16 � 3 = 48 key-
words in total.

One key advantage of this game is that the participants gen-
erally find it entertaining and the relaxed and friendly atmo-
sphere sparks naturalistic conversation. Such a technique
allows for control over the tokens of requisite phonetic features
that yield meaningful comparison on the one hand, and on the
other hand, it directs participants’ attention away from their
own speech and keeps them maximally engaged.

2.1.2. Manipulating the linguistic contexts

This study examined the f0 contours of three sets of
phrases embedded in semi-spontaneous natural speech with
a varying number of consecutive neutral tone syllables:

(a) the disyllabic [X-de] set,
(b) the trisyllabic [X1-X2-men (zhèng)] set,
(c) the quadrisyllabic [X1-X2-men-de] set,

where X2, men, de are neutral tone syllables (marked in
bold). The preceding tone of the neutral tones, X or X1, was
manipulated to be one of the four lexical tones in each Man-
darin variety, and X2 represents the reduplicated syllable of
X1 but in neutral tone. The inclusion of a neutral tone sequence
is conducive to assessing the magnitude of the tonal coarticu-
latory effects. In set (b), the Tone 4 syllable zhèng with a high
starting pitch in both Mandarin varieties follows the neutral tone
syllable men, whereas the following tone after de in sets (a)
and (c) varies randomly (see example keywords with different
tones following duī-de in Table 2). Combining sets (b) and (c)
enables an analysis of how the distinct fourth syllables, zhèng
and de, affect the f0 contours of the [X1-X2-men] sequences. In
set (a), the voicing part of the X syllable was also controlled to
explore its potential influence on the f0 contours of de.

In addition, focus may affect f0 contours such as the post-
focus compression effect in Mandarin (Xu, 1999). In the pre-
sent study, most targeted phrases were positioned before the
expected narrow focus, since the pre-focus f0 is known to be
similar to the focus-neutral f0, deprived of compression effect
(e.g. Chen & Gussenhoven, 2008). This is demonstrated in
examples of targeted sentences (3), taken from a conversation
excerpt displayed in Table 3, where the constituents of the pro-
posed answers (underlined) are the new information and natu-
rally in completive focus position (Drubig, 2003). If a wrong
word was introduced and rejected, the updated word might
also be in contrastive focus, as in (3b).
(3) a.
 t�amen
 duī de
 g�ongdiàn
 hěn wěndang

3PL
 built DE
 palace
 very stable
‘The palace they built is very stable.’ ‘
g�ongdiàn’ in focus
�
b.
 tamen
 duī de
 chéngbǎo
 hěn wěndang

3PL
 built DE
 castle
 very stable
‘The castle they built is very stable.’ ‘
chéngbǎo’ in focus
Another key advantage of this game is that participants’ atten-
tion was mostly fixed on the missing keywords and the pronun-
ciation of the actual targeted phrases with neutral tones, for
instance duī de in (3), was very natural. The targeted phrases
are further introduced and displayed in section 2.4 Materials,
and see supplementary materials for a full list of targeted
sentences.

2.2. Participants

Thirty-five young adults participated in this study. Twenty-one
teenagers and young adults contributed to the Plastic Mandarin
speech data (sixteen females and five males; mean age = 17.
24 years, SD = 0.70 years). They were all students at the Chang-
sha Nanya Middle School and recruited from pre-existing friend-
ship groups. Fourteen of them were born and raised in
Changsha; others were born in nearby cities in Hunan province
and moved to Changsha at an early age. On average, they had
spent 15.71 years in Changsha by the time of elicitation.

Another fourteen young adults (nine females and five males;
mean age = 24 years, SD = 1.96 years), recruited in Oxford, Uni-
ted Kingdom, participated in the recording of StandardMandarin.
All of them are from the Mandarin Chinese region in northern
China, among which eight spent more than 10 years in Beijing.
None of them claimed to speak or frequently use another Chi-
nese variety or Mandarin dialect. All participants are English
learners and speak English at various levels. No history of
speech or hearing disorders was reported. Written informed con-
sent was acquired from subjects prior to recording.

2.3. Recording

Recordings of Plastic Mandarin were conducted in a small
quiet room furnished with soundproofing materials in Chang-
sha Nanya Middle School. While organising recording ses-
sions in a school situates speakers in the familiar context of
using Plastic Mandarin, it also ensures a safe and convenient
participation for students. Recordings of Standard Mandarin
were conducted in an audio studio with soft furnishings in the
Phonetics Laboratory of the University of Oxford.

Each speaker in a pair had a Rode Lavalier microphone
clipped to their collar or lapel below the speaker’s chin, and
the speech of each speaker was recorded onto a separate
channel of a Marantz digital audio recorder (PMD661 MK.II)
at a sampling rate of 44,100 Hz and 16-bit quantisation. The
same set of equipment was used for all pairs of participants.

A hard copy of overall instructions and the main speech
materials was given to participants before the recording
started, while instructions and prompts for the speech produc-
tion experiment were available on a laptop screen to facilitate
the elicitation throughout a session.

2.4. Materials

Each channel of the audio recordings was extracted sepa-
rately, and all the targeted sentences were manually anno-
tated, transcribed, and extracted from long audio files that
recorded interactions throughout the word-guessing game.
The audio recordings and their transcriptions were then pro-
cessed by the Penn Phonetics Lab Forced Aligner (P2FA) for
Mandarin Chinese (Yuan & Liberman, 2008, 2015) to achieve
automatic phonetic segmentation. Although P2FA’s acoustic
models were trained on Standard Mandarin, it can still be
applied to Plastic Mandarin since the two varieties are highly
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related and their segment inventory is fairly similar. The auto-
matic segmentation was subsequently checked and less than
5% of the sentences were noted as ‘bad or wrong alignment’.
These were manually corrected, following the practice in many
studies (e.g. Sun & Shih, 2021; Yuan, 2012; Zue et al., 1990).
Utterances with overlapping speech or laughter were not con-
sidered in further analysis.

Given the alignment, the relevant sound intervals can be
extracted using the time stamps and labels. A custom-written
Python script was used to automatically retrieve phrases con-
taining neutral tones from audio recordings of targeted sen-
tences. Then, 50 ms of silence was added to both edges of
each extracted sound interval to prevent boundary f0 loss due
to windowing in periodicity analysis. These zero-padded speech
tokens constitute the audio data for subsequent f0 analysis.

Table 4 and Table 5 present a breakdown of the number of
speech tokens by the lexical tone categories of X or X1 in the
datasets of Plastic Mandarin and Standard Mandarin. The
slight imbalance in the number of repetitions can be dealt with
in the statistical analysis.

Two subsets of phonetically controlled disyllabic
sequences, in the form of the clitic de construction [X-de] as
shown in Table 4, were embedded in the stimulus sentences.
Each subset features a consistent vowel in the X syllables.
Efforts were made to find X syllables with the same onset con-
sonants and within the range of high frequency words. Given
the tonotactic gaps, the onset consonants of X syllables in
the /ueɪ/ set differs. All X syllables, except for duì ‘redeemed’,
are within the top 1400 most commonly used characters (Xiao,
2009). There are 606 Plastic Mandarin tokens and 415 Stan-
dard Mandarin tokens in total.

