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ABSTRACT

PRODUCTION AND PERCEPTION OF LARYNGEAL CONTRASTS IN
MANDARIN AND ENGLISH BY MANDARIN SPEAKERS

Yuting Guo, Ph.D
George Mason University, 2020

Dissertation Director: Harim Kwon

Word initial stop contrast is realized on many acoustic dimensions, and the
acoustic realization of the laryngeal contrast is different across languages. The language-
specific hybrid of acoustic cues for the laryngeal contrast shapes how speakers and
listeners represent and identify the contrast. This dissertation explores how Mandarin
speakers produce and perceive the laryngeal contrasts in their native language (L1) and
the second language (L2), focusing on FO (fundamental frequency) perturbation patterns.
By doing so, this study aims to contribute to the theoretical discussion of the production-
perception link, the L1-L2 interface, and the cross-linguistic comparison between tonal
and non-tonal languages.

This dissertation features two sets of experiments: Mandarin speakers’ L1
production and perception experiments (§3), and Mandarin speakers’ L2 production and

perception experiments (§4). Mandarin speakers’ L1 experiments (§3) examine the



acoustic cues that Mandarin speakers use to produce and perceive the Mandarin
aspiration contrast. The current study observes a high initial tone and low initial tone
effect in producing the aspiration contrast in Mandarin. The FO following aspirated stops
(FO-aspirated stops) is found to be significantly higher than the FO following the
unaspirated stops (FO-unaspirated stops) in the high-level tone and the falling tone but is
significantly lower than the FO-unaspirated stops in the rising and the dipping tone. The
duration of significant FO differences between the FO-aspirated stops and the FO-
unaspirated stops is limited to the onset of the vowel, ranging from 11 ms to 75 ms. In
perception, the voice onset time (VOT) is the primary cue for the aspiration judgement.
Moreover, L1 Mandarin listeners are observed to extract both tonal and consonantal
information from the post-onset FO. The listeners tend to associate high pitch with the
aspirated stops and low pitch with the unaspirated stops across the four tonal contexts.
The high initial tone and low initial tone effect is observed in the perception task as well.
The low initial tones elicit significant more unaspirated responses than the high initial
tones.

Mandarin speakers’ L2 experiments (§4) investigate L1 Mandarin speakers’
perception and production of the English voicing contrast with parallel tasks from the L1
experiments. Overall, the FO following voiceless stops (FO-voiceless stops) is found to be
produced significantly higher than the FO following voiced stops (FO-voiced stops). The
duration of significant FO differences between the FO-voiceless stops and the FO-voiced
stops is shorter than that produced by L1 English speakers. In perception, the L1

Mandarin listeners use VOT as a primary cue and pitch as a secondary cue for the



English voicing contrast. They tend to associate high FO with the voiceless stops and low
FO with the voiced stops. The intrinsic FO of the vowels also play a role and a perceptual
compensation effect is observed in the English stop identification task. It seems that the
listeners tend to attribute the high FO they hear to the intrinsic FO of the vowel rather than
the voicelessness feature of the preceding stop when VOT is ambiguous.

The findings in this dissertation indicate that FO perturbation effect is primarily an
automatic effect. The features such as tone and vowel height that are realized with FO can
influence FO perturbation patterns as different tones and vowels require different
coordination of articulators. In addition, this study sheds light on why the FO perturbation
duration in tonal languages is shorter than that in non-tonal languages. A comparison
between Mandarin speakers’ L1 and L2 stop production suggests that speakers from a
tonal language inhibit the FO perturbation effect to keep the tonal information intact. In
sum, the parallel studies of the laryngeal contrasts across languages and modalities in this
dissertation offer insight into between-language (tonal vs. non-tonal) and within-language
(production vs. perception) variations of how Mandarin speakers-listeners use different
acoustic properties to contrast laryngeal features in their L1 and how they adapt the
information of individual acoustic cues when they learn an L2. Along with such findings,
this dissertation also provides a balanced corpus for testing models of the perception-

production link as well as the L1-L2 interface.



CHAPTER 1. INTRODUCTION

1.1 Background

The difference between two L1 sounds is very straightforward to L1 listeners.
Nonetheless, the process of integrating diverse information from speech signals is
complex. This is because languages encode multiple acoustic cues to contrast speech
sounds and the weight and function of each acoustic cue can differ across languages. For
example, both English and Mandarin have a two-way laryngeal contrast (such as the /t/-
/d/ distinction), but the phonetic realization of the laryngeal contrast could be language
specific (see detailed discussion in §2.5).

The distinction between English stops is often considered as a voicing contrast
and the two groups of stops are usually termed voiced stops and voiceless stops (the
English stops are henceforth called voiced and voiceless stops). However, the voicing
distinction is primarily a phonological one. The phonological voicing distinction,
especially in syllable-initial positions is actually realized as a phonetic aspiration
distinction between voiceless unaspirated stops and voiceless aspirated stops (e.g., Lisker
& Abramson, 1964; Keating, 1984; Francis, Ciocca, Wong & Chan, 2006). Mandarin
stops are typically classified as voiceless unaspirated stops and voiceless aspirated stops
(Xu & Xu, 2003; Deterding & Nolan, 2007; Luo, 2018), with aspiration as the primary

distinction (the Mandarin stops are henceforth called unaspirated and aspirated stops).



The role of FO in English differs from that in Mandarin. In English, the FO of the
post-stop vowel is a secondary cue to the voicing contrast (e.g., Whalen, Abramson,
Lisker & Mody, 1993). Voiceless stops tend to raise the FO while voiced stops tend to
lower the FO of the following vowel in production (Hombert, Ohala & Ewan, 1979;
House & Fairbanks, 1953; Lehiste & Peterson, 1961; Lea, 1973; Hombert, 1978; Ohde,
1984; Hansen, 2009). The phenomenon that the FO pattern is correlated with the
laryngeal feature of the preceding consonant is called 0 perturbation. Direction and
duration are two commonly used measurements to describe FO perturbation (Hombert et
al., 1979; Luo, 2018). The direction of FO perturbation measures whether the onset
obstruents raise or lower the post-onset FO. The duration of FO perturbation measures
how long the FO perturbation extends into the vowel. The effect of FO perturbation in
English can extend about 100 ms into the following vowel (e.g., Hombert et al., 1979).
Studies have shown that L1 English listeners pay attention to the secondary cue (i.e., F0O)
in the perception of stop categories, not only when the primary cue (i.e., VOT) is
ambiguous (e.g., Abramson & Lisker 1985) but also when it is not ambiguous (e.g.,
Whalen et al., 1993, see §2.3.2 for more detailed discussion of this issue).

Unlike English, Mandarin is a phonemic tonal language, in which tone can
distinguish word meanings (e.g., Duanmu, 2007). There are four! tones in Mandarin:
High level tone (T1), Rising tone (T2), Dipping tone (T3) and Falling tone (T4). FO is the
primary cue to convey the tonal information. Inconsistent results have been reported on

FO perturbation in Mandarin (Xu & Xu, 2003; Luo, 2018). Xu and Xu (2003) suggest that

! Mandarin also has a neutral tone and its tonal contour depends on the preceding tone. It
is not considered in the current study.



aspiration is associated with low FO while Luo (2018) argues that aspiration is associated
with high FO. Despite the discrepancy of the direction of FO perturbation in Mandarin,
both studies have reported that the duration of FO perturbation effects in Mandarin is
limited to the onset of the following vowel. It is still unknown whether Mandarin
listeners use FO as a secondary cue to the laryngeal contrast, since FO is the primary cue
for tones and the FO perturbation effect is very short in Mandarin productions.

L1 can influence L2 production and perception, which makes it interesting to
examine the L1 influence on the acquisition of laryngeal contrasts in an L2, especially
when the two languages differ in how they realize the laryngeal contrast. The learners
may need to adjust the category definitions in their L1 in order to acquire the category
mapping in their L2 to achieve target-like production and perception. For Mandarin
speakers learning English as an L2, they may need to inhibit the link between FO and
tonal categories and associate FO with the laryngeal contrast in order to recognize and
produce speech sounds in a nativelike manner.

1.2 The current study

This study has been designed to contribute to the understanding of how speakers
of a tonal language contrast the laryngeal features in production and identify the
laryngeal features in perception, focusing on the role of VOT and F0. Along with the
examination of native FO perturbation patterns of Mandarin speakers, the current work
also investigates how Mandarin speakers define the English laryngeal contrast in

production and adjust their use of acoustic cues in perception.



For the Mandarin production experiment (§3.2), L1 Mandarin speakers were
asked to read Mandarin words with alveolar stops in onset position in a carrier sentence.
The production experiment thus attempts to reveal the influence of tone and intrinsic FO
of the vowel on the direction and duration of FO perturbation in Mandarin. It seeks to
provide additional empirical evidence as to whether the aspiration feature in Mandarin
raises or lowers FO at vowel onset, since previous studies (Xu & Xu, 2003; Luo 2018)
have reported contradictory results. In order to explore the production-perception
interface, this study also asks whether L1 Mandarin listeners use FO as a cue for the
laryngeal contrast in Mandarin (§3.3). A series of stops co-varying in VOT and FO for
each tone were created to test how VOT, FO, and tone influence L1 listeners' perception
of Mandarin stops. The participants were asked to listen to Mandarin words and identify
the aspiration feature by selecting the [t]-initial or [t"]-initial words.

The same group of participants were asked to read English words with an alveolar
stop as the onset in a carrier sentence to examine how Mandarin speakers produce the
laryngeal contrast in English (§4.2). The participants’ perception of the English stops
(§4.3) was investigated using the same experimental design as the L1 perception
experiment. The L2 experiments seek to investigate how L1 Mandarin speakers contrast
the laryngeal feature in their non-tonal L2. The results from the two sets of parallel
experiments thus explore the interface between L1and L2 in both production and
perception. The results of the current study also have implications of Mandarin VOT
categorical boundaries and English VOT categorical boundaries by L1 Mandarin

speakers.



1.3 Organization of chapters

This dissertation proceeds as follows: Chapter 2 surveys the literature on the
debate of the source of FO perturbation, the production and perception of FO perturbation
in tonal and non-tonal languages, and FO perturbation in L2 acquisition studies. Chapter 2
also provides a background review for Mandarin tones, and the laryngeal contrasts in
Mandarin and English. Chapter 3 investigates the role of VOT and FO in contrasting and
identifying Mandarin stops by L1 speakers through a production and a perception
experiment. Chapter 4 focuses on L1 Mandarin speakers’ perception and production
patterns of English stop contrasts. Chapter 5 summarizes the results, provides a general

discussion the L1-L2 link, offers suggestions for future research and concludes the study.



CHAPTER 2. LITERATURE REVIEW

FO perturbation has been widely attested in different languages across the world,
such as Cantonese (Francis et al., 2006; Luo, 2018), Danish (Jeel, 1975; Reinholt
Petersen, 1983), English (House & Fairbanks, 1953; Lehiste & Peterson, 1961; Lea,
1973; Hombert, 1978; Hombert et al., 1979; Ohde, 1984; Hanson, 2009), French (Kirby
& Ladd, 2016), German (Kohler, 1982), Japanese (Gao & Arai, 2018), Korean (Han &
Weitzman, 1970; Jun 1996), Mandarin (Xu & Xu, 2003; Luo, 2018), Russian (Mohr,
1971), Spanish (Dmitrieva, Llanos, Shultz & Francis 2015), Southern British English
(Silverman, 1984), Thai (Gandour, 1974; Ewan, 1976), Xhosa (Jessen & Roux, 2002),
and Yoruba (Hombert, 1977; Hombert, 1978). Despite the universality of the
phenomenon, there are controversial patterns within and across languages, which could
be due to the complexity of the phenomenon itself.

Although all the languages listed above have a laryngeal contrast, the acoustic
realization of the contrast differs across languages. Specifically, the languages differ in
terms of whether they are tonal, non-tonal, or pitch-accent languages, whether they are
true voicing or aspiration languages, and the number of stops they have along the
laryngeal contrast. Tonal languages use FO to express different lexical or grammatical
meanings while non-tonal languages do not. As to pitch-accent languages, FO is essential

to determine the meaning of a word in some tonal minimal pairs (Gao & Arai, 2018). It is



still unclear whether FO can carry both consonantal and tonal information in the tonal or
pitch-accent languages. Aspiration languages, such as Mandarin, have two series of
voiceless stops (voiceless aspirated and voiceless unaspirated), and aspiration is the
phonemic feature contrasting the two groups of stops. In contrast, in true voicing
languages, such as Spanish (Dmitrieva et al., 2015), the phonologically voiced stops are
phonetically voiced (with voicing during stop closure) and the phonologically voiceless
stops are phonetically voiceless. Voicing is the phonemic feature contrasting the two
groups of stops in true voicing languages. Languages like English, Mandarin, French, and
Italian have a two-way stop contrast in which they have two-member-pairs for the
laryngeal contrast. There are also languages such as Korean in which they have three-
member-groups for the laryngeal contrast. Even within one language, various acoustic
properties are used to realize the laryngeal contrast. For example, Lisker (1986) listed as
many as 16 acoustic patterns involved in a /p/-/b/ contrast between rabid and rapid.

In addition to these various cross-linguistic differences related to the laryngeal
contrast, different research procedures and measurements could be another potential
reason for the contradictory results on FO perturbation, such as the direction of the FO
contours throughout the vowel. Some studies (e.g., House & Fairbanks, 1953) have
measured average FO over the vowels following the onset consonants, some studies (e.g.,
Lehiste & Peterson, 1961) have measured the maximum FO in the vowel, and some
studies (e.g., Luo, 2018) have measured FO from certain equidistant points throughout the
vowel. As to the stimuli, some studies have used real words (e.g., Lehiste & Peterson,

1961), whereas others have used nonsense words (e.g., Lea, 1973). In terms of syllable



structure, some have used one syllable words (e.g., House & Fairbanks, 1953), some bi-
syllabic words (e.g., Lea, 1973; Xu & Xu, 2003), and some tri-syllabic words (e.g.,
Silverman, 1984). Some have recorded words in isolation (e.g., Lehiste & Peterson,
1961), while other studies have embedded the target syllables in carrier phrases (e.g.,
Luo, 2018). More cross-linguistic evidence is needed to provide a better understanding of
this universally observed phenomenon.

The current study focuses on how L1 Mandarin speakers distinguish the laryngeal
contrast in production and identify the stops in perception, both in their L1 and L2. The
following sections survey literature on the source of FO perturbation (§2.1), FO
perturbation in English (§2.2) and tonal languages (§2.3) in both production and
perception tasks, the laryngeal contrast in L2 acquisition studies (§2.4) and the
background of the two testing languages in the present study (§2.5).

2.1 The source of F0 perturbation
2.1.1 FO perturbation

As introduced above, obstruents influence the FO of adjacent vowels. The
phenomenon that the FO in a vowel is correlated with the laryngeal feature of the
preceding consonant is called 0 perturbation (Hombert et al., 1979; Kirby & Ladd,
2016; Hanson, 2009; Luo, 2018). Direction and duration are two common measurements
to define FO perturbation (Hombert et al., 1979; Hanson, 2009; Luo, 2018). The direction
of FO perturbation measures whether the onset obstruents raise or lower the post-stop FO.
The duration of FO perturbation measures how long FO perturbation extends into the

vowel.



Studies have collected data from various languages to understand the source of FO
perturbation. Two major approaches have been proposed to account for this universally
attested phenomenon: the phonetic approach and the phonological approach.

2.1.2 The phonetic approach

The phonetic approach claims that FO perturbation is intrinsic to the voicing
contrast of the preceding consonant and it is restricted by physiological and/or
aerodynamic factors (e.g., Ladefoged, 1967; Slis, 1970; Halle & Stevens, 1971; Ohala &
Ohala, 1972; Lofqvist, 1975; Hombert et al., 1979; Kohler, 1984). Various articulatory
and aerodynamic mechanisms have been proposed to elucidate the nature of this
phenomenon.