The particle de is the most frequent word in Mandarin Chi-
nese, ranked top with regard to both its frequency and disper-
Table 4
The number of disyllabic tokens containing the neutral tone syllable de in Plastic Mandarin (PM

T1- de T2- de

[ta tə] [ta tə]
d�a-de 搭的 dá-de 答的

built answered
PM 68 78
SM 54 50

[tueɪ tə] [xueɪ tə]
duī-de 堆的 huí-de 回的

stacked returned
PM 87 73
SM 56 49

Table 5
The number of polysyllabic tokens containing consecutive neutral tone syllables in Plastic Man

T1-N+ T2-N+

[mama mən ʈʂəN] [jeje mən ʈʂəN]
m�ama-men zhèng yéye-men zhèng
妈妈们正 爷爷们正

mums PROG grandpas PROG
PM 64 70
SM 49 49

[mama mən tə] [jeje mən tə]
m�ama-men-de yéye-men-de
妈妈们的 爷爷们的

mums’ grandpas’
PM 67 63
SM 42 47
sion in different registers in the 50-million-word corpus of Xiao
(2009, p. 20). It marks modification in pre-nominal strings in
various contexts and has several roles including marking pos-
session, adjectives, prepositions, and nominalisation (Li &
Thompson, 1981). Given its diverse properties and distribu-
tions, the categorical status of de has been inconsistent in
the literature and it is glossed in various forms including DE,
POSS/GEN, and so on. The particle de is sometimes analysed
as a determiner (Simpson, 2001), a head-initial complemen-
tiser (Lin, 2010), or a subordinator (Paul, 2015) amongst many
others. The de-marked modifiers as shown in our data can be
uniformly analysed as full-fledged relative clauses (Lin, 2010;
Sproat & Shih, 1987).

Two groups of four-syllable sequences as shown in Table 5
were mined and acquired from the recordings. The first group
contains a trisyllabic noun phrase containing two neutral tone
syllables, followed by the Tone 4 particle zhèng indicating pro-
gressive aspect. Some analysed zhèng as an adverb ‘just’
(Paul, 2015). In this case, zhèng does not usually cliticise to
the left. These trisyllabic noun phrases are the plural form of
frequent kinship terms, in which the first two syllables are redu-
plicatives. The second syllable X2 is considered as a duplicate
of the first syllable X1, but it has neutral tone. The second
group contains the same trisyllabic phrases with an extra neu-
tral tone syllable de, indicating possessive constructions. All
these four-syllable sequences appear at the beginning of an
eight-syllable sentence. There are 547 Plastic Mandarin
tokens and 372 Standard Mandarin tokens.

2.5. Acoustic processing

A custom-written Python script was used to generate f0 esti-
mates (pitch floor and ceiling were set at 75 Hz and 500 Hz;
) and Standard Mandarin (SM). Pinyin transcriptions are based on Standard Mandarin.

T3- de T4- de Total

[ta tə] [ta tə]
dǎ-de 打的 dà-de 大的

made large
69 82 297
46 56 206

[tʰueɪ tə] [tueɪ tə]
tuı̌-de 腿的 duì-de 兑的

leg’s redeemed
60 89 309
40 64 209

darin and Standard Mandarin. Pinyin transcriptions are based on Standard Mandarin.

T3-N+ T4-N+ Total

[naɪnaɪ mən ʈʂəN] [meɪmeɪ mən ʈʂəN]
nǎinai-men zhèng mèimei men zhèng
奶奶们正 妹妹们正

grannies PROG sisters PROG
69 59 262
43 47 188

[naɪnaɪ mən tə] [meɪmeɪ mən tə]
nǎinai-men-de mèimei men-de
奶奶们的 妹妹们的

grannies’ sisters’
74 75 279
42 51 182
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window length was 40 ms) at a 10-millisecond frame rate
within the voiced region of each audio token, employing the
Parselmouth package (Jadoul et al., 2018) based on Praat’s
autocorrelation algorithm (Boersma, 1993). The script also
detects and flags potential f0 measurement errors by identify-
ing unlikely f0 jumps between adjacent voicing periods, and
automatically removes boundary f0 estimates that have a large
change from their neighbouring f0 and lay much farther away
from the token mean f0. f0 estimates were also manually cor-
rected for artifacts such as octave errors. It should be noted
that mostly f0 estimates of modal voice portions were included
here for further analysis and f0 measurements were often not
available in parts with creaky voice or voiceless consonants.
The output of the script was an ordered time series of f0 mea-
surements. To allow inter-speaker comparison, these f0 values
in Hz were normalised to semitones, with the speaker mean f0
as the base value for semitone conversion (Andruski &
Costello, 2004). This normalisation method was considered
the best among many others in preserving phonemic variation
as well as sociolinguistic variation, according to Zhang (2018).
The speaker mean f0 was established by averaging the mean
f0 of each of the four citation tones in a Mandarin variety, using
the monosyllabic citation tone data from the same person (for
more details on the monosyllabic data, see Xu, 2022). The
speaker mean f0 represents the centre of tonal space con-
structed from a balanced set of all citation lexical tones. For
a detailed illustration of the calculation of the speaker mean,
please refer to the supplementary materials.

2.6. Statistical technique

The current study used Generalised additive mixed models
(GAMMs) that allow the inclusion of a time variable in dynamic
f0 patterns to reveal how various phrases differ non-linearly
with respect to how f0 unfolds over time. GAMMs have
emerged as an ideal tool for dynamic phonetic analysis and
have been effectively applied to temporally ordered measure-
ments with autocorrelational structures such as formant tracks
(e.g. Sóskuthy et al., 2019) and f0 contours (e.g. Chuang et al.,
2021; Sun & Shih, 2021). GAMMs not only address nonlinear-
ities in time series but also enable calibrated inferences in the
presence of hierarchical data structure. Before applying
GAMMs, time measurements were normalised.

2.6.1. Time normalisation

The corresponding time of each f0 measurement was nor-
malised in a linear fashion within each syllable of each token.
In other words, syllable boundaries were considered land-
marks, and landmarks were aligned across tokens as well as
Mandarin varieties. In this way, the overall f0 contours of the
targeted phrases can be compared cross-dialectally, as well
as the f0 contours of individual syllables at each position.
Table 6
The mean and standard deviation of the duration of f0 contours by each syllable in Standard M
men-zheng] and [X1-X2-men-de] phrases. Note that the duration of any voiceless consonant in

Phrase Syllable 1

SM [X-de] 146 (±47.9) ms
PM [X-de] 147 (±47.2) ms
SM [X1-X2-men] 148 (±56.3) ms
PM [X1-X2-men] 152 (±58.9) ms
The acoustic realisation of the disyllabic sequence [X-de]
varies from token to token. The initial consonant of de, a voice-
less unaspirated plosive [t], was sometimes completely voiced
between the vowels or even nearly deleted. The f0 contour of
these tokens may be smooth and continuous or with a break
when there is a voiceless stop closure. Such broken f0 curve
is treated as a smooth and continuous curve where the break
is interpolated. Therefore, the f0 contour of an [X-de] phrase
spans the voicing portion (rhyme) of the first syllable and
almost the entire second syllable, except for the creaky pulses
at the end of de if there are any.

The normalised duration of each syllable is roughly based
on the average duration of the f0 contours, so that the overall
shape of a phrasal f0 contour was not greatly distorted. Table 6
lists the duration information of f0 contours by syllable position
in both Mandarin varieties. The scales of [�1, 0] and [0, 1]
were motivated for the time normalisation of f0 parts in the first
two syllables given the ratio between the average duration of
these two parts is approximately 1:1 in [X-de] phrases in both
Mandarin varieties. Given that the duration of X in Table 6 only
covers its rhyme, the neutral tone syllable de is on average
shorter than the full tone syllables X.

In order to enable visual comparison between [X-de]
phrases and [X1X2] phrases, the scales of [�1,0] and [0,1]
were also motivated for the time normalisation of [X1X2],
despite small duration differences between syllables X1 and
X2. The scale of [1, 2.35] was motivated for the time normalisa-
tion of men, given that men is generally longer than X1 and X2,
hence a normalised duration of 1.35 was assigned tomen. The
longer duration of men may be attributed to it being a closed
syllable with a nasal coda, to potential boundary-related
lengthening effects in [X1X2-men (zhèng)] phrases (the dura-
tion of men preceding zhèng is longer than that of men preced-
ing de), or to both. The duration of de in [X1X2-men-de]
phrases excluding phrase-final creaky pulses is 119 ms
(±81.1 ms standard deviation) in Standard Mandarin and
138 ms (±89.2 ms standard deviation) in Plastic Mandarin.
The scale [2.35, 3.3], with a normalised duration of 0.95, was
selected for the time normalisation of de in such quadrisyllabic
phrases across both Mandarin varieties, due to its slightly
shorter average duration than de in disyllabic phrases.