One such possible mechanism is larynx height. That is, the larynx is lowered to
facilitate voicing by increasing the size of the oral cavity. A larger oral cavity helps to
maintain the necessary trans-glottal pressure for voicing. The lowered larynx leads to a
decrease in FO at the vowel onset, which has been observed in many previous studies
(Moeller & Fischer, 1904; Ohala, 1972; Ewan, 1976).

Another proposed mechanism is the cricothyroid (CT) muscles and vocal cord
tension. Halle and Stevens’ (1971) claim that the vocal cord (a.k.a., vocal fold) tension
differs in the course of producing voiced and voiceless stops. During the production of
the voiceless stops, the CT muscles contract to inhibit voicing, which stretches the vocal
cords. Thus, the vocal cords become stiff. In contrast, during the production of voiced

stops, the vocal cords are slack. The effect of the different vocal cord tension during the



stop closure spreads to the following vowel. Tense or stiff vocal folds lead to high FO and
slack vocal folds lead to low FO.

Trans-glottal pressure has also been examined. Trans-glottal pressure refers to the
pressure difference between the subglottal pressure and the oral pressure. During stop
closure, oral pressure builds up. And upon the release of the stop, the oral pressure drops.
However, the pressure accumulated during the closure period is different for voiced and
voiceless stops. The oral pressure builds up quickly for the voiceless stops since the
glottis is widely open while it builds up gradually for the voiced stops (Ladefoged, 1971).
As aresult, the oral pressure is higher for the voiceless stops than for the voiced stops.
The increase of the oral pressure during the closure of a voiced stop reduces the trans-
glottal pressure, which lowers the FO at the vowel onset. Voiceless stops, with high oral
pressure, induce faster trans-glottal airflow at the vowel onset and raise the FO at the
beginning of the following vowel (Ladefoged, 1967; Kohler, 1984).

Lastly, subglottal pressure has been considered. During stop closure, a constant
subglottal pressure is retained (Slis, 1970; Ohala & Ohala, 1972; Lofqvist, 1975). Upon
stop release, a higher rate of air flows out of the glottis for aspirated stops than for
unaspirated stops, which leads to a greater decrease of the subglottal pressure for
aspirated stops than for unaspirated stops. The FO at vowel onset is positively correlated
with the remaining subglottal pressure after stop release. Therefore, the FO-aspirated
stops is lower than the FO-unaspirated stops (Shi, 1998; Xu & Xu, 2003; Francis et al.,

2006).
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Most of the mechanism mentioned above are about phonetically voiceless and
voiced obstruents. Only the last one, the subglottal pressure mechanism, focuses on the
differences between voiceless aspirated and voiceless unaspirated stops. If the FO
perturbation is an automatic effect, the mechanism activated for voiced obstruents is
expected to be different for the voiceless unaspirated stops, although they could belong to
the same phonological voicing category.

2.1.3 The phonological approach

The phonetic approach suggests that FO perturbation is a physiological or
aerodynamic artifact of how obstruents are produced (e.g., Ladefoged, 1967; Halle &
Stevens, 1971; Hombert et al., 1979). However, Kingston and Diehl (1994) propose that
FO perturbation is ‘controlled’ rather than ‘automatic.’ It is worthwhile to note that the
‘controlled’ hypothesis does not mean that the speakers are doing it consciously. It is
engrained as a part of their subconscious phonological knowledge, which is language
specific. The aim of FO perturbation is to enhance the perceptual salience of the
contrastive laryngeal features. The FO perturbation pattern is related to the phonological
status of the obstruents rather than the specific phonetic realization of the obstruents with
different degrees of prevoicing or delayed onset of voicing. In English, the FO-voiced
stops is lowered in both the syllable initial positions and the intervocalic positions
although voicing during the closure typically only occurs in the intervocalic positions
(Kingston, 1985; Kingston & Diehl, 1994). Cross-linguistically, English phonologically
voiced (phonetically voiceless unaspirated) and French phonologically voiced

(phonetically voiced) stops both lower the FO of the following vowel (Hombert, 1978).
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Based on the observed patterns, Kingston and Diehl (1994) argued that the FO
perturbation was independent of the specific phonetic realizations of the laryngeal
contrast and it was maintained to reinforce a phonological contrast.

To sum up, the phonetic approach and the phonological approach provide
explanations of FO perturbation from different perspectives with the former focusing on
production and the latter focusing on perception. However, they do not directly contradict
to one another. They have different predictions for production patterns, but shares some
predictions for perceptual patterns. Specifically, the phonetic approach predicts that all
human languages show the same pattern as long as the obstruents are phonetically
equivalent regardless of the phonological contrasts in each individual language. The
phenomenon is expected to be universal rather than language specific. It does not,
arguably, predict a direct link between the production and perception. The L1 listeners
may or may not use FO as cue for the laryngeal contrast.

On the other hand, the phonological approach suggests the FO perturbation is
related to the phonological contrast in a given language regardless of the specific
phonetic realization of the laryngeal contrasts. It predicts languages exhibit the same
pattern when they have the same phonological contrast. It predicts that the production is
closely related to the perception as the purpose of FO perturbation is to enhance a
phonological contrast for listeners. L1 listeners are predicted to be able to use FO as a cue

for the laryngeal contrast.
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2.2 FQ perturbation in English
2.2.1 Contrasting English voicing in production

The FO perturbation effect in English is well documented in the literature (e.g.,
House & Fairbanks, 1953; Lehiste & Peterson, 1961; Lee, 1973; Hombert, 1975; Hanson,
2009). In general, studies have found that the FO-voiceless stops in English is higher than
the FO-voiced stops. The duration of the perturbation can extend 100 ms into the vowel
(e.g. Lehiste & Peterson, 1961; Hombert et al., 1979). Despite the different experimental
designs and acoustic measurements across studies, the general pattern of FO perturbation
is robust both in its direction and duration.

The study of House and Fairbanks (1953) measures average FO over the vowels in
CVC syllables and finds that the average FO in vowels following the voiceless consonants
was higher than that in vowels following the voiced consonants in English. Examining FO
contours of a subset of data, they note that the FO perturbation affects only the initial
period after voicing rather than throughout the vowel. Lehiste and Peterson (1961)
measure Maximum FO and the FO contour of English CVC syllables, reporting that FO is
higher when the prevocalic consonant is voiceless than when it is voiced. They maintain
that the effect of FO perturbation can extend to mid-vowel, with maximum FO occurring
immediately after the initial voiceless consonant while occurring at about the middle of
the vowel after voiced consonants.

Lea (1973) uses bisyllabic nonsense words and real English words. The structure
of the nonsense words is /hoCVC/ with stress on the second syllable. The study used

target words recorded in isolation. He reports that the FO following voiceless obstruents is
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higher than that following voiced obstruents. For the nonsense words, he notes that the FO
contour following voiceless obstruents descends from the onset of voicing to mid-vowel
while the FO contour following voiced obstruents ascends from voicing onset to mid-
vowel. The general finding is that stress and the phonological voicing contrast indeed
influence the FO contour. Lea’s (1973) study can be compared to Silverman (1984), who
uses three-syllable nonsense words embedded in carrier phrases in Southern British
English. In Silverman’s (1984) study, the consonant voicing is found to influence the FO
of vowels preceding and following the consonant with stressed syllables exhibiting a
stronger effect of FO perturbation than the unstressed syllables. Both Lea (1973) and
Silverman (1984) suggest word-level stress influences the FO perturbation.

Hombert (1975) also examines the FO contour in English by asking the
participants to read ‘Say C/i] again.” He finds that voiceless stops raise the FO of the
following vowel and voiced stops lower the FO of the following vowel with the greatest
FO difference at the vowel onset. In addition, he observes inter-speaker differences in
terms of the FO contour during the post-onset vowels, suggesting the specific phonetic
realization of the voicing contrast in English could be slightly different for different
speakers.

In addition to the ‘microprosody’ (word-level stress), Jun (1996) observes that the
‘macroprosody’ (sentence-level intonation) influences the FO perturbation. She uses data
from speakers of American English, Korean and French. In her study, the target CV
syllables are placed in positions varying in their prosodic contexts. For American

English, she finds that the FO perturbation effect varies by intonation environments with
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the focused syllable showing the greatest FO difference between the voiced and voiceless
stops. In a similar study, Hanson (2009) places /CVm/ syllables in carrier sentences and
asks the participants to produce the syllables in high, low and neutral pitch environments.
In the high pitch environment, the FO following voiceless obstruents is significantly
higher than the nasal baseline and the FO following the voiced obstruents closely traces
the baseline. In the low pitch environments, the FO following both groups of obstruents is
slightly higher than the baseline. She observes a conflict between the segmental level FO
perturbation and the sentence level intonation. When the two were in opposite directions,
the segmental level perturbation would be weakened. This finding that stress and
sentence level intonation influences FO perturbation potentially indicates that FO
perturbation is an automatic effect. When other linguistic information needs to be
realized with FO, the FO perturbation pattern is influenced due to the possible restriction
of human articulators.
2.2.2 Identifying English voicing in perception

Given the robust correlation between the post-stop FO and the voicing feature of
the stop, studies (Abramson & Lisker, 1985; Haggard, Ambler & Callow, 1969;
Fujimura, 1971; Whalen, Abramson, Lisker & Mody, 1990; Whalen et al. 1993) have
investigated whether L1 listeners use FO information for the voicing identification. The
phonological approach (§2.1.3) predicts that L1 listeners will use FO as a cue for a
voicing distinction as it argues that the aim of FO perturbation is to enhance the voicing
contrast. The phonetic approach (§2.1.3) does not directly predict whether the FO

information will be used in perception. However, it is not incompatible with the idea that
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listeners will use the information. Since the FO perturbation pattern in English is
consistent, the L1 listeners may learn the correlation between FO and the voicing features
of the preceding consonant, which as a result, helps them to identify stops in perception.
Studies confirmed the predictions (Abramson & Lisker, 1985; Haggard et al., 1969;
Fujimura, 1971; Whalen et al., 1990, Whalen et al., 1993). VOT has been reported as the
primary cue for the voicing feature of syllable initial stops for English listeners (e.g.,
Lisker & Abramson, 1964; Abramson & Lisker, 1985). FO has been reported as a
secondary cue (Abramson & Lisker, 1985; Haggard et al., 1969; Fujimura, 1971; Whalen
et al., 1990; Whalen et al., 1993). Abramson and Lisker (1985) create a set of synthesized
labial stops followed by the low back vowel [a]. The stimuli covary with four steps of
VOT (5 ms, 20 ms, 35 ms, 50 ms), four steps of onset FO (98 Hz, 108 Hz, 120 Hz, 130
Hz) and three levels of FO perturbation durations (50 ms, 100 ms, 150 ms). They ask L1
English listeners to identify whether the stimuli had /b/ or /p/ as the onset. They find that
pitch has a heavier influence on the stimuli with ambiguous VOT than on the stimuli with
unambiguous VOT. Based on these findings, they conclude that VOT is the dominant cue
while FO has a modest effect on the consonant voicing judgement. These results are in
line with the study conducted by Whalen et al. (1990), which focuses on the effect of
sentence level intonation on the perception of the stop voicing contrasts in syllable-initial
positions. They have determined that the FO onset values rather than the intonation
contour contributed to the voicing judgement. Whalen et al. (1990) also report that the
onset FO results in a gradient effect on the voicing judgement although the stimuli with

lower onset FO differ from that with higher onset FO. For the stimuli with higher FO onset,

16



the higher the F0, the more voiceless responses. However, for lower FO onsets, there is
only a marginal statistical significance of the gradient effect, i.e. the lower the FO onsets,
the more voiced responses.

Whalen et al. (1993) further explore the role of FO in voicing judgements by
collecting both categorical responses of voicing and the reaction time of the perceptual
judgements. They use stimuli covaried with seven steps of VOT (5 ms, 10 ms, 15 ms, 20
ms, 25 ms, 35 ms, 50 ms) and five steps of FO onset values (98 Hz, 108 Hz, 114 Hz, 120
Hz, 130 Hz). Whalen et al. (1993) conduct two experiments. In experiment 1, the FO
perturbation duration in the stimuli is 50 ms and in experiment 2, the duration is the
entire vowel duration. They confirm that FO influenced listeners’ judgement when VOT
is ambiguous. Further, they find that when the VOT and FO information are incongruent
(i.e. stimuli with long VOT and low FO or short VOT and high FO0), it takes listeners a
longer time to give a response than when the two cues are congruent (i.e. stimuli with
long VOT and high FO or short VOT and low F0). Based on this finding, they suggest
that listeners use FO information even when VOT is not ambiguous. Their results indicate
that listeners take both VOT and FO information into consideration when making voicing
judgements.

A majority of the studies on English FO perturbation in production and perception
have examined the pattern with L1 English participants. Cross linguistic evidence is
needed to enable a better understanding of the source of FO perturbation. If FO
perturbation is a pure phonetic effect due to the constriction of human articulator

mechanisms, the L2 learners are expected to show the same pattern as the native

17



speakers. If the FO perturbation is a phonological effect which is language specific, the
L2 learners may not be able to produce the native-like pattern especially when their L1
and the target language use different acoustic cues to signal the phonological contrast.
Chapter 4 of this dissertation examines FO perturbation in English by L2 learners,
focusing on how L1 Mandarin speakers produce and perceive the English voicing
contrasts.
2.3 F0 perturbation in Mandarin and other tonal languages
2.3.1 Contrasting the laryngeal feature in production

Only a few studies have examined FO perturbation in tonal languages. Studies that
have examined tonal languages agree that the duration of FO perturbation is shorter in
tonal languages than in non-tonal languages, but report contradictory results in terms of
the direction of FO perturbation. See Table 1 for a summary of FO perturbation direction

in tonal languages reported by previous studies.
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Table 1. FO perturbation direction in tonal languages

F0-aspirated stops F0-aspirated stops
>F0-unaspirated stops <F0-unaspirated stops
Thai Ewan (1976) Gandour (1974)
Mandarin Luo (2018) Xu & Xu (2003), Howie (1974)
Cantonese Zee (1980), Luo (2018) Francis et al. (2006)
Taiwanese Lai et al. (2009) NA

A handful of studies have examined FO perturbation in Mandarin and the results
have been inconsistent. Howie (1974) measures the FO contours of the Mandarin citation
syllables. He visually illustrates tone variation between aspirated and unaspirated
syllables, showing that FO-unaspirated stops is lower than FO-aspirated stops. However,
Howie (1974) provides no statistical analysis to compare the FO values of the vowel
onset.

Xu and Xu (2003) examine the effect of aspiration on tones and used dissyllabic
words to test the effect of tonal co-articulation. The target syllable is either the first or the
second syllable. They report that the FO-unaspirated stops is higher than the FO-aspirated
stops in all the four tones. The pattern is different from what has been observed in non-
tonal languages, such as English (e.g., Hombert et al., 1979). Based on aerodynamic
conditions, they suggest that the subglottal pressure is the main factor causing the FO
differences between aspirated and unaspirated stops (see §2.1.2 for detailed discussion).

Xu & Xu (2003) also suggest that tone of the target syllable and tone of the preceding
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syllable play a role in FO perturbation in Mandarin. As to the perturbation effect, Xu &
Xu (2003) suggest it is greater in T2 and T3 than in T1 and T4. In addition, the
perturbation effect is greater when the preceding tones are T1 or T2, which are the tones
end at a high FO range, than when the preceding tones end at a low FO range. They do not
report the duration of the perturbation effect on FO0.