2.6.2. Generalised additive mixed models (GAMMs)

GAMMs were fitted to the data to statistically assess differ-
ences among f0 contours of phrases containing neutral tones.
GAMMs represent contours and their differences in both para-
metric and smooth terms and can detect regions where the
contours diverge via the confidence intervals around the esti-
mated difference curve. The parametric terms capture f0
height-related patterns that hold across the entire contour,
and the smooth terms model patterns related to the shape of
an f0 contour (Sóskuthy, 2021).
andarin and Plastic Mandarin. [X1-X2-men] includes the first three syllables in both [X1-X2-
Syllable 1 is not included.

Syllable 2 Syllable 3

145 (±99.6) ms �
140 (±82.4) ms �
130 (±35.3) ms 198 (±56.1) ms
128 (±38.7) ms 186 (±58.7) ms
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In this study, GAMMs with difference terms (Sóskuthy,
2021) were adopted, whereby a baseline smooth was fitted
to the f0 contours of one phrase and other smooths repre-
sented the non-linear f0 differences of other phrases to the
baseline. Such models can provide significance testing based
on summary statistics of terms extracted from the model. Fol-
lowing Sóskuthy (2017), the variables coding the difference
between the sets of contours were converted to ordered fac-
tors with contrast coding before the model fitting. In all models,
the dependent variable was the normalised f0, modelled as a
smooth function over normalised time and represented by a
weighted sum of thin plate regression splines (S. N. Wood,
2003) with a smoothing parameter. Two groups of models were
built: the first group featured within-variety f0 contour patterns,
and the second group modelled the cross-variety effects. The
following models belong to the first group and were fitted to the
dataset of each Mandarin variety separately. Please refer to
the supplementary materials for the model specifications and
selection, with the relevant R code.

In the X-de models, the independent variables included a
smooth over the normalised time, a smooth over the overall
duration measured in seconds, a tensor product interaction
(ti()) between overall duration and normalised time, to account
for the influence of duration on the shape of the f0 trajectories
(see Sóskuthy, 2017). The two main predictors, the ordered
factors of the tone category of X (i.e. T1, 2, 3, 4) and vowel
of X (i.e. /ueɪ/ and /a/), were included as separate parametric
terms to capture overall differences between the trajectories,
separate difference smooths over the normalised time, as well
as separate difference surfaces to the tensor product interac-
tion. Moreover, a random smooth over the normalised time with
a special grouping variable was included. This grouping vari-
able created separate levels for each combination of speaker,
X tone category, and X vowel, since it is possible that the
effects of the tone category and vowel of X vary across speak-
ers. Such Speaker � Effects random smooth (more specifi-
cally, Speaker � Tone � Vowel) allows potential speaker-
specific trends in the main effects.

In the X1X2-men models, the syllable following men (i.e.
zhèng and de) was manipulated, and included as a parametric
term, a difference smooth over the normalised time, and a dif-
ference surface to the ti() interaction, so was the predictor of
the tone category of X1 (i.e. T1, 2, 3, 4). Other independent
variables were: a smooth over the normalised time, a smooth
over the overall duration measured in seconds, a ti() interaction
between overall duration and normalised time, and lastly, a
random smooth over the normalised time with a special group-
ing variable that creates separate levels for each combination
of speaker, X1 tone category and the following syllable.

In the X1X2-men-demodels, the main predictor was the tone
category of X1 (i.e. T1, 2, 3, 4) and was included as a paramet-
ric term, a difference smooth over the normalised time, and a
difference surface over to the ti() interaction. Similar to other
models, other independent variables were: a smooth over
the normalised time, a smooth over the overall duration mea-
sured in seconds, a tensor product interaction between overall
duration and normalised time, and a random smooth over the
normalised time with a grouping variable of Speaker to capture
nonlinear individual differences.
Whereas fitting separate models for each variety and visu-
ally comparing the f0 patterns might generate insights about
cross-variety variations, this approach may not be adequate,
since it is not possible to evaluate whether the additional com-
plexity of language variety is warranted. Thus a second group
of models was built, using the combined dataset of Plastic
Mandarin and Standard Mandarin. This group focused on
cross-speaker effects, based on the assumption that “there is
less variation in contour shapes within individual speakers than
there is in the dataset as a whole” (Sóskuthy, 2021, p. 13). A
new ordered factor variable was created by grouping the X
tone category and Mandarin variety, Tone � Variety, to include
variety-specific tone category effect. This combined variable
replaced the factor of X or X1 tone category in the previous
models, while the rest of specification remained the same,
except that the random factor smooth has a two-way grouping
variable Speaker � Vowel in the X-de models and
Speaker � Following syllable in the X1X2-men models.

GAMMs were constructed using the bam function of the
mgcv package (Wood, 2022). When analysing time series data
such as f0, the residuals (i.e. the difference between the
observed and the estimated values) are generally autocorre-
lated and the associated p-values anti-conservative. Since
autocorrelation in f0 contours is expected for the time dimen-
sion, the autoregressive (AR) error model with an AR1 compo-
nent was employed to reduce autocorrelation of the model
residuals within trajectories. An AR1 model assumes that the
errors for immediate neighbouring observations in the contours
are correlated (Sóskuthy, 2021). Fig. 2 illustrates the averaged
residuals for all trajectories in the GAMMs with and without the
AR1 component for the Standard Mandarin disyllabic dataset.
Fig. 2(a) suggests that there is high positive autocorrelation at
lag 1. In Fig. 2(b), the autocorrelation at lag 1 has been much
reduced and the remaining autocorrelation values are low,
between 0 and � 0.1. Hence the autoregressive error model
enables a more reliable assessment of the model fit and the
associated p-values (Wieling et al., 2016). The correlation
parameter was set according to the autocorrelation function
(ACF) value at lag = 1 (Carignan et al., 2020).

Within each group, multiple models were built. After initial
model-fitting, diagnostic tests were performed using the gam.
check() function. In addition to the strategy to deal with the
inevitable autocorrelation in the residuals, we inspected the
normal distribution and homoscedasticity of the residuals, using
the check_resid() command from the itsadug package (van Rij
et al., 2022). Fig. 2(c) presents an example quantile–quantile
(QQ) plot for the X1X2-men model for the Standard Mandarin
data. The QQ plot suggests that the distribution of the residuals
for this model has two heavy tails, which may be indicative of a t
distribution. We thus remodelled the dataset with a scaled-t dis-
tribution, transforming the residuals back to normality (Chuang
et al., 2021), and the QQ plot of the updated model is shown in
Fig. 2(d). The overall shape of predicted f0 contours is very sim-
ilar across models with Gaussian and scaled-t distributions.
The discussion of f0 contour comparisons in the following sec-
tions is mainly based on models with scaled-t distributions. The
figures were created using the packages itsadug (van Rij et al.,
2022) and tidymv (Coretta, 2023). All model specifications and
results are available in the supplementary materials.



Fig. 2. Diagnostic plot examples. Autocorrelation in the residuals of the models for Standard Mandarin disyllabic tokens: (a) without correction, (b) after correction using the AR1 error
model, lag indicates the number of time steps; the quantile–quantile plot of the residuals of the models for Standard Mandarin trisyllabic tokens: (c) a Gaussian model, (d) a scaled-t
model.
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2.7. Reproducibility

The full set of targeted stimuli sentences, f0 data, prepro-
cessing scripts, and various model specifications and results
(supplementary materials) are publicly accessible via the Open
Science Framework at https://osf.io/3cjqp/.
3. Results

3.1. Neutral tone syllable de in disyllabic sequences

Fig. 3 presents the fitted normalised f0 contours for each of
the eight [X-de] phrases in the separate models of Standard
Mandarin (a) and Plastic Mandarin (b). Recall that the first half
of each graph, the normalised time domain [�1, 0], is for f0
contours of the lexical tone syllable X and the second half,
the normalised time domain [0, 1], for the neutral tone syllable
de. By visually comparing the patterns between the /a/ set and
the /uei/ set in each Mandarin variety, the differences are
unsurprisingly not substantial. The consistency of tone shapes
within a tone category is conducive to differentiating lexical
meanings in a tone language.

3.1.1. The lexical tones preceding de

The first halves of the f0 contours shown in Fig. 3 largely
resemble the patterns of their corresponding prototypical cita-
tion tones in both Mandarin varieties, illustrated in Fig. 1. This
reassures that the production of Plastic Mandarin and Stan-
dard Mandarin has been successfully elicited from the two
groups of speakers.
For Standard Mandarin, Tone 1 here is flat and relatively
high compared to Tones 2 and 3, although the estimated nor-
malised f0 is only slightly higher than 0 (i.e. speaker mean)
throughout the syllable. The prototypical citation Tone 1, esti-
mated on the same group of speakers, has an average nor-
malised f0 of 2 semitones approximately. Tone 2 here
generally has a dipping shape where the rise starts at about
40% into the rhyme of a syllable. The degree of rising is much
less than that of the citation Tone 2, whose offset is about 2
semitones higher than the speaker mean. Tone 3 here is a
large falling tone and the slope of fall decreases at about
70% into the rhyme of a T3 syllable. Tone 4 here is similar to
its citation tone with a large fall, although the citation counter-
part on average drops to as low as �3 semitones. To sum up,
the lexical tone syllables in the stressed position of disyllabic
sequences largely maintain their canonical tone shape, but
Tone 2 and Tone 4 tend to have smaller absolute slope and
Tone 1 tends to be lower compared to their citation
counterparts.

For Plastic Mandarin, the high rising Tone 4 almost reaches
as high as 5 semitones above the speaker mean, consistent
with its citation form. Other tones have slight differences com-
pared to their citation form: Tone 1 here slightly falls, Tone 2
tends to be level, and the overall f0 range of Tone 3 is shifted
higher than that of its citation form.
3.1.2. f0 contours of neutral tone syllable de

The fitted f0 contours of de in Fig. 3 exhibit various patterns.
The end of an f0 contour in Fig. 3(a) and Fig. 3(b), though, tend

https://osf.io/3cjqp/


Fig. 3. Fitted f0 contours of eight [X-de] phrases, grouped by the vowel and tone category of the preceding syllable of de, by two different groups of Mandarin speakers (duration:
250 ms). The colourful shades indicate 95% pointwise confidence intervals. The dotted line at 0.0 indicates syllable boundary. The normalised time domain [�1, 0] shows f0 contours of
the lexical tone syllable X and [0, 1] the neutral tone syllable de (in grey background).
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to cluster in the approximate f0 range of [�3, 0] and [�3, �1]
respectively. The converging effect in Plastic Mandarin tends
to be visually more obvious than that in Standard Mandarin.
The neutral tone patterns in Plastic Mandarin do not resemble
those in Changsha depicted in Zhong (2003).

The difference curves are useful to check whether the f0 dif-
ferences at the end of de among different groups are statisti-
cally significant. Fig. 4 presents the estimated difference
curves between each two groups of the disyllabic Plastic Man-
darin tokens /ta tə/. In the normalised time domain between 0
and 1, the absolute value of estimated f0 difference between
all pairs is approaching 0 as the normalised time increases,
and between phrases of T1-de and T2-de, T1-de and T3-de,
T1-de and T4-de, and T2-de and T4-de, the associated confi-
dence intervals include zero at the end (marked in red). The
region that includes zero, though, is merely the last 4% of de
in the comparison of the f0 difference between T1-de and
T4-de phrases. This suggests that the f0 contours converge
at the very end of de for these pairs of phrases. The f0 differ-
ences between phrases of T2-de and T3-de, T3-de and T4-
de, are still statistically significant at the end. Both Tone 3
and Tone 4 syllables have a large f0 excursion at the end of
the syllable, thus it may take a longer time for contours of de
with a larger excursion of the f0 onset to converge.

In Standard Mandarin, only the estimated f0 difference
towards the end of de between T1-de and T2-de, T1-de and
T3-de, and T3-de and T4-de phrases is not statistically signif-
icant. The results of both Mandarin varieties show that there is
a converging trend for different contours but the f0 variance is
still large at the end of the neutral tone syllable de.



Fig. 4. The estimated difference f0 trajectories between each two groups of the disyllabic Plastic Mandarin tokens /ta tə/ with the associated 95% pointwise confidence intervals. The
areas where the difference is not significantly different from 0 were marked in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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3.1.3. The duration effect

While the falling Tone 3 in Standard Mandarin in Fig. 3 may
correspond to the low variant of Tone 3 in the literature, the
estimated f0 curve of [T3-de] phrases reveals a carryover
effect of Tone 3 on the neutral tone — the canonical dipping
shape of Tone 3 seems to continue into the neutral tone sylla-
ble and is completed at about 30% into the second syllable.
The end of such an effect might be signalled by a small peak
(at approximately 0.3 normalised time) in the T3 curves.
Indeed, all neutral tone curves have a small peak around 0.3
in Standard Mandarin, which may relate to some f0 perturba-
tion after a stop consonant.

In order to understand the estimated f0 curve between the
normalised time domain [0, 0.3], some original tokens were
chosen at random for further examination. Fig. 5 demonstrates
three tokens of Standard Mandarin dǎde with different lengths
produced by three speakers. Token (a) has a 60 ms gap (42%
of the duration of de) without f0 measurement, while Token (b)
and (c) have a continuous f0 transition from the first syllable to
the second syllable. In Fig. 5(a) the initial f0 point of de is
about 28 Hz (2.3 semitones) higher than the offset f0 point
of the first syllable. In Fig. 5(b), f0 starts to rise after 0.2 s
and de also has an onset f0 that is 21 Hz (3.84 semitones)
higher than the f0 trough of the first syllable. In Fig. 5(c), the
starting f0 of de follows the f0 fall in the first syllable, and it
continues to go lower during the majority of the voicing portion
of the consonant [t ̬ ]. The three example tokens have demon-
strated a diverse realisation in terms of both segments and f0
contours. They might, however, reveal the general case that
the starting f0 of de continues from a dipping shape of the pre-
ceding Tone 3 even if there is a gap in voicing resulting from a
voiceless consonant. Interestingly, the carryover rising tail
after a T3 occurred in the Plastic Mandarin T3-de tokens
too, although the citation form of T3 in Plastic Mandarin is
low falling.

Notice also that the first syllable dǎ in Fig. 5(a) and (b) is
longer than that in (c). The shorter the first syllable, the more
carryover effect is reflected in the f0 contour of de. Tokens



Fig. 5. The waveform, spectrogram (0–5000 Hz), and f0 measurement of three tokens
of dǎde ‘made’ by three speakers. TextGrid alignment is automatically generated by
P2FA. Black line is the smoothed f0 curve. Pink dots indicate f0 measurement. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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(b) and (c) are shorter overall, and their f0 contour of de is dif-
ferent from that of token (a), which has a negative slope (f0
gradually decreases).

The model has included a continuous variable of overall
duration. Fig. 6(a) illustrates the nonlinear interaction surface
of overall duration and normalised time for dǎde tokens in
Standard Mandarin with a GAMM heatmap, created using
the fvisgam function of the itsadug R package (van Rij et al.,
2022). Fig. 6(b) shows two example f0 contours estimated with
different total duration: 0.25 s and 0.32 s. From Fig. 6, we can
see that in longer tokens, the f0 of de is predicted to decrease,
reflected by the darker green colour towards 1 in Fig. 6(a) and
falling grey curve in Fig. 6(b). Conversely, the f0 of de in shorter
tokens is predicted to rise.