Luo (2018) reports a study on FO perturbation patterns in Mandarin and
Cantonese, but her findings are quite different from the results reported by Xu and Xu
(2003). She finds the F0-aspirated stops to be higher than the FO-unaspirated stops and
the FO-sonorants (the FO of the vowel following sonorants) in Mandarin and Cantonese.
She finds that perturbation durations of 35 ms in T1, 5 ms in T3 and 30 ms in T4. She
observes no significant FO perturbation effect in T2. She proposes that the FO
perturbation effect tends to be longer in tones with high onset pitch than with low onset
pitch. She argues that the high initial tones are more salient than low initial tones;
therefore, they permit more FO variability.

Both Xu and Xu (2003) and Luo (2018) have examined FO perturbation in
Mandarin. They both suggest the duration of FO perturbation is limited to the onset of the
vowel. In addition, they both find that the lexical tone influences the FO perturbation and
the tones with high onset pitch behave differently from the tones with low onset pitch.
However, they provide opposite results in terms of the direction of FO perturbation. As to
the influence of lexical tones, Xu and Xu (2003) report the perturbation effect is greater
in tones with low onset pitch than in tones with high onset pitch, while Luo (2018)

reports the opposite pattern. More studies are needed to explain the contradictory results
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reported by the two previous studies (Xu & Xu, 2003; Luo, 2018). Chapter 3 of this
dissertation investigates the FO perturbation in Mandarin and aims to enrich the empirical
evidence of understanding the FO perturbation in tonal languages.
2.3.2 Ildentifying the laryngeal feature in perception

Given that FO is the primary cue for lexical tones in tonal languages and that the
duration of FO perturbation is relatively limited to the onset of the vowel, it is interesting
to investigate whether listeners of a tonal language use FO at the vowel onset as a cue for
the laryngeal contrast at syllable initial positions. Few studies have tested perception of
the laryngeal contrast by listeners from a tonal language. One exception, to the author's
knowledge, is a study conducted by Francis et al. (2006). They explore whether L1
Cantonese speakers use F0 as a cue for aspiration. They select naturally produced [pa]
with high level tone as their base token. They use sixteen syllables synthesized from the
base token by fully crossing four levels of onset FO (127 Hz, 137 Hz, 147 Hz, 57 Hz) and
four levels of FO perturbation duration (10 ms, 20 ms, 40 ms, 80 ms). In their study,
listeners select between two buttons labeled with Chinese characters, constituting the
aspiration pair in Cantonese. The study does not produce straightforward results. With a
perturbation duration of 10 ms, no significant responses difference is found among the
four onset levels, suggesting a 10 ms perturbation duration is too short for the listeners to
hear a difference. For the other three FO perturbation duration levels, syllables with 157
Hz onsets are identified as aspirated words significantly more often than the lower onset
FO onsets levels, suggesting listeners tend to associate the high onset FO with aspirated

stops. When the FO perturbation duration is above 40 ms, the onset 147 Hz syllables are
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identified as aspirated stops significantly more often than the onset 127 Hz and 137 Hz
syllables. The 137 Hz syllables are significantly more aspirated than the 127 Hz syllables
only when the perturbation duration is 80 ms. There seems to be an interaction between
the onset FO differences and the FO perturbation duration. Both high onset FO and long
perturbation duration contribute to the identification of aspiration. When the onset FO is
high (157 Hz), the listeners give aspirated responses despite the short perturbation
duration. When the onset FO is relatively low, the perturbation duration has to be long
enough for the listeners to give aspirated responses.

There is a disconnection between the results of Francis et al.’s (2006) production
and perception experiments. In their production experiment with a different group of
individuals, they find the FO-unaspirated stops to be higher than the FO-aspirated stops
and the perturbation duration to be about 10 ms for the high level tone stimuli. Taking the
results from both of their experiments together, it indicates the listeners use FO
information in a way that is not consistent with the production patterns. They propose
that the strategies that the Cantonese listeners use in the aspiration judgement task are
from their exposure of English rather than their L1 experience, although they
acknowledge the English that the participants exposed to is mostly Hong Kong English.
Their participants were recruited from the University of Hong Kong and were familiar
with Hong Kong English at the time of testing. However, it remains unclear whether
Hong Kong English, whose speakers are mostly bilinguals of Cantonese and Hong Kong
English, shows the FO perturbation patterns similar to what has been reported in other

varieties of English spoken by monolingual English speakers.
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Luo (2018) suggests that FO is a weak cue for aspiration in Mandarin. However,
no study so far has examined whether L1 Mandarin listeners use FO as a cue for the
identification of aspiration in Mandarin. Francis et al. (2006) find an intriguing
disconnection between production and perception in Cantonese. This might be due to that
they use different groups of individuals for their production and perception experiments.
In addition, they do not examine the potential influence of tones on FO perturbation.
Chapter 3 of this dissertation seeks to fill the gap and to explore the effect of tone, onset
FO and VOT on consonant aspiration judgement in both production and perception tasks
completed by the same group of participants.

2.4 The laryngeal contrast in second language studies
2.4.1 Factors influencing the laryngeal contrast in L2

The L1 influence on L2 perception and production is well-known in the literature.
However, the majority of the studies on L2 production and perception have focused on
how non-native speakers produce and perceive speech sounds that are not used in their
L1, such as the English /I/-/1/ contrast for Japanese leaners (e.g., Miyawaki, Jenkins,
Strange, Liberman, Verbrugge & Fujimura, 1975) and the /i/-/1/ and /a/-/¢/ distinction for
L2 English learners of German, Spanish, Mandarin and Korean (e.g., Flege, Bohn &
Jang, 1997). There are also studies that have explored how learners acquire non-native
speech contrast between aspiration and true voicing languages, such as the Russian stop
voicing contrast by Mandarin learners (Yang, Chen & Xiao, 2020), the English aspiration
contrast by Dutch learners (Simon, 2009), the Spanish stop voicing contrast by English

learners (Flege & Eefting, 1987a), and the Dutch stop voicing contrast by English
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learners (Flege & Eefting, 1987b). However, most of the above-mentioned studies on
laryngeal contrast focus only on VOT, the primary acoustic property that distinguishes
the contrast, rather than F0. In addition, cases in which the L1 and L2 contrasts assign
different weights to the corresponding cues in the two languages and cases in which the
same acoustic cues are used for different purposes in the learners' L1 and L2 are under-
studied. In these cases, the learners need to adjust or switch their attention to appropriate
cues when they acquire L2 speech sounds.

Among the few studies investigating language pairs in which L1 and L2 differ in
the weight of corresponding acoustic cues, Schertz, Cho, Lotto and Warner (2015)
examine Korean speakers' L1 and L2 (English) stop contrasts in production and
perception. Seoul Korean stops contrast in VOT, F0 at vowel onset, and closure duration.
Both VOT and FO serve as the primary cues (e.g., Lee & Jongman, 2012; Lee, Politzer-
Ahles & Jongman, 2013) as Korean has a three-way stop contrast. The English stop
contrast is realized primarily in VOT. FO at vowel onset and closure duration are
considered to be secondary cues (e.g., Francis, Kaganovich & Driscoll-Huber, 2008).
Schertz et al. (2015) first examine L1 Korean speakers’ productions of word-initial stops
in their L1 and L2. They use a set of stops covarying in seven steps of VOT, seven steps
of FO and three steps of closure duration to examine the influence of the three acoustics
cues (i.e., VOT, onset FO and closure duration) on Korean listeners' perception of the stop
contrast in their L1 and L2. Overall, they determine that both VOT and F0 are important
in L1 Korean speakers’ representations of the L2 English stop contrasts due to the fact

that VOT and FO are important cues in the L1 Korean stop contrast. The weight of the
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acoustic cues in L1 influences the weight distribution in L2 production and perception
tasks, and it is challenging for the learners to adapt the weight of acoustic cues in their L1
to the target language.

In addition to the influence of L1, L2 proficiency and L2 learning experience
(e.g., Flege & Eefting, 1987a), age and sex (Yu, De Nil & Pang, 2015) may contribute to
non-target like patterns in L2 production and perception. L2 proficiency and L2 learning
experience are reported to be positively correlated with target-like patterns. In general,
high proficiency groups and groups with more authentic language exposure are shown to
be more likely to show target-like patterns (e.g., Flege et al., 1997). Age of onset
negatively correlates with native-like patterns. The earlier the learner starts to learn the
L2, the more likely the learner successfully acquires the target patterns (e.g., Jia, 2006).
The L2 proficiency, L2 learning experience, age and gender, which could potentially
influence the L2 patterns, are carefully controlled in this study, in order to focus on the
L1 influence.

Although the L1 influence on L2 production has been well studied in the
literature, research on the role of FO in the L2 voicing contrast by learners from a tonal
language remains sparse. Chapter 4 of this dissertation attempts to understand how L1
Mandarin speakers demonstrate English voicing contrast in production and perception
focusing on the role of FO, which carries different information in Mandarin and English.
2.4.2 The interface between production and perception in L2

In L1 production, VOT is a reliable indicator of the laryngeal contrast across

languages (Lisker & Abramson, 1964) while FO at vowel onset exhibits different patterns
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across languages and even within the same language (Xu & Xu, 2003; Luo, 2018). In
perception, L1 listeners attend to various acoustic cues when judging stop voicing
categories (e.g., Whalen et al., 1990). The use of these acoustic cues in the learners' L1s
can be fully or partially reflected in their L2 production and perception (Flege & Eefting,
1987a; Schertz et al., 2015). Studies have showed that learners use various acoustic cues
for L2 stop contrasts in both production and perception tasks (Schertz et al., 2015; Flege
& Eefting, 1987a). Flege and Eefting (1987a) examine how monolingual L1 Spanish
speakers and native Spanish speakers learning English as an L2 produce and identify
English and Spanish stops in word initial positions. Unlike English, Spanish is a pre-
voicing language. Instead of contrasting short lag VOT and long lag VOT, the true
voicing languages such as Spanish contrast voicing lead with short lag VOT. They find
that the participants produce significantly shorter VOTs for Spanish stops than for
English stops. In perception, the mean VOT boundary for the /d/-/t/ continuum for the
adult participants is significantly shorter than that for the monolingual English speakers,
suggesting that the adult participants’ perception of the English voicing contrast is
influenced by the Spanish pattern in their L1.

Schertz et al. (2015) find VOT and FO are important cues in the Korean speakers’
L2 production and perception at the group level. At the individual level, all the Korean
speakers in the study consistently use VOT and FO to contrast English stops in
production, although FO is a weak cue for the English contrast. However, the perception
results are more variable than the production results. Listeners in the study employ

different categorization strategies. Some mainly rely on VOT (consistent with the L2
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pattern), whereas some primarily depend on FO (consistent with their L1 pattern) and
some attend to both cues equally to distinguish the L2 stop contrast. They (Schertz et al.,
2015) suggest that the different perception patterns are not directly linked to the
production patterns in either L1 or L2. The lack of connection between production and
perception is still unclear.

Chapter 4 of this study examines an under-studied case in which the learners’ L1
and L2 share the same laryngeal contrast (i.e. phonetic aspiration), but one of the acoustic
cues involved in the contrast has different functions in the two languages in both
production and perception: FO is a primary cue for tone in Mandarin (a tonal language)
and a secondary cue for stop contrast in English (a non-tonal language). By examining
this, this study can contribute to the understanding of whether L2 learners can adjust the
function of acoustic cues in their L1 to the L2 norm by inhibiting certain acoustic
information.

2.5 Background of the target languages
2.5.1 Mandarin tones

Mandarin is a phonemic tonal language in which tone expresses word meanings
(e.g., Duanmu, 2007). There are four? tones in Mandarin: High level tone, Rising tone,
Dipping tone and Falling tone. They are usually represented by T1, T2, T3 and T4
respectively. The tones in Mandarin are commonly transcribed with numbers introduced
by Chao (1930). It is a numeric translation of the tonal contours, where 5 represents the

highest pitch and 1 represents the lowest pitch. Each tone is represented by a starting

2 Mandarin also has a neutral tone and its tonal contour depends on the preceding tone. It
is not considered in the current study.
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pitch and an ending pitch, with an optional number in the middle representing the mid

pitch (Chao, 1930; Duanmu, 2007). Table 2 represents the tone inventory in Mandarin.

Table 2. Tone inventory in Mandarin

Tones High level | Rising | Dipping | Falling

Tone labels Tl T2 T3 T4

Pitch number (Chao, 1930) 55 35 214 51
Examples tul (55) |tu2(35) | tu3 (214) | tud (51)

According to Xu (1997), T1 (55) begins with a high FO and maintains the same
level though the entire vowel; T2 (35) starts with a low FO0, then falls slightly until 20%
into the vowel before rising throughout the rest of the vowel; T3 (214) begins with a low
FO0, falls to the lowest FO at the midpoint of the vowel, then rises sharply to the end of the
syllable; and T4 (51) starts with the highest FO and drops sharply from the 20% of the
vowel until the end of the syllable. See Figure 1 for a visualization of the tonal contours.
The four tonal contours are statistically different from each other (Luo, 2018). A number
of studies have reported the relationship between post-stop FO and the physiological
correlates. Moisik, Lin and Esling (2014) have examined the laryngeal gestures in
Mandarin citation tones using simultaneous laryngoscopy and laryngeal ultrasound. They
find that larynx height positively correlated with FO in the production of Mandarin tones.

This pattern is also reported in previous electromyographic research by Sagart, Pierre,
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Benedicte & Catherine (1986) and Hallé (1994). Overall, the previous studies report that

the larynx is higher in T1 and T4 than T2 and T3.
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Figure 1. Mean FO contours of Mandarin tones in monosyllable /ma/ produced in
insolation. Time is normalized, with all tones plotted with their average duration
proportional to the average duration of T3 (from Xu, 1997).

FO height and FO contour has been proposed as the primary acoustic cues to
Mandarin tones in production studies (Liang & van Heuven, 2004; Alexander, 2010). In
perception, FO height, overall FO contours (Howie, 1976; Xu, 1997), amplitude contour
(Whalen & Xu, 1992), voice quality (Garding, Kratochvil, Svantesson & Zhang, 1986)
and vowel duration (Blicher, Diehl & Cohen, 1990) are important cues for listeners to

identify tones. Among all the acoustic cues, the FO contour has been reported as the most
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salient cue for L1 speakers to distinguish different tones (Gandour & Harshman, 1978;
Massaro, Cohen & Tseng, 1985).
2.5.2 Mandarin stops

There are six stops in Mandarin with three different places of articulation, which
are bilabial stops /p"/-/p/, alveolar stops /t"/-t/, and velar stops /k"/-/k/. All Mandarin stops
are voiceless and aspiration is the primary feature of the laryngeal contrast. The Mandarin
stops are typically termed as voiceless unaspirated and voiceless aspirated stops (Xu &
Xu, 2003; Duanmu, 2007; Luo, 2018). The mean VOTs of Mandarin stops from three

previous studies are summarized in Table 3.

Table 3. Mean VOTs of Mandarin stops from three previous studies

Rochet & Fei® (1991) | Liu et al. (2008) Li (2013)
Gender Not reported Male Female | Male
/p®/ 99.6 ms 96.5 ms NA NA
/th/ 98.7 ms 97.8 ms 93.3 ms | 77.9 ms
/Kb/ 110.3 ms 104.6 ms 90.8 ms | 78.8 ms
/p/ 13.0 ms NA NA
It/ 13.7 ms NA 125ms | 17.5 ms
K/ 26.3 ms 22.5ms | 29.5 ms

3 The mean VOT of the unaspirated group was calculated based on a VOT Figure in
Rochet & Fei (1991).
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2.5.3 English stops

English stops are often considered as a contrast in voicing (e.g., Lisker, 1986;
Francis et al., 2006). However, the distinction is mainly a phonological one especially for
syllable-initial stops. The voicing contrast in onset position is primarily realized with
aspiration, so the stop distinction is between voiceless unaspirated stops and voiceless
aspirated stops (Lisker & Abramson, 1964; Zlatin, 1974; Keating, 1984; Francis et al.,
2006). In intervocalic position, voicing tends to occur during stop closure of voiced stops,
which makes it a true voicing contrast (Deterding & Nolan, 2007). Mean VOTs of

English stops from Lisker and Abramson (1964) are summarized in Table 4.