The duration effect in Plastic Mandarin, as illustrated in
Fig. 7, is based on the analysis of tokens dàde ‘big’. For the
longer tokens, f0 drops more in the de part, especially in the
normalised time range from 0.5 to 1. This is shown in the
Fig. 7(a), where the black arrow, representing a longer token
(370 ms), crosses more black solid lines than the pink arrow
that represents a shorter token (250 ms), since black lines
mark regions of equidistant f0 change. The f0 height at the
end of de in these two tokens is directly reflected in Fig. 7(b),
and the estimated f0 difference is approximately one semitone.
3.2. Neutral tones in trisyllabic sequences

The trisyllabic phrases were composed of a reduplicative
kinship term followed by the plural particle men, in which both
the duplicate syllable X2 and men are considered as neutral
tone syllables. Fig. 8 presents the fitted normalised f0 contours
for each of the four phrases in the separate models of Stan-
dard Mandarin (a) and Plastic Mandarin (b).
3.2.1. The opaque influence of the following syllable

Fig. 8 separates the estimated f0 contours according to the
following syllable of men: a neutral tone syllable de or Tone 4
syllable zheng. A Tone 4 syllable in both Mandarin varieties
starts at a high f0 in citation form. The Tone 4 syllable is, there-
fore, the best choice among other lexical tones to investigate
whether the following tone influences the f0 contour of a neu-
tral tone syllable. In other words, given its high starting f0, Tone
4 may elicit an evident anticipatory assimilation effect as
reported in Chen & Xu (2006), or interpolation effect if the
hypothesis is that the f0 contour of a neutral tone syllable is
interpolated between the preceding and following lexical tones
without a pitch target.

By visually comparing the patterns between the de set and
the zheng set in each Mandarin variety, the differences are not
substantial. The model summary statistics about the paramet-
ric term of the following syllable and its relevant smooth terms
in the AR1 corrected model with scaled-t distribution were
extracted using the summary() command in mgcv package,
to check whether they are different from zero. In Standard
Mandarin, the parametric term (t(1) = �0.298, p = 0.77) and
the difference ti() term (F (1, 5.04) = 1.43, p = 0.17) are not sta-
tistically significant, but the smooth term (F (1, 5.86) = 2.90,
p = 0.005**) is statistically significant. Similarly in Plastic Man-
darin, the parametric term (t(1) = �0.92, p = 0.36) and the dif-
ference ti() term (F (1, 3.77) = 0.60, p = 0.75) are not
statistically significant, but the smooth term (F(1,6.14) = 2.21,
p = 0.03*) is statistically significant. This suggests that the
expected differences are not in f0 height but in f0 shape.

We then plotted the estimated difference curve between the
two sets under each condition of X1 tone category with the
associated 95% pointwise confidence interval. Fig. 9 demon-
strates the difference curve between the zheng set and the
de set. We can see that in the normalised time range [1.5, 2]
in both varieties, the estimated f0 difference (concave up



Fig. 6. The effect of duration across the normalised time estimated by the GAMM for Standard Mandarin disyllabic tokens of dǎde. (a) the interaction surface between overall duration
and normalised time; The 0.2 to 0.8 quantile of the whole range of total duration is shown. f0 in semitone is denoted by colour grade, and regions of equidistant change (here, D 0.5
semitones) are denoted by black lines. (b) two estimated f0 contours with two different total duration: 0.25 (pink) and 0.32 (black). The corresponding duration values are marked by
arrows in (a). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 7. The effect of duration across the normalised time estimated by the GAMM for Plastic Mandarin disyllabic tokens of dàde. (a) the interaction surface between overall duration and
normalised time; The 0.1 to 0.9 quantile of the whole range of total duration is shown. f0 in semitone is denoted by colour grade, and regions of equidistant change (here, D1 semitones)
are denoted by black lines. (b) two estimated f0 contours with two different total duration: 0.25 (pink) and 0.37 (black). The corresponding duration values are marked by arrows in (a).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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shape in the difference curve) is slightly larger than that in [1,
1.5], which reveals that the f0 may fall slightly lower then rise
at the end in the zheng set, so as to gain a positive velocity
to reach the upcoming high tone. However, no regions in any
of the plots excludes zero (not statistically significant). We also
built an alternative model examining the interaction effect of
the preceding lexical tone X1 and the following tone of men
(see supplementary materials for model details) and none of
the difference curves by each tone category of X1 have any
regions indicating statistically significant difference.

To conclude, we did not have sufficient statistical evidence
supporting the significant differences in f0 contours in the two
sets. This reveals that the following Tone 4 has little impact on
the f0 contour of these trisyllabic phrases in both Mandarin
varieties.

3.2.2. The duplicate syllable in neutral tone

In both Mandarin varieties, the f0 patterns of the duplicate
syllable X2 in the medial position of the trisyllabic sequences
are different from those of de in the disyllabic sequences,
although both X2 and de are classified as neutral tone sylla-
bles. Nevertheless, the overall shape of the contours, grouped
by the lexical tone of X1, bears great resemblance to the shape
of [X-de] phrases with the corresponding tone.

In the normalised time range [�1,1] for X1X2 in Standard
Mandarin in Fig. 8(a), we can clearly find four canonical citation
tone patterns: a high falling pattern (T4), a mid-to-high rising
pattern (T2), a fall-rise dipping pattern (T3), and a (relatively)
high level pattern (T1). The high falling pattern here does not
fall as much as the citation Tone 4. Similarly in Fig. 8(b), the
tone patterns in [�1, 1] mostly show the prototypical citation
tone patterns of Plastic Mandarin: a high rising pattern (T4),
a mid level pattern (T1), and a mid rising pattern (T2). There
is also a fall-rise dipping pattern, which is different from the pro-
totypical low-falling Tone 3 in Plastic Mandarin, but similar to
Tone 3 in Standard Mandarin. In both Mandarin varieties, f0
in T3-initial phrases nainai-men ‘grannies’ falls in the first sylla-
ble, then rises in the second syllable, although it falls to a lower



Fig. 8. Fitted f0 contours of four [X1X2-men] phrases, grouped by the following syllable of men, by two different groups of Mandarin speakers (duration: 460 ms). The colourful shades
indicate 95% pointwise confidence intervals. The dotted lines at 0 and 1 indicate syllable boundary. The normalised time domain [�1, 0] shows f0 contours of the lexical tone syllable X1,
and [0, 1] and [1, 2.35] for the neutral tone syllables X2 and men (in grey background).
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f0 in Standard Mandarin than in Plastic Mandarin. In fact,
except for the T4-initial phrases meimei-men, the estimated
f0 contours of the other phrases in Plastic Mandarin resemble
those of the corresponding phrases in Standard Mandarin.

The above observations suggest that the reduplication
tends to provide increased duration to realise the f0 contour
of the lexical tone of the base syllable X1. In other words, the
lexical tone of X1 has much influence on the f0 contour of
the following neutral tone syllable X2, and such influence con-
tinues into the second neutral tone syllable men.

3.2.3. The converging contours of men

Figs. 10 and 11 present the estimated difference curves
between each two groups of the trisyllabic tokens in Standard
Mandarin and Plastic Mandarin respectively. In both figures, all
the difference curves with their associated 95% pointwise con-
fidence intervals include zero towards the end. For Standard
Mandarin, in the last 7% of all the difference curves, the nor-
malised time domain [2.11, 2.35], the differences in f0 between
any two groups are statistically not significant. For Plastic Man-
darin, in the last approximately 12% of all difference curves,
the normalised time domain [1.94, 2.35], the differences in f0
between any two groups are statistically not significant. This
suggests that different f0 contours converge towards the end
of the neutral tone syllable men in both Mandarin varieties.

Figs. 12 and 13 show the distribution, kernel density
estimation of the final f0 point of men over all tokens in
Standard Mandarin and Plastic Mandarin respectively. A uni-
form Gaussian distribution was fitted to the ending f0 points
in each dataset. The Gaussian model suggests an average
ending f0 of �1.25 semitones (r = 2.55 semitones) across
all [X1X2-men] phrases in Standard Mandarin, and an average
ending f0 of �1.00 semitones (r = 2.05 semitones) in Plastic
Mandarin.



Fig. 9. The estimated overall f0 difference trajectory in the zheng set and the de set in each Mandarin variety, with the associated 95% pointwise confidence intervals. The entire area is
not significantly different from 0.

Fig. 10. The estimated difference f0 trajectories between each two groups of the trisyllabic Standard Mandarin tokens in the de set, with the associated 95% pointwise confidence
intervals. The areas where the difference is not significantly different from 0 were marked in red. The number in the pinyin transcription indicates X1 tone category. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 11. The estimated difference f0 trajectories between each two groups of the trisyllabic Plastic Mandarin tokens in the zheng set, with the associated 95% pointwise confidence
intervals. The areas where the difference is not significantly different from 0 were marked in red. The number in the pinyin transcription indicates X1 tone category. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Neutral tones in quadrisyllabic sequences

This section continues to examine the subset of [X1X2-men]
phrases, those followed by de, [X1X2-men-de], in which three
consecutive neutral tone syllables follow a lexical tone syllable
X1. From the previous section, we have learnt that the four dif-
ferent f0 contours converge at the end ofmen in both Mandarin
variety. This means that the starting f0 of different contours for
the last neutral tone syllable de is similar. Will the f0 contours of
de be flat if the contours have already converged at a common
pitch target?

Fig. 14 shows themodel predictions for the four quadrisyllabic
phrases in each Mandarin variety. In each sub-figure, the shape
of all f0 contours of de, in the normalised time domain from 2.35
(marked by grey dotted reference line) to 3.3, is similar – the f0
contours continue to fall, and their confidence bands overlap with
one another. Such a homogeneous f0 pattern of de forms a con-
trast with the diverse f0 patterns of the same syllable de when it
is the second syllable in the disyllabic sequences. This suggests
that, in both Mandarin varieties, the lexical tone of X1 has little
impact on the f0 contour of the third neutral tone syllable de,
and that the pitch target of de is low.

In order to estimate the potential low pitch target, we exam-
ine the probabilistic distribution of the final f0 point of de.
Fig. 15 displays the kernel density estimations of f0 at the
end of de in Standard Mandarin and Plastic Mandarin respec-
tively. A uniform Gaussian distribution was fitted to the ending
f0 points in each dataset. The Gaussian model suggests an
average ending f0 of �2.19 semitones (r = 2.54 semitones)
across all [X1X2-men-de] phrases in Standard Mandarin, and
an average ending f0 of �2.31 semitones (r = 2.21 semitones)
in Plastic Mandarin. In both Mandarin varieties, the mean end-
ing f0 of de is lower than that of men, which signals that con-
secutive neutral tones allow ample time to reach a lower
pitch target, similar to the duration effect of a longer neutral
tone syllable.



Fig. 12. The distribution, kernel density estimation of ending f0 of men in trisyllabic Standard Mandarin tokens and the fitted Gaussian distribution.

Fig. 13. The distribution, kernel density estimation of ending f0 of men in trisyllabic Plastic Mandarin tokens and the fitted Gaussian distribution.
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3.4. Cross-dialectal comparison

Through GAMMs built on the combined dataset of two Man-
darin varieties, this section mainly investigates whether the dif-
ferences between Standard and Plastic Mandarin in the
observed converging f0 levels at the end of neutral tone syllables
are statistically significant. In other words, is there a similar pitch
target for neutral tone syllables in the two Mandarin varieties?

Figs. 16 and 17 present the estimated f0 trajectories of the
four groups of trisyllabic and quadrisyllabic phrases in both
Mandarin varieties respectively, and the estimated f0 differ-
ence trajectories between pairs of the same phrase in the
two Mandarin varieties. In both figures, Plastic Mandarin con-
tours have much overlap with Standard Mandarin contours at
the end of the normalised tokens.

For trisyllabic phrases, Fig. 16(b) suggests that the f0 con-
tours of both mama-men and yeye-men phrases in Plastic
Mandarin are not statistically significantly different from the
corresponding phrases in Standard Mandarin. The f0 differ-
ences between Standard Mandarin and Plastic Mandarin in
phrases nainai-men are not statistically significant in the major-
ity portion of the men syllable. Given the drastically different
tone patterns of Tone 4, the f0 differences between Standard
Mandarin and Plastic Mandarin in phrases meimei-men are
mostly statistically significant, and become not significant only
at the very end of men.



Fig. 14. Fitted f0 contours of four [X1X2-men-de] phrases by two different groups of
Mandarin speakers (duration: 540 ms). The colourful shades indicate 95% pointwise
confidence intervals. The vertical dotted lines at 0, 1, and 2.35 indicate syllable
boundaries. The normalised time domain [�1, 0] shows f0 contours of the lexical tone
syllable X1, and [0, 1], [1, 2.35] and [2.35, 3.3] for the neutral tone syllables X2, men, and
de (in grey background).
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In Fig. 17(b), the f0 contours of both mama-men de and
yeye-men de phrases (bottom panel) in Plastic Mandarin are,
still, not statistically significantly different from the correspond-
ing phrases in Standard Mandarin in their entirety. In the top
panel for quadrisyllabic phrases nainai-men de and meimei-
men de, areas marked in red, where the f0 differences
between Standard Mandarin and Plastic Mandarin are not sta-
tistically significant, have included the whole syllable of de.
Indeed for all four phrases, the f0 contours of the de part, in
the normalised time domain [2.35, 3.3], between the two Man-
darin varieties do not differ statistically significantly. This sug-
gests that there is a similar low pitch target for such neutral
tone syllables in Standard Mandarin and Plastic Mandarin.

4. Discussion

4.1. Approaching a low pitch target

This study provides compelling acoustic evidence that the
f0 contour of neutral tone syllables is approaching a low pitch
target in both Mandarin varieties. From the model prediction
plots of de in disyllabic phrases, men in trisyllabic phrases,
and men de in quadrisyllabic phrases in Plastic Mandarin,
we can clearly see that various f0 contours converge at the
end of neutral tone sequences towards a pitch level that is
lower than the speaker mean. Likewise, the converging effect
of f0 contours of different groups of phrases is strongly present
in trisyllabic phrases and quadrisyllabic phrases in Standard
Mandarin. The duration of a neutral tone sequence tends to
play a role in the approximation of a pitch target. The findings
suggest that a longer neutral tone sequence allows ample time
to approach a lower target. When there is only one neutral tone
syllable, the longer token tends to have a lower ending f0.

Fig. 18 recaps the fitted Gaussian distributions of ending f0 in
the trisyllabic and quadrisyllabic tokens in the two Mandarin vari-
eties. At the end of the quadrisyllabic tokens, the two Gaussian
distributions of ending f0 have a large overlap. The GAMMs
analysis shows that f0 difference between Standard Mandarin
and Plastic Mandarin throughout the entire de in the quadrisyl-
labic tokens is not statistically significant. This suggests that
the low pitch target associated with neutral tone sequences in
Plastic Mandarin is similar to that in Standard Mandarin.
4.2. Interpretations of the low pitch target

Although there is systematic variation in the citation form of
lexical tones between Standard Mandarin and Plastic Man-
darin (see Fig. 1), the pitch target associated with neutral
tones, nevertheless, remains stable and constant in this syn-
chronic variation. Where does the target come from?