Table 4. American English VOT means and ranges (Lisker & Abramson, 1964)

Stops Ip/ It/ k! /b/ /d/ g/
Mean VOT | 58 ms 70 ms 80 ms I ms 5 ms 21 ms
Range 20-120 ms | 30-105 ms | 50-135 ms | 05 ms | 0-25 ms | 0-35 ms

2.5.4 Comparing the English and Mandarin stops

The laryngeal contrast in syllable-initial position in both English and Mandarin is
realized as a phonetic distinction between voiceless unaspirated and voiceless aspirated
stops. However, studies have provided different views whether Mandarin and English
should be categorized in the same group along the VOT continuum. Chao and Chen

(2008) note that Mandarin aspirated stops have longer VOT values than English aspirated
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stops, and they suggest that Mandarin should be categorized into the highly aspirated
group and English into the aspirated group according to the framework proposed by Cho
and Ladefoged (1999). Cho and Ladefoged (1999) summarize the VOT of velar stops
from 18 languages and argued that languages can be divided into four different phonetic
categories along the VOT continuum: the unaspirated stops with VOT around 30 ms, the
slightly aspirated stops with VOT around 50 ms, the aspirated stops with VOT around 90
ms and the highly aspirated stops with VOT above 100* ms. However, Lisker and
Abramson (1964) suggest Mandarin and English belong to the same two-way contrast
language group with voiceless unaspirated stops ranging from 0 to 25 ms along the VOT
continuum and 60 to 100 ms for voiceless aspirated stops. Deterding and Nolan (2007),
having asked L1 Mandarin and British English speakers to produce isolated stops in their
L1, identify no significant VOT differences between the corresponding syllable initial
stops in the two languages. This suggests that Mandarin and English should be
categorized into the same group. However, Deterding and Nolan (2007) do find a
significant difference of voicing between English and Mandarin when the stop with a
short lag VOT is in the intervocalic position. The English stop with a short lag VOT
exhibits a significantly longer voicing duration than the Mandarin stops with a short lag
VOT during stop closure. The voicelessness of Mandarin unaspirated stops in both
syllable-initial and intervocalic positions indicates that Mandarin is an aspiration
language (Jessen, 2001; Luo, 2018). However, the different behavior of English stops in

syllable-initial and intervocalic positions makes it a controversial case. Following other

% In their paper, Cho and Ladefoged (1999) did not specify a specific VOT value for the
highly aspirated stops. The number is inferred from Figure 9 in their paper on page 223.
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studies, the Mandarin stops in this study will be referred to as unaspirated stops and
aspirated stops (e.g., Xu & Xu, 2003; Luo, 2018) and the English stops will be referred to
as voiced and voiceless stops (e.g., Lisker & Abramson, 1964).

This study examines how L1 Mandarin speakers produce and perceive Mandarin
and English stop contrasts, primarily focusing on the role of FO at vowel onset. If the FO
perturbation is a pure automatic effect, the L1 Mandarin speakers are expected to produce
the English stop contrast in a target-like manner. Because in syllable-initial position, the
phonetic distinction of the English and Mandarin stops is realized as one between
voiceless unaspirated and voiceless aspirated stops. Phonetically, the stops in both
languages are realized in a similar way as to the laryngeal contrast. If the FO perturbation
pattern produced by the L1 Mandarin speakers is different between English and
Mandarin, it is likely resulted from the influence of the lexical tones in Mandarin. If the
FO perturbation is a phonological effect, the L1 Mandarin speakers may not be able to
produce the English stops in a native-like way. Because the phonological approach
indicates that the phonological contrast could be language specific. The phonological
contrast in Mandarin and English could potentially be represented by different features.
Some studies (Keating, 1984; Kingston & Diehl, 1994) proposed that the laryngeal
feature in both true voicing and aspiration languages was [voice], while some other
studies (Jessen & Ringen, 2002; Beckman, Jessen & Ringen, 2009) argued that the
laryngeal contrast in aspiration languages should be represented by the feature [spread
glottis] rather than [voice]. Examining Mandarin speakers’ L2 behaviors can help to

understand the source of FO perturbation and comparing Mandarin speakers’ L1 and L2
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behaviors can contribute to the understanding of why FO perturbation in tonal languages
are shorter than that in non-tonal languages. It could be the speakers from non-tonal
languages enhance the stop contrast by making it longer or the speakers from tonal
languages inhibit the effect of FO perturbation to avoid it distorts the onset of the tonal
contours. In tonal languages, FO perturbation and tonal information are both represented
by pitch. Therefore, the enhancement of FO perturbation could potentially influence the
perception of the tonal contours. If the Mandarin speakers produce longer FO perturbation
duration in English than in Mandarin, it could indicate that maintaining the full tonal
information will inhibit the effect of FO perturbation. If the Mandarin speakers produce
short FO perturbation in English, it may suggest that the production of the tones is not the

primary reason of the short perturbation duration in tonal languages.
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CHAPTER 3. FO PERTURBATION AND STOP ASPIRATION
IDENTIFICATION IN MANDARIN

3.1 Introduction

The two experiments in this chapter examine L1 Mandarin speakers’ production
and perception patterns of their native stop aspiration contrasts. Data from a production
experiment and a perception experiment were collected from the same group of
participants in order to get matched data sets used to analyze group differences across
modalities (i.e. production and perception) in terms of the usage of acoustics cues.

The production experiment investigates the role of VOT, tone and the intrinsic FO
of the vowels in Mandarin aspiration contrasts by L1 Mandarin speakers. Previous
studies (Xu & Xu, 2003; Luo, 2018) have observed short FO perturbation in Mandarin
although they find different FO perturbation patterns in terms of direction. VOT is
expected to have a significant influence on the contrast as suggested by previous studies
(Xu & Xu, 2003; Luo, 2018). If FO perturbation is primarily a phonetic effect due to
physiological and/or aerodynamic factors (Xu & Xu, 2003; Shi, 1998), lexical tone in
Mandarin and the intrinsic FO of the vowels were expected to modulate the FO
perturbation pattern. T1 and T4 start from a high FO range and T2 and T3 are starting
from a low FO range (Xu, 1997). Different intrinsic FO values of the vowel require
different coordination of the articulators (e.g., Whalen & Levitt, 1995). If the FO

perturbation is mainly a phonological effect due to perceptual enhancement of the
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salience of the voicing feature by the speakers (Kingston & Diehl, 1994), it was expected
that the perceptual enhancement would apply to all the tonal and vowel environments.
The FO-unaspirated stops may or may not be higher than the FO-aspirated stops, as there
is evidence supporting both directions (Xu & Xu, 2003; Luo, 2018). L1 Mandarin
speakers were expected to produce the consonant-induced pitch differences with short
durations, which was shown in both Mandarin and other tonal languages (e.g., Hombert
et al., 1979; Luo, 2018).

The perception experiment explores the influence of VOT, post-stop FO and tone
on the perception of the Mandarin stop aspiration contrasts. The same group of
participants were asked to complete a forced-choice identification task employing stimuli
varying in their VOT and post-stop FO in the four tonal environments. VOT was
predicted to be the most important cue for the Mandarin listeners to distinguish
aspiration, as VOT is a primary cue for aspiration in Mandarin (Lisker & Abramson,
1964; Duanmu, 2007). The participants were predicted to be able to hear the pitch
differences associated with consonant aspiration. Francis et al. (2006) report that the
Cantonese listeners are able to hear consonant-induced pitch differences in Cantonese,
which is also a tonal language. Tone is predicted to influence the perceptual judgement.
The tones in Mandarin starting from different FO ranges, with T1 and T4 starting from a
high FO range and T2 and T3 starting from a low FO range (Xu, 1997). The F0 variability
permitted by each tone could be different. Luo (2018) report that T1 and T4 are
significantly different from each other throughout the vowel except for the 50% to the

70% portion, while T2 and T3 are significantly different from each other from 60% mark
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to the end of the vowel. The high initial tone group (T1 and T4) and the low initial tone
group (T2 and T3) may have different influences on the participants’ perception.

To sum up, the goal of the two experiments is to investigate the role of VOT,
pitch and tone in distinguishing the aspiration contrast in Mandarin by L1 Mandarin
speakers in both production and perception tasks. In addition, the results of the
production and perception experiments also have implications of the categorical VOT
boundaries in Mandarin.

3.2 Experiment 1: native Mandarin speakers’ L1 production

Experiment 1 examined Mandarin speakers’ productions of the stop aspiration

contrast in Mandarin, focusing on the role of VOT and FO at the vowel onset.

3.2.1 Method

3.2.1.1 Stimuli
The stimuli were CV syllables: /ta/, /tha/, /tu/, /t"u/, /wa/ and /wu/. Each of the six

syllables carried the four tones in Mandarin. See Figure 2 for a visualization of the four
tonal contours. Because /t"a/with the rising tone is lexically missing in Mandarin, it was
excluded along with the unaspirated counterpart /ta2%/. Ohde (1984) suggests that the FO
patterns of /t"a2/ and /p"a2/ are consistent, so /p"a2/ was used as a substitute (see Xu &
Xu, 2003). In order to avoid the potential confounding effect of the place of articulation,
/pa2/ was selected to form a minimal pair with /p"a2/. In selecting the onset consonant of
the stimuli, the number of lexically missing items was considered. Alveolar stops (/t/ and
/t) and the glide (/w/) yielded the least number of lexical gaps in Mandarin when they

were combined with cardinal vowels /a/ and /u/, and thus were selected.

> Numbers are attached to the syllables to refer to its respective tone.
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Written Mandarin words corresponding to each stimulus were selected based on
word frequency data from the Modern Chinese Balanced Corpus (Xiao, 2010),
maintained by the National Language Institute (corpus size=100 million words). Only the
words labeled as most common were selected. None of the selected words act as a bound
morpheme in Mandarin. The stimuli with the stop onsets served as the target words to
examine the FO perturbation patterns in Mandarin, while those with the approximant
onsets served as control words to provide a baseline of the tonal contours without FO
perturbation. The set of the stimuli consisted of 24 unique words (3 onsets * 4 tones * 2

vowels). The full set of stimuli is given in the Appendix A2.
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Figure 2°. Tonal contours of the four Mandarin tones with normalized vowel duration
with data from the Mandarin speakers’ L1 production experiment

®F0 values were extracted from twenty equidistant points of the post-stop vowel.

38



Each experimental word, both in Chinese characters and Pinyin, was incorporated

into a carrier sentence written in Chinese characters, ¥ =~ —{X (/t"€in3 swol
_ N3 -

ji27 tshi4/), meaning ‘Please say ____ one time.” Native Mandarin speakers would not
need Pinyin to read common words in Chinese. Pinyin was included in addition to the
characters because this experiment was also designed for participants speaking Mandarin
as an L2 for a separate study. The experimental words are fairly common for L1

speakers, but may not be accessible to beginner L2 learners.

3.2.1.2 Participants
Twenty-five native Mandarin speakers (15 female and 10 male) were recruited at

George Mason University (GMU). None of them reported hearing or speaking disorders.
Table 5 shows the participants’ demographic information. Twenty-four of the participants
were students at GMU or INTO Mason, and one of them was a Mason employee at the
time of the experiment. All of them were residents of Fairfax, Virginia. Ages of the 25
participants ranged from 19 to 46, with a mean age of 26 years (s.d. = 8). They were all
Mandarin-English bilinguals, dominant in Mandarin. All participants were born and grew
up in China, and they self-identified as native speakers of Mandarin. At the mean age of
22 (s.d. = 3), they moved to the United States, who had lived in the States for 1 year on
average (s.d. = 1), except for one participant, who had been in the U.S. for 20 years. This
participant’s production and perception patterns were not significantly different from the

other participants, so she was included in the analysis.

7 The tone of the syllable /ji/ is underlyingly T1 but becomes T2, because it is followed
by a T4 (Duanmu, 2007, p. 245).
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Table 5. Demographic information of the participants

N Age (years) Age of arrival (years) Length of residence (months)

mean s.d range mean s.d. range mean s.d range median

25 26 & 19-46 22 3 19-35 13 13 148 12

3.2.1.3 Procedure
The experiment took place in a sound attenuated booth at GMU. Participants were

seated comfortably in front of a Macbook and their productions were digitally recorded
onto a separate Macbook Pro, using a Rede smartLav+ microphone and an external
Focusrite Scarlette Solo 2nd Generation preamplifier with a sampling rate of 44.1 kHz
via the Praat program (Boersma & Weenink, 2020). The microphone was attached to the
participants' shirt on the upper chest, approximately 6 inches away from the speakers’
mouth. Stimuli sentences were presented automatically to the participants in the middle
of the computer screen in randomized orders using PsychoPy (Peirce, 2007).

In order to elicit a comparatively stable speaking rate across participants, the
sentences were presented with a 3.5-second inter-stimulus interval. All instructions of the
experiment were given in Mandarin. Participants were instructed to read aloud each

sentence, as naturally as possible. The experiment consisted of a 2-trial practice block

8 The participant who has been in the U.S. for 20 years is not included in the length of
residence column of the demographic summary table. With her data added in, the
descriptive statistics of length of residence is highly skewed towards the higher end,
mispresenting the trend in the variable.
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and two experimental blocks. The experiment session included altogether 144 trials (24
words * 3 repetitions/block * 2 blocks). There was a self-paced break between the blocks,
and the experiment took approximately 10 minutes.
3.2.2 Acoustic measurements

All measurements were performed with Praat (Boerma & Weenink, 2020) by the
author. Positive VOT was measured manually from the starting point of the target stop
burst in the waveform to the first zero crossing in the waveform following the onset of
the periodicity of the following vowel. The end of the VOT also marked the onset of the
vowel. The end of the vowel was labeled at the offsets of the second formants. The
segmentation between the vowel and the approximant was mainly determined by visual
inspection of the spectral patterns. The boundary was located at the point where the
second formant (F2) moved up from the steady-state position (Peterson & Lehiste, 1960).
The third formant (F3) was used when F2 was not obvious (Xu & Liu, 2007). Examples

of token segmentation are given in Figure 3 and 4.

0.712442 0.321369 (3.112/ 5) 1.033811 0.762277 0.238056 (4.201 /s) 1.000333

a u
fhal/ /tu3/
0.321369 0.224326 0.238056 0.200803
Visible part 0.785323 seconds Visible part 0.671161 seconds

Total duration 1.778957 seconds Total duration 1.731111 seconds
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Figure 3. VOT, vowel, and word segmentation for Mandarin target words

1.179267 0.197755 (5.057 / s) 1.377021 0.905145| 0.168249 (5.944 /s) |1.073394

a wu
/wad/ /wud/
[ 0.197755 [ 0.168249
Visible part 0.810980 seconds Visible part 0.825027 seconds
Total duration 2.286168 seconds Total duration 1.886145 seconds

Figure 4. vowel and word segmentation for Mandarin control words

VOT durations, vowel durations, and FO values were extracted using Praat scripts.
FO values were extracted in two different ways to account for the relation between the
vowel duration and the duration of the perturbation effect. Two different methods were
used because if the vowel duration and the perturbation duration are positively correlated,
longer vowels were expected to show a longer effect of FO perturbation and vice versa.
The duration of Mandarin tones varies intrinsically (Howie, 1976; Whalen & Xu, 1992;
Fu & Zeng, 2000; Yang, Zhang, Li & Xu, 2017). Among the four lexical tones, studies
(Ho, 1976; Whalen & Xu, 1992) have suggested T3 has the longest duration, T4 has the
shortest and T1 and T2 fall in between in isolated monosyllable conditions. The duration

pattern is less consistent in connected speech than in isolated words. Deng, Feng and Lu

42



(2006) report that the duration of the four lexical tones in sentence medial position is:
T2>T1>T3>T4. The vowel duration results in the current study are consistent with Deng
et al.’s (2006) finding.

Table 6 presents the detailed mean vowel duration in the four tonal environments.
If vowel duration and the duration of the perturbation effect were positively correlated,
the duration of FO perturbation was expected to follow the vowel duration pattern. On the
other hand, if there was no correlation between the two durations, the perturbation effect
was expected to be limited to a certain period of time regardless of the vowel duration.
Luo (2018) reports that the perturbation duration is 35 ms for T1, 5 ms for T3, and 30 ms
for T4. No significant FO difference is observed in T2 between the FO-aspirated stop and
the FO-unaspirated stop in her study. In the present study, FO was measured in two
different ways. First, FO values were extracted from twenty equidistant points of the post-
stop vowel (the normalized method). The selection of the twenty equidistant points was
based on the vowel duration of each word. Therefore, the extraction of the FO values was
normalized according to the vowel duration. Figure 5 shows the normalized FO values
through the entire vowel of different consonant groups and vowel environments in each
Mandarin tone. Second, FO values were extracted every 8 ms within the first 64 ms along

the FO trajectory of the vowels (absolute method).
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Figure 5. Normalized FO contours by voicing, vowel and tonal environments
3.2.3 Data preparation

Data were excluded in data preparation due to low quality (0.6%), failure to
extract FO values by Praat (5%), and outliers above 2.5 standard deviations after by
participant FO normalization (0.3%).

23 of 3600 (144 experimental words * 25 participants) recorded words (0.6%)
were excluded from all analyses. The excluded words included mispronunciations of the
intended syllable or the tone (14), hesitation (1), self-correction (2), and excessive

background noise (6).
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3.2.3.1 Normalized method - FO values extracted proportionally
The first 8 of the 20 time points were included for further statistical analysis to

model the FO perturbation effect. These 8 points took about 35% of the vowel, which was
about 75ms. This decision was made based on the duration of the vowels in the current
data (see Table 6). The selected duration was longer than the maximum perturbation
duration (35ms) reported by Luo (2018) and shorter than the commonly agreed
perturbation duration (50% of the vowel) reported in non-tonal languages (Hombert et al.

1979).

Table 6. The duration of the entire vowels and the examined portions of each tonal

environment
Tone Duration (ms) s.d. Duration (35%)
T1 215.4 40.5 75.4
T2 227.2 47.6 79.5
T3 214.8 63.6° 75.2
T4 201.4 40.5 70.5

T3 words had a relatively larger standard deviation than the words with other tones. The
target word was embedded in a carrier sentence, and the participants differed how they
read the sentence. Some of them paused briefly after the target word and some of them
did not. The pausing behavior had a stronger influence of the T3 words than words with
other tones in terms of the vowel duration. For those who briefly paused, they tended to
produce the entire contour of the T3 while for those who connected the target word and
the following word, they tended to produce only half of the third tone.
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1653 of 28616 data points (5%) where Praat failed to extract FO value were

excluded from statistical analysis. Praat tends to give an undefined value when it is

requested to get a pitch value in a voiceless part of a sound (Boerma & Weenink, 2020).

A large portion of these excluded data was due to creakiness. Among the four Mandarin

lexical tones, T3 is usually realized with a creaky voice (Hockett, 1947; Chao, 1956;

Kuang, 2013). In the present study, creakiness was not limited to T3, as it presented in T2

and T4 as well. This conformed to Kuang’s (2013) observation that creakiness was

related to low FO values rather than a specific tonal category. Whenever the speakers

reached the lowest pitch, they tended to creak. However, the occurrences of creak were

more frequent in T3. It is a salient cue of T3 rather than the tones (Kuang, 2013). Table 7

presents the number of data points excluded due to the failure to extract FO values.

Table 7. Number of Mandarin data points excluded due to FO extraction failure

tone N (Normalized method) N (Absolute method)

T1 28
T2 322
T3 1254
T4 49
Total 1653

30

367

1284

69

1750
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Raw FO0 values were then transformed into z-scores for each subject to facilitate
comparison of pitch across subjects. Outliers, 93 of 26963 data points (0.3%) above 2.5
standard deviations from each speakers’ mean FO were excluded from the statistical
analyses of the perturbation effect. In the end, 26870 data points were retained for

analysis.

3.2.3.2 Absolute method - F0 values extracted by absolute values
FO values were also extracted every 8 ms within the first 64 ms along the FO

trajectory of the vowels. 1750 of 32193 (5%) data points were excluded due to extraction
failure by Praat script (see Table 7 for a breakdown of the excluded data points in each
tonal category). 93 of 30443 outliers (0.3%) were excluded when FO was transformed to
z-score. In the end, 30350 data points were retained for analysis.

Separate statistical analyses were performed on the two datasets obtained by using
the two different extracting methods, and the results were consistent. It appeared that the
perturbation duration did not correlate with the vowel duration. As 35% of the vowel is
longer than the duration examined in the absolute method, I only report here the
statistical analysis done on the data extracted in the normalized method.

3.2.4 Statistical analyses and results

Linear mixed-effects models were performed with the /me4 package in R (Bates,
Maechler, Bolker & Walker, 2014) to investigate the influence of aspiration, tone, vowel
height, time points and gender on the normalized FO. In the full model, the dependent
variable was the normalized F0 in z-scores. Aspiration (the aspirated stop vs. the
unaspirated stop vs. the sonorant), tone (T1 vs. T2 vs. T3 vs. T4), vowel height (high vs.

low), time points (8 time points), and gender (female vs. male) and the interaction among
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the five variables were included as fixed effects. The random effects structure of the
model was determined using a forward best path algorithm (Barr, Levy, Sheepers & Tily,
2013). Subjects were included as a random effect. All fixed factors were coded using
treatment (dummy) coding, with the reference level for the intercept being set to the
aspirated stop, T1, low vowel, 0 time point and female. The best fitting model was
selected by comparing models using the likelihood ratio test.

The fixed effect gender did not fit the dataset significantly better than the full
model (y*=0.23, p=0.63), indicating the contribution of gender to the model fit was not
significant. In order to reduce the complexity of the model, gender was excluded as a
fixed effect from the full model. The best model had aspiration, tone, vowel height, time
points and the interaction among the four variables as the fixed effects and subjects as the
random effect. Model results are given in Table 8. Figure 6 visually demonstrates the

effects of the four predictors for the normalized FO.
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Table 8. The output of linear mixed effects model of normalized FO: the reference level
for the intercept being set to the aspirated stop, T1, low vowel, and 0 time point

Effect df Chisq p-value

tone 3 6538534 <.000] ***
time_points 7 4074.09  <.0001 ***
aspiration 2 358.19 <.0001 ***
vowel 1 32066  <.0001 ***
tone: time_points 21 2151.7 <.0001] ***
tone: aspiration 6 830.93 <.00017 ***
time_ points: aspiration 14 360.93 <.0001 **
tone:vowel 3 13694 <.0001 ***
time points:vowel 7 178.84 <0001 ***
aspiration:vowel 2 88.49 <.0001] ***

tone: time points: aspiration 42 191.42 <.0001 ***

tone: time_points:vowel 21 14.49 0.85
tone: aspiration:vowel 6 92 <.0001 ***
time points: aspiration:vowel 14 52.82 <.0001 ***
tone: X:voicing:vowel 42 9.83 >.99

*Significance codes: 0.05. **Significance codes: 0.01. ***Significance codes: 0.001
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Figure 6. Normalized FO of Mandarin words within the first 35% of the vowel

The statistical model revealed a significant interaction between tone and
aspiration (3*=830.93, p<0.0001). The FO-sonorants tended to be lower than the FO-stops
(FO following the stops) across the four tonal environments. Moreover, in general, the FO-
aspirated stops was higher than the FO-unaspirated stops in T1 and T4, while the FO-
aspirated stops was lower than FO-unaspirated stops in T2 and T3. There was a
significant interaction between time point, vowel and voicing (y*=52.82, p<0.001). The
FO-aspirated stops and the FO-unaspirated stops were not significantly different from each
other in T2 when the vowel was /u/, while the FO-aspirated stops was significantly lower
than the FO-unaspirated stops in T2 when vowel was /a/ within the first 5% of the vowel.

There was no significant difference between the FO-aspirated stops and the FO-sonorants
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in T2 when the vowel was /a/, but the FO-aspirated stops was significantly higher than the
FO-sonorants when the vowel was /u/ within the onset of the vowel.
Tukey’s HSD tests were conducted using the emmeans package (Lenth, 2020) for

R and the summary of the post-hoc pairwise comparisons are reported in Tables 9-14.

Table 9. Pairwise Comparisons: Results from Tukey HSD Post-hoc Analyses on the
linear mixed effects model in low vowel /a/ environment, FO-aspirated stops-FO-

sonorants
Tone |time(O |timel |time2 |time3 |timed4 |timeS5S |timeé6 |time?7
0% 5% 10% 15% 20% 25% 30% 35%
T1 | 5 ] 0.228 0.203 0.168 0.139 0.112 0.090 0.071 0.068
p | <0001 |<.0001 |<.0001 |.0001 .0018 .0170 .0799 .0976
*kk *kk *kk *kk *% *
T2 | 5 ]0.068 0.039 0.015 0.005 -0.019 | -0.038 | -0.043 | -0.053
p | 1471 5067 .9000 9893 .8387 5071 4145 2654
T3 | 5 ]1-0.039 |-0.071 -0.059 | -0.053 -0.016 | -0.043 -0.042 | -0.063
p | .6005 1576 2709 .3307 9076 4910 5278 2497
T4 | 5 ]0.248 0.194 0.111 0.072 0.036 -0.023 -0.024 | -0.040
p | <0001 |<.0001 |.0025 0764 5327 7731 7604 4592
kkk *kk *%
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Table 10. Pairwise Comparisons: Results from Tukey HSD Post-hoc Analyses on the
linear mixed effects model in low vowel /a/ environment, FO-sonorants-FO-unaspirated

stops
Tone | time 0 | time 1 time 2 | time 3 time4 |time5S |time6 | time?7
0% 5% 10% 15% 20% 25% 30% 35%
T1 |4 |-0.121 -0.039 | 0.025 0.056 0.067 0.062 0.074 0.054
p | .0013 4751 7328 2102 1077 .1478 0671 2312
*%
T2 | p]-0.260 |-0.147 |-0.067 |-0.029 0.006 0.038 0.064 0.077
p | <.0001 |.0001 1257 6751 .9820 4984 .1420 .0624
*kk *kk
T3 |4 |-0316 |-0.237 |-0.140 |-0.109 -0.093 -0.060 | -0.053 -0.016
p | <.0001 | <.0001 [.0006 .0091 0327 * | 2476 3621 9173
*kk *kk kkk *%
T4 | 5| -0.154 | -0.088 -0.020 |-0.010 -0.017 |-0.027 |-0.034 -0.042
p | <.0001 |.0226 .8270 .9492 8714 .6983 .5640 4297
*kk *

Table 11. Pairwise Comparisons: Results from Tukey HSD Post-hoc Analyses on the
linear mixed effects model in low vowel /a/ environment, FO-aspirated stops-FO-
unaspirated stops

Tone time(0 |timel |time2 |time3 |time4 |time5 |time6 | time?7
0% 5% 10% 15% 20% 25% 30% 35%
T1 |5 ]0.107 0.165 0.193 0.194 0.179 0.152 0.144 0.122
p | .0062 <.0001 | <.0001 | <.0001 | <.0001 | <.0001 |<.0001 |.0007
k% kokok kokok kokok kokok kokok kokok kokok
T2 | ]1-0.192 |-0.108 |-0.052 |-0.024 |-0.013 | 0.0002 | 0.021 0.024
p | <.0001 |.0083 .2954 7671 .9229 1.0000 | .8159 7714
kokok k%
T3 | ]-0.355 |-0.308 |-0.198 |-0.162 |-0.109 |-0.103 |-0.095 |-0.079
p | <.0001 | <.0001 | <.0001 | .0001 0122 0191 .0402 1185
kokok kokok kokok kokok * * *
T4 | 5 ]0.094 0.107 0.091 0.062 0.019 -0.050 | -0.058 |-0.082
p | .0147 .0036 0161 .1469 .8340 .2948 .1963 .0415
* k% * %
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Table 12. Pairwise Comparisons: Results from Tukey HSD Post-hoc Analyses on the
linear mixed effects model in high vowel /u/ environment, FO-aspirated stops-FO0-

sonorants
Tone | time 0 time 1 time 2 time 3 time 4 time 5 time 6 time 7
0% 5% 10% 15% 20% 25% 30% 35%
A 0.447 0.350 0.286 0.223 0.188 0.149 0.117 0.092
T1 | p| <0001 | <0001 | <0001 | <.0001 | <.0001 | <.0001 .0011 0137
skoksk sksksk sksksk skoksk skoksk sksksk ksk £
A 0.167 0.077 0.032 -0.002 -0.027 -0.047 -0.060 -0.070
T2 p | <.0001 .0508 5874 .9973 .6858 .3339 .1668 .0854
skoksk
A1 0.071 0.005 -0.003 -0.041 -0.058 -0.039 -0.041 -0.040
T3 |p| .0994 9855 9967 4323 2010 5010 4690 5108
S| 0.519 0.406 0.312 0.246 0.183 0.140 0.103 0.042
T4 | p| <0001 | <0001 | <0001 | <.0001 | <.0001 .0001 .0052 4126
skoksk skskok sksksk skoksk skoksk skoksk ksk

Table 13. Pairwise Comparisons: Results from Tukey HSD Post-hoc Analyses on the
linear mixed effects model in high vowel /u/ environment, FO-sonorants-FO-unaspirated

stops
Tone | time 0 time 1 time 2 time 3 time 4 time 5 time 6 time 7
0% 5% 10% 15% 20% 25% 30% 35%
A -0.176 -0.126 -0.090 -0.054 -0.023 0.001 0.022 0.038
T1 | p | <0001 .0004 .0166 2315 7556 .9989 7748 4854
skoksk skskok £
5| -0.140 -0.073 -0.018 0.030 0.072 0.115 0.126 0.143
T2 | p| .0001 .0691 .8554 .6274 .0719 .0015 .0004 <.0001
skoksk kk skksk skkk
S| -0.201 -0.151 -0.127 -0.088 -0.074 -0.063 -0.045 -0.036
T3 | p| <0001 | <0001 | <.0004 .0240 0751 1621 4010 .6140
skoksk skskok sksksk £
A -0.250 -0.187 -0.175 -0.158 -0.127 -0.129 -0.128 -0.102
T4 | p | <0001 | <0001 | <.0001 | <.0001 .0003 .0003 .0003 .0056
sksksk skoksk sksksk skoksk skoksk sksksk skoksk ksk
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Table 14. Pairwise Comparisons: Results from Tukey HSD Post-hoc Analyses on the
linear mixed effects model in high vowel /u/ environment, FO-aspirated stops-FO0-
unaspirated stops