The data show that the f0 contours of neutral tone sequences
[X1X2-men] are greatly influenced by the preceding lexical tone,
but hardly influenced by the following lexical tone. The converg-
ing effects of neutral tone f0 contours irrespective of the preced-
ing and following tones rule out the claims that neutral tone is
merely an interpolation between its preceding and following tone
or a complete spreading from its preceding tone.
4.2.1. The underlying low tone hypothesis

A natural association of a low pitch target is that neutral tone
may be underlyingly a low tone, which was proposed by H. Lin
(2006). There are two main issues in this account: first, neutral
tone does not behave the same way as the other low tone, for
example, Tone 3 in Standard Mandarin and Plastic Mandarin.
While the low pitch target is usually approached by the end of
a Tone 3 syllable, there is a large f0 variance at the end of a
neutral tone. Second, the investigation into sequences of neu-
tral tone suggests that not necessarily every neutral tone is
associated with a low pitch target (see Fig. 14). If all neutral
tones were L tones, one might expect the pitch contour of a
neutral tone flanked by neutral tones on both sides to exhibit
a relatively flat shape with a low pitch, as illustrated schemati-
cally in dotted black line in Fig. 19(1). It is also highly likely to
trigger some tone sandhi when three consecutive L tones were
specified, subject to the Obligatory Contour Principle
H. Lin (2006) invoked in his underlying L tone proposal. Yet
our data displayed a falling trend in all three consecutive neutral
tone syllables, despite the variability in the slopes. The alterna-
tive boundary tone hypothesis illustrated in Fig. 19(2) seems
more likely given our f0 data. Another possible explanation for
the continuous fall of f0 could be the weak articulatory strength



Fig. 15. The distribution, kernel density estimation of ending f0 of de in quadrisyllabic tokens and the fitted Gaussian distribution in the two Mandarin varieties. In (a), one potential
outlier with f0 less than �10 semitones was removed in the plot.
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in the production of neutral tones (Y. Chen & Xu, 2006), as
described in section 4.2.3. This perspective of phonetic imple-
mentation does not rule out any of these hypotheses.

4.2.2. Attracting the boundary low tone

A more promising account is that a neutral tone does not
have any underlying tone, but attracts a low boundary tone.
Sun and Shih (2021) found that anticipatory tonal coarticula-
tion became weak when crossing a strong boundary such as
the subject-predicate boundary. Q. Li and Chen (2019) also
suggested that the anticipatory effect of the following tone
can be blocked by a higher-level boundary. The weak effect
of the following lexical tone in our data may indicate a strong
boundary effect.

Two examples of sentences containing [X1X2-men] phrases
are given in (4), in which the focused words are marked in bold.
In (4a), mèimei-men is the noun phrase serving as the subject
of the sentence, and precedes the predicate of the sentence.
Such subject-predicate boundary was regarded as a high-
level or strong boundary in Q. Li and Chen (2019) and Sun
and Shih (2021), which may explain the weak effect from the
following Tone 4 syllable zheng.



Fig. 16. (a) Fitted f0 trajectories of four groups of trisyllabic phrases in both Mandarin varieties (duration: 460 ms). For the lexical tone of X1, numbers indicate tone categories, ‘p’
indicates Plastic Mandarin, and ‘s’ indicates Standard Mandarin. (b) The estimated f0 difference trajectories between each by-variety pair of [X1X2men (de)] phrases, with the
associated 95% pointwise confidence intervals. The areas where the difference is not significantly different from 0 were marked in red. The number in the pinyin transcription indicates
the tone category of X1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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(4)
 a.
 mèimei-men
 zhèng
 tán-zhe
 jít�a.

sister-PL
 PROG
 play-DUR
 guitar

‘Sisters are playing guitars.’
b. mèimei-men de zhúzi g�ao-le.

sister-PL
 GEN
 bamboo
 (grow) tall-PERF

‘Sisters’ bamboo has grown taller.’
Strong boundaries are often defined in prosodic domains,
though often synchronised with syntactic structures. In
Fitzpatrick-Cole (1996)’s analysis of Bengali, the right edge of
focus and the left edge of verbs are both considered as strong
phonological phrase boundaries. In intonation phonology, the
edges of various prosodic constituents are the docking sites
for boundary tones (Pierrehumbert, 1980). For example,
Hayes and Lahiri (1991) argue that boundary tones associate
to domain boundaries of the Prosodic Hierarchy (Nespor,
1986; Selkirk, 1986), in particular the Phonological Phrase
and the Intonational Phrase, in Bengali. Takahashi (2019)



Fig. 17. (a) Fitted f0 trajectories of four groups of quadrisyllabic phrases in both Mandarin varieties (duration: 540 ms). For the lexical tone of X1, numbers indicate tone categories, ‘p’
indicates Plastic Mandarin, and ‘s’ indicates Standard Mandarin. (b) The estimated f0 difference trajectories between each by-variety pair of [X1X2men de] phrases, with the associated
95% pointwise confidence intervals. The areas where the difference is not significantly different from 0 were marked in red. The number in the pinyin transcription indicates the tone
category of X1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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argues that a boundary low tone is assigned at the right edge of
a phonological word in Shanghai tone sandhi.

A potential prosodic grouping is illustrated in (5) using
brackets, and the boundary tone L is attached to right edge
of the outermost prosodic constituent in a recursive structure.
The prosodic leanings of neutral tone syllables are leftwards,
similar to the encliticising functional words in Germanic lan-
guages (Lahiri & Plank, 2022). The location of a neutral tone
syllable always coincides with the right edge of a prosodic con-
stituent, and a neutral tone syllable can occur at the right edge
of various layers within the prosodic hierarchy. While in (5a) the
noun phrase mèimei-men precedes a predicate, in (5b)
mèimei-men-de is the given information preceding a narrow
focus (the keywords being guessed). It is likely that both these
conditions trigger a strong boundary effect so that the under-
specified neutral tone attracts a boundary low tone, as illus-
trated in Fig. 19(2).
(5)
 a.
 ((mèimei)
 men)L
 zhèng

sister
 PL
 PROG
b.
 (((mèimei)
 men)
 de)L

sister
 PL
 GEN
One advantage of the boundary tone account is that it differen-
tiates neutral tone from other lexical tones in acquiring a sur-
face pitch target. Acquiring a boundary tone is a post-lexical



Fig. 18. The fitted Gaussian distribution of ending f0 of trisyllabic (normalised time = 2.35, marked by vertical dotted line) and quadrisyllabic (normalised time = 3.3, marked by vertical
dotted line) tokens in the two Mandarin varieties. The horizonal dotted lines indicate the means of the corresponding Gaussian distributions.

Fig. 19. The schematic illustration of hypothetical pitch targets for a neutral tone
sequence, high rising Tone 4 (T4) in Plastic Mandarin followed by three neutral tone
syllables (N). Vertical bars demarcate syllables. Letters H and L indicate the underlying
tone target of a syllable. L% represents a low tone target attached to the end of this
phrase. The dotted black line is the predicted pitch contour given the underlying tones
and the teal solid line is the shape of prototypical pitch contour for a [T4-N-N-N]
sequence. (1) Neutral tone has an underlying L target (if no obligatory contour or any
tone sandhi); (2) neutral tone is underspecified and attracts the L target at the end of the
sequence.
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process. The distinction between lexical tones and post-lexical
processes can conveniently explain their different behaviours in
the synchronic variation of Standard Mandarin and Plastic Man-
darin — neutral tone does not conform to the systematic varia-
tions of tone shape (target) observed in the other lexical tones.
If neutral tone is inherently the same as the other lexical tones,
how to explain its deviation (i.e. its tone target does not vary)
from this ‘plastic’ tonal variation illustrated in Fig. 1? Previous
literature has highlighted substantial divergences between neu-
tral tones in Changsha and Standard Mandarin. The pitch pat-
tern of neutral tones in Plastic Mandarin in this study did not
resemble the reported pitch pattern of neutral tones in Chang-
sha. That the pitch target of neutral tone across the two Man-
darin varieties remains invariant may signal that the post-
lexical tonal phenomenon associated with neutral tones in Plas-
tic Mandarin is a direct transfer from Standard Mandarin and
that the post-lexical processes tend to be more stable than lex-
ical tones in this Mandarin variation.

Another advantage of the boundary account is that it
enables neutral tone syllables to undergo different post-
lexical processes. Neutral tone syllables such as the interrog-
ative particles at the end of a question are most likely to have a
higher tone H% instead of a low tone in Mandarin. A. Li & Li
(2022) demonstrated that the neutral tone at the end of an into-
nation phrase is realised as L(ow) in declarative intonation but
M(id) in question intonation in Standard Mandarin.

The boundary account is, nevertheless, not conclusive.
Firstly, the phonological account alone does not explain the
varying converging pitch levels at the end of a different number
of neutral tone syllables, although all of them are below the
speaker mean. The ending f0 of a single neutral tone in disyl-
labic phrases was also subject to higher variability than that of
a neutral tone sequence. Secondly, even if a neutral tone
sequence has an extended duration, the average ending pitch
of a low boundary tone L% might not be as low as that of a sin-
gle (underlying) L tone. Thirdly, more data are needed to inves-
tigate the effect of different boundary types on various neutral
tones, controlling for pragmatic contexts such as focus and
newness. Fourthly, this study only concerns the potential
boundary effects on neutral tone syllables. The effects on full
lexical tones at prosodic boundaries remain to be explored in
future research.

4.2.3. Pitch-related prosodic preplanning

The slow rate of approximating the low pitch target in neutral
tones was interpreted as weak articulatory strength (Chen &
Xu, 2006). In other words, a low neutral tone tends to be imple-
mented in a ‘softer’ or ‘undershooting’ manner compared to a
low lexical tone, which may be partially attributed to the short
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syllable duration of many neutral tone syllables. The varying
converging pitch levels at the end of neutral tone sequences
in different lengths may be accounted for in speech production
planning, where pitch shifting has been presented as acoustic
evidence for pitch-related preplanning in speech production
(Chen & Tseng, 2019).

The phonetic form of a word in an utterance is greatly influ-
enced by the prosodic structure and prosodic prominence
(Keating & Shattuck-Hufnagel, 2002). Prosodic encodings typ-
ically included f0 heights and duration at edges of prosodic
units. Yuan and Liberman (2014) showed strong correlation
between the f0 declination slopes and the length of inter-
pause units in English and Mandarin broadcast news speech,
that is, longer units tended to have less steep f0 slopes. No
correlation between the length of the inter-pause unit and the
final f0 height was found. Liberman and Pierrehumbert
(1984) suggested that utterance-final f0 height asymptoted to
a speaker-based baseline representing characteristics of a
speaker’s voice. Asu et al. (2016), on contrary, observed that
longer intonational phrases in spontaneous Estonian speech
exhibited a tendency of lower phrase-final f0 heights in addition
to less steep f0 slopes, suggesting a larger pitch range may be
pre-arranged in longer prosodic units.

In our data, longer neutral tone sequences tended to have a
lower final f0. In phrases with three consecutive neutral tones
following a high tone (i.e. T1 in Standard Mandarin and T4 in
Plastic Mandarin), the declination rate was faster in the first
two neutral tone segment. In the language game setting with
semi-spontaneous speech production, the online message
planning is likely to be more fragmented compared to read
speech and the final f0 height may be more dependent on
the duration of a prosodic unit (Chen & Tseng, 2019). With a
longer prosodic unit speakers may be more likely to drop to
their pitch low-bound baseline.

The crosslinguistic differences between Mandarin and Eng-
lish in Yuan and Liberman (2014) suggested that prosodic
encoding in speech production is linguistically meaningful. This
study revealed that pitch-related prosodic encoding including
pre-boundary f0 lowering is similar between the two Mandarin
varieties.
4.3. Cross-dialectal insights on tonal variation

Apart from Standard and Plastic Mandarin, Li and Chen
(2019) and Huang (2018) also observed a mid-low target for
neutral tone sequences in Tianjin Mandarin and Taiwan Man-
darin respectively. The convergence of the f0 patterns of neu-
tral tone in different Mandarin varieties and the emerging low
pitch target can be interpreted in two ways: first, in Mandarin
variation and change, neutral tone is an invariant low tone
and somehow remains unaffected by the systematic tone con-
tour changes observed in other lexical tones; second, neutral
tone is underlyingly toneless (underspecified, hence no corre-
sponding tone contour change) but attracts a boundary low
tone (Z. Li, 2003). The latter can easily explain why neutral
tone tends to have a constant pitch target in different Mandarin
varieties when all canonical lexical tones have altered their
tone targets or specifications. The perspective of synchronic
variation favours the boundary tone interpretation and indi-
cates that neutral tone production involves a mechanism rela-
tively stable in Mandarin variation— the prosodic structure and
groupings are similar between Standard Mandarin and Plastic
Mandarin. This is not surprising when the morphosyntactic
structure is consistent across these two Mandarin varieties.
The approximation to a low pitch target in neutral tones may
have marked strong prosodic boundaries, and the prosodic
groupings in the phrases containing neutral tone syllables
are the same between the two Mandarin varieties.
4.4. Implications for neutral tone typology

The f0 patterns of the duplicate syllables X2 tend to differ
from the low-pitch target approaching patterns identified for
de and men. This might be the case that reduplication has a
different intonation mechanism and that a copied syllable X2,
together with the X1, forms a prosodic domain of realising the
underlying tone of X1. Fitzpatrick-Cole (1996) showed that in
Bengali the entire reduplicated phrasal structure including the
base phrase and the copy shared one expected contour such
as the tune for a focus nucleus (L*Hu), and thereby argued
that the entire structure was in a single Phonological Phrase.
In a similar vein, the entire reduplicated structure [X1X2] here
tends to share the lexical tone pattern of X1 instead of having
two copies of a lexical tone. In this case, the so-called neutral
tone of X2 would be some tone sandhi form operated within the
domain of reduplication.

Since [X1X2] in our data is embedded in the trisyllabic
phrases [X1X2-men], the reduplication effect is confounded
with the potential influence of the following syllable men. It
would be ideal to have disyllabic reduplication data [X1X2],
which form a direct contrast with [X1-de] data. This will be a
direction for future research, in light of the neutral tone typology
proposed in Shen (1992) and Y. Zhang (2022). A next step of
this research is to examine the pitch contours of a wide variety
of neutral tone syllables.
5. Conclusions

This study examines speech sequences with neutral tone
syllables in two Mandarin varieties, Standard and Plastic Man-
darin. There is no canonical f0 contour for a neutral tone sylla-
ble in either Mandarin variety. The f0 contour shape varies
greatly when a neutral tone syllable is surrounded by different
tones, and the preceding lexical tone is a main source of vari-
ability. This study suggests that a neutral tone or a sequence of
consecutive neutral tones tends to approach a low pitch target
associated with a prosodic boundary in both Mandarin vari-
eties and that neutral tone syllables such as the possessive
particle de and the plural particle men may be underlyingly
underspecified.

Despite the greater surface variability than other lexical
tones, neutral tones maintain some constant or pertinacious
aspects of prosody in this Standard–Plastic variation. Unlike
canonical lexical tones that differ systematically in contour
across the two Mandarin varieties, neutral tones tend to be
prosodically conditioned in a similar fashion. It suggests that
patterns of tonal variation are constrained by prosodic
structure.

Further empirical research, however, is still needed to con-
firm and explore boundary effects in a wider variety of neutral
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tones and other lexical tones. Regardless of the phonological
interpretations, the falling pitch pattern of neutral tones is char-
acterised by pitch-related prosodic preplanning and weak artic-
ulatory strength. The constancy in the pitch target of neutral
tones between the two Mandarin varieties suggests pertina-
cious prosodic grouping and boundary marking in the process
of Mandarin change.
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