Tone | time 0 time 1 time 2 time 3 time 4 time 5 time 6 time 7
0% 5% 10% 15% 20% 25% 30% 35%
/310.270 0.224 0.196 0.169 0.164 0.150 0.139 0.130
T1 | p|<.0001 |<.0001 |<.0001 |<.0001 |<.0001 |<.0001 |.0001 .0002
kokok kokok kokok kokok kokok kokok kokok kokok
/31 0.026 0.004 0.014 0.028 0.045 0.067 0.066 0.073
T2 | p|.7153 9915 .8943 6737 .3602 .0988 .1099 .0683
/| -0.130 -0.145 -0.129 -0.129 -0.133 -0.102 -0.086 -0.074
T3 | p | .0004 <.0001 |.0003 .0003 .0003 .0093 .0374 1011
kokok kokok kokok kokok kokok k% *
/3 10.269 0.219 0.138 0.088 0.055 0.010 -0.026 -0.060
T4 | p| <0001 |<.0001 |.0001 .0218 2154 .9493 7172 .1634
kokok kokok kokok *

The general patterns of the production results are summarized in Tables 15-17.
Table 15 summarizes the relationship between FO-aspirated stops and FO-sonorants, and
Table 16 summarizes the relationship between FO-unaspirated stops and FO-sonorants in
terms of direction and duration. Table 17 summarizes the FO perturbation direction and

duration patterns.
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Table 15. Pairwise comparisons between the FO-aspirated stops and the FO-sonorants (the
duration in parenthesis was calculated based on the mean vowel duration in each tonal

environment)
/a/ ha/
Direction Duration Direction Duration
T1 Asp>Son 25% (53.9 ms) Asp>Son  35% (75.4 ms)
T2 No significant difference Asp>Son 0% (onset)

T3

T4

No significant difference

Asp>Son  10% (20.1 ms)

No significant difference

Asp>Son  30% (60.4 ms)

Table 16. Pairwise comparisons between the FO-unaspirated stops and the FO-sonorants
(the duration in parenthesis was calculated based on the mean vowel duration in each
tonal environment)

/a/ ha/
Direction  Duration Direction = Duration
T1 Unasp>Son 0% (onset) Unasp>Son 10% (21.5 ms)
T2 Unasp>Son 5% (11.4 ms) Unasp>Son 0% (onset)
T3 Unasp>Son 20% (43.0 ms) Unasp>Son 15% (32.2 ms)
T4 Unasp>Son 5% (10.1 ms) Unasp>Son 35% (70.5 ms)
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Table 17. Pairwise comparisons between the FO-aspirated stops and the FO-unaspirated
stops (the duration in parenthesis was calculated based on the mean vowel duration in
each tonal environment)

/al a/

Direction Duration Direction Duration

T1 Asp>Unasp 35% (75.4 ms) Asp>Unasp 35% (75.4 ms)
T2 Asp<Unasp 5% (11.4 ms) No significant difference
T3 Asp<Unasp 30% (64.4 ms) Asp<Unasp 30% (64.4 ms)

T4 Asp>Unasp 10% (20.1 ms) Asp>Unasp 15% (30.2 ms)

The FO-unaspirated stops was consistently higher than the FO-sonorants in the
four tonal environments with both vowels. The FO-aspirated stops was higher than the
FO-sonorants in T1 and T4 for both vowel environments. The F0-aspirated stop was
higher than the FO-sonorant in T2 with /u/ and no significant difference was found with
/a/. In T3, the FO-aspirated stops was not significantly different from the FO-sonorants
(see Table 15 and Table 16).

The results in Table 11, Table 14 and Table 17 suggest there was an FO
perturbation effect Mandarin. The direction of FO perturbation was different for the high
initial tones (T1, T4) and the low initial tones (T2, T3). The FO-aspirated stops was
significantly higher than the FO-unaspirated stops in T1 and T4 but was significantly
lower than the FO-unaspirated stops in T2 and T3. The duration of FO perturbation was
meditated by tonal and vowel environments. The longest perturbation duration was

observed in T1. The FO-aspirated stops was significantly higher than the FO-unaspirated
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stops throughout the selected 35% of the vowel. The duration was about 75 ms. The
shortest perturbation duration was observed in T2 with the vowel /a/ and it was limited to
the first 5% of the vowel. The duration was about 11 ms. No significant FO difference
was observed in T2 with the high vowel /u/ (see Table 17).

3.2.5 Interim summary

F0 perturbation direction. The direction of FO perturbation was different for the
high initial tones (T1, T4) and the low initial tones (T2, T3). The F0O-aspirated stops was
significantly higher than the FO-unaspirated stops in T1 and T4 but was significantly
lower than the FO-unaspirated stops in T2 and T3.

F0 perturbation duration. These results confirmed the previous observation
(Hombert, 1977; Gandour, 1974; Francis et al., 2006) that the FO perturbation does not
extend far into the vowel in tonal languages, ranging from 10 ms to 50 ms. The duration
of FO perturbation was meditated by tonal and vowel environments. With the low vowel
/a/, the perturbation durations in T1, T2, T3 and T4 were 35% (75.4 ms), 5% (11.4 ms),
30% (64.4 ms) and 10% (20.1 ms), respectively. With the high vowel /u/, the perturbation
durations in T1, T3 and T4 were 35% (75.4 ms), 30% (64.4 ms) and 15% (30.2 ms),
respectively. No significant FO difference was observed in T2 with high vowel /u/. The
longest perturbation duration was about 75ms, and the shortest was about 11ms.

F0-stops vs. FO-sonorants. The FO differences between the FO-aspirated stops
and the FO-sonorants were influenced by tonal and vowel environments. The FO-aspirated
stops was higher than the FO-sonorants in the high initial tone group for both vowel

environments. For the low initial tone group, the FO-aspirated stops was found to be not
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significantly different from the FO-sonorant except for the 0 time point in T2 with vowel
/u/. By contrast, the FO-unaspirated stops was consistently higher than the FO-sonorants in
the four tonal environments with both vowels.
3.2.6 Discussion of the L1 production experiment

The fact that the onset FO of the tone and the vowel environments affected the FO
perturbation direction patterns suggests that FO perturbation was more of an automatic
effect due to the physiology of the human phonation mechanism rather than an
intentional control to enhance the stop aspiration contrast. The direction of the FO
perturbation patterns observed in the present study was possibly influenced by the height
of the larynx, the tension of the vocal cords, and the change of the subglottal pressure
(Ps). Larynx height is positively related to the post-stop FO (Moisik et al., 2014; Sagart et
al., 1986; Hall¢ 1994). Overall, the larynx is higher in T1 and T4 than T2 and T3. As to
the tension of the vocal cords, in general stiff vocal cords lead to high FO and slack vocal
cords lead to low FO (Halle & Stevens, 1971; Lofqvist, Baer, McGarr & Story, 1989).
The respiratory system usually generates a constant Ps during stop closures (Lofqvist,
1975; Ohala & Ohala, 1972; Slis, 1970; Ladefoged, 1967). The remaining Ps after the
release of the stop can also determine the FO of the post-stop vowel, and the remaining Ps
are positively related to the onset FO (Ladefoged, 1971; Shi, 1998; Xu & Xu, 2003).
These three factors together play an important role in contrasting aspiration with FO in
Mandarin. To sum up, high larynx height, tense vocal cords and high Ps accompany high
FO at vowel onset while low larynx height, slack vocal cords and low Ps correlate with

low FO at vowel onset.

58



The production of high initial tones. During the process of producing high
initial tones, the larynx is raised to initiate high FO at the vowel onset (Moisik et al.,
2014). Raising the larynx reduces the size of the oral cavity. When FO is in the high
range, the larynx is high, so that the horizontal movement of the hyoid bone facilitate the
tilt of the thyroid cartilage, resulting in the stretching of the vocal folds (Honda, Hirai,
Masaki & Shimada, 1999). When the vocal folds are stretched, they are tense, which
inhibits air from flowing out of the subglottal area. The vocal fords are tenser at the onset
of voicing for aspirated stops than for unaspirated stops (Shi, 1998). With tenser vocal
cords, at the release of an aspirated stop, the Ps decreases minimally, which results in
higher FO after an aspirated stop than an unaspirated stop in T1 and T4.

The production of low initial tones. When producing low initial tones, the
larynx is lowered to initiate low FO at the vowel onset (Moisik et al., 2014). In the low FO
range, the jaw and the hyoid bone move downward together with the larynx so that the
cricoid cartilage rotates along the cervical spine, which leads to the shortening and
relaxation of the vocal cords (Honda et al., 1999). Both lowered larynx and relaxed vocal
folds accompany low F0. At the oral release phase, the glottis is almost closed for
unaspirated stops while it is widely open for aspirated stops (Lofqvist, 1975; Ohala &
Ohala, 1972; Slis, 1970; Ladefoged, 1967). Therefore, upon the release of the stops, a
higher volume of air is released from the subglottal area following aspirated stops than is
released following unaspirated stops. With a long voice onset time, the aspirated stops
exhibit a tremendous decrease of the Ps. Moreover, the slackened vocal folds facilitate

the rapid airflow at the release of an aspirated stop, which speeds up the drop of Ps.
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Consequently, by the time of vowel (voicing) onset, the remaining Ps is lower following
an aspirated stop than following an unaspirated stop (Ohala, 1978; Ladefoged, 1963;
Ohala & Ohala, 1972; Ladefoged, 1975). Lower Ps leads to lower FO at the vowel onset
for aspirated stops than for unaspirated stops in the low FO range (Xu & Xu, 2003).

The high initial tone and low initial tone effect observed in the current study are
in line with the Maddieson’s (1996) proposal that FO was controlled by two mechanisms.
That is, FO lowering results from the lowering of the larynx whereas FO raising is
influenced by the contraction of the intrinsic cricothyroid muscles.

The contour of the tone could also play a role in the duration of the FO
perturbation effect. According to Xu (1997), the tonal contours of the four lexical tone in
Mandarin are as follows: T1 begins with a high FO and maintains the same level though
the entire vowel, T2 starts with a low FO and then falls slightly until 20% into the vowel
before rising throughout the rest of the vowel, T3 begins with a low FO0, falls to the lowest
FO at the midpoint of the vowel, then rises sharply to the end of the syllable, and T4 starts
with the highest FO and then drops sharply from the 20% of the vowel until the end of the
syllable. The tonal contours reported by Xu (1997) is in general consistent with the
patterns found in this study, which are presented in Figure 2'°.

In the current findings, the duration of FO perturbation in T2 was shorter than that
in the three other tones. With the vowel /a/, the perturbation effect was observed within

the first 5% of the vowel (about 11 ms). No significant differences between the FO-

10 Like Luo (2018), T3 in our study did not retain the full contour due to the fact that the
target word was embedded in a carrier sentence. The context triggered the “half-third”
sandhi condition where the rising part was not produced by the participants (see Figure 2).
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aspirated stops and the FO-unaspirated stops were found in T2 with the vowel /u/. This
was consistent with Luo's (2018) finding that there is no significant perturbation effect in
T2. The minimal or lack of perturbation effect in T2 may result from the tonal contour. It
could be physiologically costly to coordinate all the articulators at the low FO range to
maintain the aspiration contrast and get ready for continuous pitch rising for the rest of
the vowel within such a brief period of time. T1 is a level tone, and the change of T3 is
gradual. Therefore, T1 and T3 have relatively longer duration of perturbation effect than
T2 and T4 which has the dramatic change of the contour occurring near the onset of the
vowel.

Taken together, the results of the current study suggested that the height of the
larynx, the tension of the vocal cords and the change of subglottal pressure were the
physiological factors influencing the direction of FO perturbation. The tonal contours
affected the duration of the FO perturbation in Mandarin. These findings indicated that the
FO perturbation pattern in tonal languages was largely an automatic effect due to the
physiology of the human phonation mechanism rather than a controlled process to
enhance the phonological status of the consonants (aspirated vs. unaspirated). The FO
perturbation patterns in Mandarin were highly dependent on specific tonal and vowel
contexts. If this were due to intentional enhancement, it would be hard to explain why
different vowel environments and tonal environments exhibited different perturbation

patterns either by direction or by duration.
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3.3 Experiment 2: native Mandarin speakers’ L1 perception
Experiment 2 examined the influence of VOT and FO on Mandarin speakers’
perception of the stop aspiration contrast in Mandarin.

3.3.1 Method

3.3.1.1 Stimuli
Mandarin perception stimuli were created from natural productions of the syllable

/t"u/ carrying four tones (i.e. /thul/, /t"u2/, /t"u3/, /t"u4/). A female native Mandarin
speaker recorded the base tokens in isolation. Aspirated stops were selected as the
baseline stimuli. That is, unaspirated tokens were created by removing the aspirated
portions from the naturally produced aspirated stops. This is because it is more likely to
get a natural sounding token by reducing the aspiration noise and shortening the VOT
than by adding in aspiration noise and lengthening the VOT (Francis et al., 2006). The
pitch information was not manipulated while removing the aspirated portion. The high
back vowel /u/ was selected because /u/ provides a full set (all four tones) of real
Mandarin words for both aspirated and unaspirated alveolar stops. Each of the four base
tokens were then manipulated to create 49 syllables covarying in the VOT of the initial
stops and the post-stop FO, by fully crossing 7 steps of VOT and 7 steps of post-stop FO
(see Table 18 for the details). Seven steps of VOT and post-stop FO were selected in
order to obtain a detailed picture of how VOT and FO would influence listeners’

perception of Mandarin stops (Schertz et al., 2015).
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Table 18. VOT and onset FO values for each acoustic dimension of the Mandarin stimuli

Tone Parameter Base token Step Step Step Step Step Step Step

1 2 3 4 5 6 7
Tonel VOT (ms) 98.3 141 288 41.6 562 73.1 855 983
FO (Hz) 322.8 262.8 282.8 302.8 322.8 342.8 362.8 3828
Tone2 VOT (ms) 94.9 13.8° 269 40.1 540 675 808 949
FO (Hz) 241.4 181.4 2014 2214 2414 2614 2814 3014
Tone3 VOT (ms) 102.6 142 281 422 573 73.0 909 102.6
FO (Hz) 209.6 149.6 169.6 189.6 209.6 229.6 249.6 269.6
Tone4 VOT (ms) 101.2 149 292 432 574 72,6 862 101.2
FO (Hz) 371.3 311.3 331.3 3513 371.3 3913 421.3 4313

VOT manipulation: The mean VOT duration of the 4 base tokens was 99 ms, and
the VOT step size was 14 ms. Starting at the nearest zero crossing point from the end of
the stop burst, about 14 ms burst duration was manually removed step by step in Praat
(Boersma & Weenink, 2020) until the VOT of the base token was around 14 ms. The
move curser to... function in Praat was used to locate the position for excision.

F0 manipulation: FO was manipulated using the Time-Domain Pitch-
Synchronous-Overlap-and-Add-algorithm (TD-PSOLA, Moulines & Charpentier, 1990)
as implemented in Praat. First, the first 35% of the vowel was located, and then the pitch
of the selected vowel was stylized with frequency resolution as 2.0 Hz. The purpose of

the stylize function is to have a simplified pitch curve (Boersma & Weenink, 2020). Then
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all the pitch points between the initial pitch point of the vowel and the point where
marked the 35% of the vowel were removed. To create the 7 steps of post-stop FO, the
initial pitch point was either raised or lowered by using the shift pitch frequencies
function in Praat. The step size of the pitch manipulation was 20 Hz. The maximum
raising was 60 Hz and the maximum lowering was also 60 Hz. All the tokens were re-
synthesized with TD-PSOLA after the pitch manipulation.

Four L1 Mandarin listeners were asked to test the naturalness of the synthesized
tokens, and they were judged by them as good tokens of the original tones. Another four
L1 Mandarin listeners were invited to pilot the experiment. The pilot participants did not
respond differently to VOT step 6 (84 ms) and VOT step 7 (natural VOT) stimuli. The
VOT step 6 (84 ms) stimuli were removed from the experiment due to the time
constraint. After excluding this, the stimuli set of the experiment included 168 (4 tones *

7 steps of FO * 6 steps of VOT) unique tokens.

3.3.1.2 Participants
The same group of participants completed the perception experiment after they

finished the production experiment. There was a 5!!-minute break between the two

experiments.

3.3.1.3 Procedure
Listeners participated in a forced-choice identification task presented in PsychoPy

(Peirce, 2007). Two Chinese characters constituting the aspirated and unaspirated pairs

(e.g., 2 /thii/ vs. B /ti/) were displayed on a laptop screen while they were hearing the

stimulus through a Sennheiser headset. They were instructed to choose the word they

11 The participants can request for a longer break if they need.
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heard by selecting one of the two characters using a Cedrus button box (model RB-740).
Stimuli for different lexical tones were presented in separate blocks and the order among
the blocks was counter-balanced across participants. There were breaks between the
blocks and the next block started automatically when the participants hit continue.

Within each block, each of the 42 tokens was repeated three times in different
random orders. 13 participants saw the screen with /t"/- syllables on the left and /t/-
syllables on the right, and 12 participants saw the opposite. All the participants reported
to be right-handed. The task took about 20 minutes. 12600 responses (25 participants * 4
blocks * 42 tokens * 3 repetitions) were collected from the experiment. The reaction time
(RT) of each response was also collected with the responses. The timer for the reaction
time started from the onset of the audio syllable and stopped when the participants hit the
button on the response box to make their selection.
3.3.2 Statistical analyses and results

RT was normalized by participant and responses with RT above 3 standard
deviations (232 out of 12600 responses, 1.8%) were excluded from the statistical
analysis. Perception responses were statistically analyzed using the logistic regression
model with the /me4 packages in R (Bates et al., 2014) to determine the influence of each
acoustic cue on the identification of the prevocalic stops. In the full model, the dependent
variable was the participant’s response (aspirated vs. unaspirated stops). VOT step, FO
step, tone, and the interactions among the 3 variables were included as fixed effects. Tone
was orthogonally contrast coded (T1, T4 vs. T2, T3; T1 vs. T4; T2 vs. T3) to examine

whether there are significant response differences between the high initial tones (T1, T4)
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and the low initial tones (T2, T3), as well as within the two tonal groups. T1 and T4 start
from a high pitch range, while T2 and T3 start from a low pitch range. Table 19 presents
the onset FO of the four tones collected in the production experiment. Participants and
words were included as random effects. VOT step, FO step, and tone were added as

random slope to the fixed effect participants.

Table 19. Onset FO of Mandarin tones from the L1 production experiment

Female Male

tone FO0 (Hz) s.d. FO0 (Hz) s.d.

Tl 294 36 166 31

T2 221 26 123 22

T3 234 33 130 24

T4 325 40 184 36

The effects of the independent variables were investigated by comparing models
using the likelihood ratio test. The full model was described above. VOT step
significantly contributed to model fit (5= -1.813, y*=43.516, p <0.0001), showing that as
VOT increased, the possibility of unaspirated responses decreased. Pitch step
significantly contributed to model fit (8= -0.167, y>= 9.0093, p < 0.001), showing that as
pitch increased, the possibility of unaspirated responses decreased. The first tonal

contrast, which compared high initial tone with low initial tone, also contributed
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significantly to model fit (8= -3.787, y*>= 30.711, p<0.0001), showing that high initial
tones elicited significantly less unaspirated responses than low initial tones. The second
(p=-3.787, p=0.82) and third (f= 0.206, p=0.36) tonal contrasts were not significant
predictors of the unaspirated responses, indicating that T1 stimuli did not elicit
significantly more unaspirated responses than T4 stimuli and T2 stimuli did not elicit
significantly more unaspirated responses than T3 stimuli. None of the interactions among
the fixed effects were significant. The model summary of the best fitting model is given
in Table 20. Figure 7 demonstrates the influences of VOT, pitch, and tone on consonant

aspiration identification.

Table 20. S-coefticients, standard error and z- and p-values for the logistic regression
model

Estimate Std. Error Z value Pr(>|z|)

(Intercept) 2.973 0.495 6.001 1.96e-09 ***
VOT step -1.813 0.177 -10.266 <2e-16 ***
Pitch step -0.167 0.053 -3.156  0.0016 **
T1,T4 vs. T2,T3 -3.787 0.583 -6.499  8.07e-11 ***
T1 vs. T4 -0.088 0.398 -0.221  0.8249

T2 vs. T3 0.267 0.295 0.906 0.3650
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Figure 7. Percentage of unaspirated [t] responses by native Mandarin speakers

As indicated by Figure 7, VOT step 1 (14 ms) stimuli elicited the highest
percentage of unaspirated responses across the four tones. In addition, stimuli with lower
post-onset FO elicited more unaspirated responses than stimuli with higher post-onset FO
across all four tones, although this pattern was not very obvious for T4 stimuli at VOT
step 2. T2 and T3 stimuli elicited significantly more unaspirated responses than T1 and
T4 stimuli. The percentage of the unaspirated responses dropped sharply at VOT step 2
(28 ms) for T1 and T4 stimuli, and the sharp drop occurred at VOT step 3 (42 ms) for T2
and T3 stimuli. VOT step 4, VOT step 5 and VOT step 6 elicited a low percentage of
unaspirated responses across the four tones.

3.3.3 Interim summary

VOT played an important role in perceiving aspiration contrasts in Mandarin by
native speakers, as predicted. As VOT became longer, the percentage of unaspirated
responses decreased. The number of the unaspirated responses dropped sharply at VOT

step 2 (28 ms) for the high initial tone stimuli, and the sharp drop occurred at VOT step 3
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(42 ms) for the low initial tone stimuli. VOT step 1 (14 ms) elicited the highest
percentage of unaspirated responses. Starting from VOT step 4 (56 ms), the number of
unaspirated responses across the four tones remained low.

Pitch influenced native listeners’ perception of the aspiration contrast in
Mandarin. In general, as pitch became higher, the percentage of unaspirated responses
decreased across the four tones. The onset pitch of the lexical tones also influenced the
identification of stops in Mandarin. The low initial tone stimuli elicited significantly
more unaspirated responses than the high initial tone stimuli did.

3.3.4 Discussion of the L1 perception experiment

The current findings have provided evidence that VOT is the primary cue of
aspiration contrast in Mandarin. The unaspirated responses decreased as VOT became
longer. At VOT step 1 (14 ms), which was the typical value of the unaspirated stop in
Mandarin (Rochet & Fei, 1991), the native listeners provided the highest number of
unaspirated responses, while starting from VOT 4 (56 ms), the listeners tended to give
mainly aspirated responses regardless of the pitch levels. The VOT categorical boundary
for the aspirated-unaspirated stops seemed to be different for the high initial tone stimuli
and the low initial tone stimuli. The dramatic drop of the number of unaspirated
responses indicated that the ambiguous VOT values for the high initial tone stimuli and
the low initial tone stimuli were 28 ms and 42 ms, respectively. The VOT categorical
boundaries occurred one step earlier for the high initial tone stimuli than for the low

initial tone stimuli.
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The current findings also suggest that L1 Mandarin listeners used post-stop FO in
stop identification tasks. They tended to associate high post-stop pitch with the aspirated
stops and low post-stop pitch with unaspirated stops. In addition, the influence of pitch
was modulated by tone. Stimuli with low initial tones (T2, T3) received significantly
more unaspirated responses than stimuli with high initial tones (T1, T4). Pitch had a
heavier influence on participants’ responses with the low initial tone stimuli than with the
high initial tone stimuli, especially when VOT was within the ambiguous region.

Taken together, these results indicated that listeners from a tonal language can
extract both consonantal and tonal information from pitch.

3.4 The production-perception interface in L1

The present study offers a matched set of production-perception data from 25 L1
Mandarin speakers, focusing on the role of VOT and FO0 at vowel onset in contrasting
stop aspiration in Mandarin. The FO perturbation effect was observed in the Mandarin
production experiment. The results confirmed that the perturbation duration was limited
to the onset of the vowel, ranging from 11 ms to 75 ms. The results were generally in line
with the previous studies (Xu & Xu, 2003; Luo, 2018). However, the direction of FO
perturbation was different from those reported in the previous studies (Xu & Xu, 2003;
Luo, 2018). There was a high initial tone and low initial tone effect. The FO-aspirated
stops was significantly higher than the FO-unaspirated stops in T1 and T4 but was
significantly lower than the FO-unaspirated stops in T2 and T3.

The results of the perception experiment indicate that L1 Mandarin listeners can

decode both tonal and consonantal information from pitch. On the group level, the results
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of the perception experiment partly reflected the production patterns. Pitch influenced the
L1 listeners’ judgement of the aspiration feature of the prevocalic consonant. The
perception results also demonstrate the high initial tone and low initial tone effect. T1 and
T4 paired as a group and T2 and T3 paired as a group. The onset pitch range of the tones
modulated the listeners’ aspiration perception. T1 and T4 elicited significant less
unaspirated responses than T2 and T3. Overall, the listeners tended to associate high
pitch with aspirated stops and low pitch with unaspirated stops.

The production patterns were not completely mirrored in the results from the
perception experiment. In the production experiment, the FO-aspirated stops was lower
than the FO-unaspirated stops in T2 and T3. However, T2 and T3 stimuli in the
perception experiment received significantly more unaspirated responses than T1 and T4
stimuli. There thus appears to be a disconnection between production and perception.

Francis et al. (2006) have also reported a discrepancy between production and
perception in Cantonese. They argue that the pattern in perception could be result from
the participants’ exposure to English rather than their L1 experience (the L2 exposure
hypothesis). Their participants were recruited from Hong Kong and tended to have daily
exposure to English. This could be a possible explanation for the current study, as the
participants were living in the US at the time of testing and they were exposed to the
American English patterns. Testing monolingual Mandarin speakers can help to verify
this possibility and it can be examined in future studies.

In addition to the L2 exposure hypothesis, the discrepancy between perception

and production could also be related to the robustness of the FO perturbation patterns of
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the high initial tone group and the low initial tone group. T2, one member of the low
initial tone group, does not exhibit the expected FO perturbation patterns consistently in
production. This was found not just in this study but also in Luo’s (2018) study.
However, the high initial tones, T1 and T4, consistently demonstrate the expected
patterns. In addition, the number of lexical words in each tone and the frequency of the
four tones in Mandarin are different. Table 21 presents the number of words within each
tone and the frequency of each tone in a Mandarin vocabulary corpus based on the

Modern Chinese dictionary.

Table 21. The distribution of Mandarin tones (adapted from Liu & Ma, 1986)

National Standard Corpus of Mandarin Chinese Vocabulary
Tone Words Corpus
N of words percentage frequency percentage
T1 1959 25.19 24690 23.71
T2 1972 25.35 25130 24.13
T3 1300 16.71 17853 17.15
T4 2489 32.00 33560 32.23

As shown in Table 21, the most common tone for Mandarin is T4, and the least
common is T3. T1 and T4 words occur 55.94% of the time in the Chinese vocabulary

corpus, while T3 occurs only 17.15% of the time. Besides the amount of actual words of
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each tone and tone frequency, variation of T3 such as Sandhi (Duanmu, 2007) could also
play a role, where T3 becomes T2 when the following word is T3. Therefore, L1 listeners
are more likely to be exposed to the FO perturbation pattern in the high initial tone group
than that in the low initial tone group. Taken together, the FO perturbation pattern in the
low initial tone group is arguably not a robust cue for consonant aspiration, since only T3
demonstrates the FO perturbation pattern of the low initial tones, and T3 is the least
frequent tone in Mandarin. Therefore, when these listeners were faced with an ambiguous
token, they presumably relied on the more robust pattern: the high pitch is associated
with the aspirated stop and the low pitch is associated with the unaspirated stop. In
addition, the pattern is observed in many other languages, such as English. When the
speakers were exposed to other languages, they would get positive feedback to reinforce
the pattern. The L2 exposure could thus potentially have influenced the consonant
aspiration identification process, but the current outcomes do not provide evidence for or
against this possibility.

The results of the present study also have implications for the VOT categorical
boundary between the aspirated stops and the unaspirated stops in Mandarin. According
to a study on Chinese VOT conducted by Rochet and Fei (1991), the mean VOTs for the
aspirated alveolar stop /t"/ and unaspirated alveolar stop /t/ before a high back vowel /u/
are 105 ms and 15ms, respectively. The data from the production experiment were
consistent with the findings reported by Rochet and Fei (1991). The mean, maximum and
minimum VOT data are given in Table 22. Figure 8 represents the distribution of VOT

durations of the two groups of stops in Mandarin.
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Table 22. Mean, maximum and minimum VOT durations (ms) of Mandarin stops by
native Mandarin speakers from the L1 production experiment

Tone | voicing mean by voicing | mean by tone | maximum | minimum
T1 aspirated 106.7 170.5 70.3
T2 aspirated 111.3 114.4 187.7 71.7
T3 aspirated 119.0 230.8 74.5
T4 aspirated 105.0 167.4 46

T1 unaspirated 17.0 38.1 9.2

T2 unaspirated 18.5 37 8.2

T3 unaspirated 17.2 17.5 38.4 7.6

T4 unaspirated 16.0 32.1 9.2
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Figure 8. VOT durations of Mandarin stops by native Mandarin speakers

As indicated in Figure 8, the mean VOTs of Mandarin aspirated and unaspirated
stops were around 111.3 ms and 17.2 ms, respectively, with a greater range of VOT
variation of the aspirated stops than that of the unaspirated stops. The VOT of the
aspirated stops does not overlap with the VOT of the unaspirated stops even the
minimum VOT of the aspirated stops and the maximum VOT of the unaspirated stops.
The non-overlap VOT region of the aspirated and unaspirated stops was between 40 ms
to 60 ms, although one outlier of aspirated stop in T4 environment was 46 ms.

The perception experiment indicated that when VOT was located in a non-typical

region of the aspirated and the unaspirated stops, the listeners were more likely to give an
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aspirated response than an unaspirated response. The percentage of unaspirated responses
at VOT step 3 (42 ms) in both high and low initial tonal environments was low. Even at
VOT step 2 (28 ms), which was within the VOT range of unaspirated stops, participants
provided mainly aspirated responses for T1 and T4 stimuli. High initial pitch of T1 and
T4 played an important role on the listeners' aspiration identifications.

In summary, VOT was a primary cue and pitch was a secondary cue for native
Mandarin listeners to distinguish the aspirated stops from the unaspirated ones in both
production and perception. There seemed to be categorical boundaries of VOT for the
unaspirated and the aspirated stops engrained as a part of the listeners’ subconscious
phonological knowledge. When VOT was located in the typical range of the unaspirated
stops, the listeners tended to give unaspirated responses regardless of the pitch levels.
When VOT was located in the typical range of the aspirated stops, the listeners tended to
give aspirated responses regardless of the pitch levels. While when VOT was located in
an ambiguous region, the listeners tended to give an aspirated response, indicating that
the VOT of unaspirated stops permitted less variation than that of aspirated stops. Pitch
had a heavier influence when VOT was ambiguous than when VOT was not ambiguous.
The influence of pitch was relative to the influence of VOT. There seemed to be no
categorical boundaries of pitch for the unaspirated and aspirated stops. Therefore, VOT
was considered as the primary cue while pitch as the secondary cue. Tones modulated the
role of pitch on consonant identification. High initial tones were more likely to be
identified as following an aspirated stop than following an unaspirated stop when VOT

information was ambiguous.
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CHAPTER 4. FO PERTURBATION AND STOP VOICING IDENTIFICATION IN
ENGLISH BY MANDARIN SPEAKERS

4.1 Introduction

The two experiments in this chapter examine L1 Mandarin speakers’ production
and perception of the English stop voicing contrast. The experiments were completed by
the same group of participants from chapter 3. Data collected from parallel experiments
in production and perception as well as in L1 and L2 can be used to analyze group
differences across modalities in L1 and L2. The experiments in this chapter focus on the
role of VOT, FO and intrinsic FO of vowels in the English voicing contrast by Mandarin
speakers of English.

The production experiment investigates whether L1 Mandarin speakers exhibit
consistent FO perturbation effects in their L2 production, and if so, how they produce the
word-initial stop voicing contrast in terms of FO perturbation direction and duration. The
Mandarin participants are expected to produce FO perturbation in their L2, as the
laryngeal contrast in syllable initial position is realized as a phonetic aspiration contrast
in both languages (e.g., Duanmu, 2007; Lisker & Abramson, 1964; Deterding & Nolan,
2007). If the FO perturbation is primarily related to the phonetic aspiration of the syllable
initial consonant, the Mandarin participants are expected to produce the English target-
like pattern: the FO-voiceless stops is higher than the FO-voiced stops. Both English and

Mandarin belong to the aspiration language group with voiceless unaspirated stops
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ranging from 0 to 25 ms along the VOT continuum and 60 to 100 ms for voiceless
aspirated stops (Lisker & Abramson, 1964). Deterding and Nolan (2007) found no
significant VOT differences between the corresponding English and Mandarin stops in
the syllable initial position. The FO perturbation duration is expected to be shorter than
100 ms, which was the average length produced by L1 English speakers (e.g., Hombert et
al., 1979). Studies that examined FO perturbation in tonal languages suggested the
perturbation duration was limited to the onset of the vowel (e.g., Hombert et al., 1979;
Luo, 2018). The Mandarin speakers’ L2 production may be influenced by the patterns in
their L1. It is also possible that the Mandarin participants exhibit patterns that are close to
neither their L1 nor the L2 patterns, which suggesting that they are in the process of
learning the new pattern in their L2.

The perception experiment explores the same participants’ perception of the
English stop voicing contrast in a forced-choice identification task across a VOT
continuum with 6 steps and a post-stop FO continuum with 7 steps in two vowel
environments. The Mandarin participants are expected to use VOT as a primary cue for
the voicing contrast in English, as VOT is a primary cue for the laryngeal contrast in both
languages (Lisker & Abramson, 1964). The participants are also expected to be able to
use pitch as a cue for the voicing contrast in English. The FO perturbation in English can
extend 100 ms into the vowel. Francis et al. (2006) have reported that the Cantonese
listeners were able to hear consonant-induced pitch differences in Cantonese when the
manipulated perturbation duration was longer than 20 ms. Their study suggests that the

longer the perturbation duration, the smaller pitch differences the listener can hear. The
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perturbation duration in English should be long enough for the Mandarin participants in
this study to hear the consonant-induced pitch differences if they are as sensitive to pitch
as the L1 Cantonese listeners in Francis et al.’s (2006) study.

The intrinsic FO of the vowel may or may not influence the FO perturbation
patterns in both production and perception. If the voicing contrast is restricted by
physiological and/or aerodynamic factors (Ladefoged, 1967; Slis, 1970; Halle & Stevens,
1971; Ohala & Ohala, 1972; Lofqvist, 1975; Hombert et al., 1979; Kohler, 1984), the
intrinsic FO of the vowel is expected to influence the FO perturbation patterns. Different
vowel height requires different coordination of the articulators (e.g., Whalen & Levitt
1995). If the FO perturbation is due to perceptual enhancement of the salience of the
voicing feature by speakers (Kingston & Diehl, 1994), it is expected that the perceptual
enhancement would apply to all the vowel environments. The intrinsic FO of the vowel is
also expected to influence the categorical boundary of VOT between English voiced and
voiceless stops. Nakai and Scobbie (2016) argued that the vowel height affected the L1
English speakers’ perceptual cutoff points for the two voicing categories in English. If the
participants have attained the target-like perception of the voicing contrast, they are
predicted to show the same pattern. It is also possible that the VOT categorical
boundaries in Mandarin are also influenced by vowel height. The participants may
transfer that knowledge into their L2.

In summary, the goal of the two experiments is to investigate the role of VOT,
pitch and the intrinsic FO of the vowels in distinguishing the voicing contrast in English

by L1 Mandarin speakers in both production and perception tasks.
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4.2 Experiment 1: Mandarin speakers’ L2 English production

Experiment 1 examined Mandarin speakers’ productions of the stop voicing
contrast in English, focusing on the use of FO within the first 50% of the vowel, which
was observed to be relevant to the voicing contrast in English (Hombert et al., 1979;
House & Fairbanks, 1953; Lehiste & Peterson, 1961; Lea, 1973; Hombert, 1978; Ohde,
1984; Hansen, 2009).

4.2.1 Method

4.2.1.1 Stimuli
The stimuli were minimal pairs of English monosyllabic words two-do, tie-die,

tea-D, me-knee, and know-mow. The experimental stimuli were the first three pairs,
which were used to examine the FO perturbation in English, and the last two pairs were
served as the control words to provide a FO baseline without FO perturbation. Two
additional words, tear and deer, were used to create 2 practice trials. Due to limited
available lexical words in English, the vowel environments were not balanced across the
stop and sonorant groups. Each stimulus was embedded in an English carrier sentence

‘Please say again.’

4.2.1.2 Participants
The same group of participants from the Mandarin experiments (in §3) completed

the English production experiment on a separate day with at least one week between their
two visits. The demographic information related to their English experience is
summarized in Table 23. The participants lived in the U.S at the time of testing, so they
were exposed to English every day in their normal lives. Five of them were studying in

GMU degree programs, one was working at GMU, three were exchange students from
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China and the rest (sixteen) of the participants were taking English language courses at

INTO Mason.
Table 23. Demographic information of the participants
N Age (years) Age of arrival (years) Length of residence (months)
mean s.d range mean  s.d. range mean s.d range median

25 26 8 19-46 22 3 19-35 13 13 1-4812 12

4.2.1.3 Procedure
The experiment took place in a sound attenuated booth at GMU. Participants were

seated comfortably in front of a Macbook and their productions were digitally recorded
onto a separate Macbook Pro, using a Rede smartLav+ microphone and an external
Focusrite Scarlette Solo 2nd Generation preamplifier with a sampling rate of 44.1 kHz
via the Praat program (Boersma & Weenink, 2020). The microphone was attached to the
participants’ shirt around their upper chest, approximately 6 inches away from the
speakers’ mouth. Stimuli sentences were presented to the participants in the middle of the
computer screen automatically with a 2-second interval in a randomized order using
PsychoPy (Peirce, 2007) in order to elicit a comparatively stable speaking rate across
participants. All instructions for the experiment were given in English. Participants were

instructed to read the sentence naturally. The experiment consisted of a 2-trial practice

12 The participant who has been in the U.S. for 20 years is not included in length of
residence column of the demographic information summary table. With her data added in,
the descriptive statistics of length of residence is highly skewed towards the higher end,
mispresenting the trend in the variable.
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session and 60-trial (10 words * 3 repetitions * 2 blocks) experiment session. There was a
break within the experiment session and the entire experiment took about 5 minutes.
4.2.2 Acoustic measurements

All measurements were performed with Praat (Boerma & Weenink, 2020) by the
author. VOT was measured manually from the starting point of the target stop consonant
burst in the waveform to the first zero crossing in the waveform following the onset of
the periodicity of the following vowel. The end of the VOT also marked the onset of the
vowel. The end of the vowel was marked at the offsets of the first and the second
formants. The segmentation between the vowel and the consonant was mainly relied on
the visual inspection of the spectral patterns and the wave forms. Examples of token

segmentation are given in Figures 9 and 10.
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/ai/ /
tie I do
4207 | 0.170881 0.1 2939 | 0.175979 0.230546
Visible part 0.742607 seconds Visible part 0.639464 seconds
Total duration 1.733265 seconds Total duration 1.451361 seconds

Figure 9. Segmentation of the English target words
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” 0 ” o
knee I mow
157432 | 0.197972 0. 89184 I 0.197361
Visible part 0.547184 seconds Visible part 0.591329 seconds
Total duration 1.415170 Total duration 1.513401 se

Figure 10. Segmentation of the English control words

Praat scripts were used to extract VOT durations, vowel durations and FO values.
According to previous studies (e.g., Lehiste & Peterson, 1961; Hombert et al., 1979), FO
perturbation in English can extend about 50% into the vowel. FO was measured from ten
equidistant points of the post-stop vowel. The selection of the ten equidistant points was
based on the vowel duration of each word. Therefore, the extraction of the FO values was

normalized according to the vowel duration. Figure 11 shows the normalized FO values
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through the entire vowel of the different consonant groups. Vowels were not balanced in
the three voicing groups, so Figure 11 represents FO contours with the combined vowel

environments (i.e., /i/, /u/ and /a1/).

voicing voiceless - sonorant voiced

1.0

Normalized FO

S
o

~

0 " 20% = 40% = 60% = 80%  100%
Normalized vowel duration

Figure 11. The normalized FO of three consonant groups with combined vowel
environments

4.2.3 Data preparation

Some data were excluded in the preparation for three reasons: mispronunciations
and/or self-correction (7%), failure to extract FO values by Praat (0.5%), and outliers
above 3 standard deviations after by participant FO normalization (0.3%).

106 of 1500 (60 experiment words * 25 participants) recorded words (7%) were

excluded from all analyses. The excluded words included mispronunciations of the
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intended vowel or the consonant (100) (e.g. /mo/ read as /mav/) and self-correction (6).
The detailed number of mispronounced words are displayed in Table 24. Compared with
their L1 productions, the participants mispronounced more words in the L2 task even
though the stimuli were common English words. Among all the stimuli, mow received the
highest number of mispronunciation due to the fact that many participants were not

familiar with this word.

Table 24. The number of excluded English words due to mispronunciations

Stimuli mow tie die knee know tea
Number of excluded tokens 48 16 12 12 11 1
Total: 100

Based on the FO trajectories of the three voicing groups (Figure 11), the first 6 of
the 10 time points were included for further statistical analysis to model the FO
perturbation effect in Mandarin speakers’ L2 productions, as FO perturbation duration in
native English productions can extend 50% into the vowel (e.g., Hombert et al., 1979).
The first 6 points covered the first half of the vowel. The mean vowel durations of the
three voicing groups by vowel environments are listed in Table 25. 47 data points of
13940 (0.3%) where Praat failed to extract FO values were excluded from the statistical
analysis. Table 26 presents the number of data points where Praat failed to get a FO value.
Praat tends to give an undefined value when it is requested to get a pitch value in a

voiceless part of a sound (Boerma & Weenink, 2020).
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Table 25. Mean English vowel durations by voicing groups and vowels

voicing vowel Dur (ms) s.d.

aspirated /a1/ 193.5 50.6
/i/ 155.2 44.6

h/ 156.3 40.0

sonorant 1/ 178.6 423

/o/ 199.4 45.1

unaspirated /ar/ 232.1 49.5
i/ 178.1 41.6

h/ 177.8 39.0

Table 26. The number of English data points excluded due to Praat extraction failure

Stimuli die tie do tea D
Number of data points excluded 28 15 2 1 1
Total: 47

Raw FO values were then transformed into z-scores for each subject to facilitate

the comparison of pitch across subjects. Outliers, 29 of 8317 data points (0.3%), above 3

standard deviations from each speakers’ mean FO were excluded from the analyses of FO

perturbation. In the end, 8288 data points were retained for FO analysis.

4.2.4 Statistical analyses and results

Linear mixed-effects models were performed with the /me4 package in R (Bates
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et al., 2014) to investigate the possible influence of voicing, time point and gender on FO.
In the full model, the dependent variable was the normalized FO. Voicing (the voiceless
stop vs. the sonorant vs. the voiced stop), time points (6 time points) and gender (female
vs. male) as well as the interaction among the three variables were included as fixed
effects. The random effects structure of the model was determined using a forward best
path algorithm (Barr et al., 2013). Subjects were included as a random effect. All fixed
factors were coded using treatment (dummy) coding, with the reference level for the
intercept being set to the voiceless, 0 time point and female. The best fitting model was
selected by comparing models using the likelihood ratio test. The fixed effect gender did
not fit the dataset significantly better than the full model (y*=2.12, p=0.14), indicating the
contribution of gender to the model fit was not significant. In order to reduce the
complexity of the model, gender was excluded as a fixed effect from the full model. The
best model had voicing and time points as the fixed effects and subjects as the random
effect. Tukey’s HSD tests were conducted on this best model using the emmeans package
(Lenth, 2020) for R and the summary of the post-hoc pairwise comparisons are reported
in Table 27. Figure 12 visually demonstrates the effects of voicing and time points on the

normalized FO over the combined vowel condition.
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Table 27. Pairwise Comparisons: Results from Tukey HSD Post-hoc Analyses on the
linear mixed effects model, FO-voiceless stops-F0-sonorants, FO-sonorants-FO-voiced
stops, FO-voiceless stops-F0-voiced stops

Voicing time 0 time 1 time 2 time 3 time 4 time 5
0% 10% 20% 30% 40% 50%
Voiceless- | 5 | 0.735 0.533 0.363 0.211 0.106 0.045
Sonorant | p | <.0001 <.0001 <.0001 <.0001 .0320 5279
skokok skokk skokk skokk %
Sonorant- | § | -0.271 -0.110 -0.012 0.045 0.073 0.092
Voiced |, [ <0001 0228 9577 5349 1902 0684
skokok %
Voiceless- | 5 | 0.464 0.423 0.351 0.256 0.178 0.138
Voiced p | <.0001 <.0001 <.0001 <.0001 .0001 .0048
skokok skokk skokk skokk skokk kok
voicing voiceless < sonorant voiced
1.00+

e
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o

e
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o
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Figure 12. The first half of the normalized FO contours of the three consonant groups with
combined vowel environments

The FO-voiceless stops was significantly higher than the FO-sonorants during the

first 40% of the vowel, and the FO-voiced stops was significantly higher than the FO-

88




sonorants during the first 10% of the vowel. The FO-voiceless stops was significantly

higher than the FO-voiced stops through the entire 50% of the vowel.

The vowel environments were not balanced across the three voicing groups. In
order to examine the effect of the intrinsic FO of different vowels, a subset of data with
the stops combined with 3 different vowels was selected to model the effect of voicing
(voiceless vs. voiced), vowel (/ar/ vs. /i/ vs. /u/) and time points (6 time points). The
interaction among the three fixed effects was included into the full model and participants
were included as a random effect. Tukey’s HSD tests were conducted using the emmeans
package (Lenth, 2020) for R, and the summary of the post-hoc pairwise comparisons are
reported in Table 28. Figure 13 visually demonstrates the effects of the voicing and time

points on the normalized FO over the three vowel conditions.

Table 28. Pairwise Comparisons: Results from Tukey HSD Post-hoc Analyses on the
linear mixed effects model by vowel environments (FO-voiceless stops-FO-voiced stops)

Vowel time 0 time 1 time 2 time 3 time 4 time 5
0% 10% 20% 30% 40% 50%
/at/ | 5| 0.007 0.283 0.333 0.301 0.244 0.207
p |.9292 .0001 <.0001 <.0001 .0006 .0037
kokok kokok kokok kokok k%
1/ A 0.621 0.386 0.264 0.159 0.100 0.089
p | <.0001 <.0001 .0001 0175 1357 1867
kokok kokok kokok *
/1S ] 0.689 0.564 0.431 0.274 0.164 0.097
p | <.0001 <.0001 <.0001 <.0001 .0148 .1483
kokok kokok kokok kokok *
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Figure 13. The normalized FO contours of the two voicing groups by vowel environments

The statistical model revealed a significant effect of voicing (y?=307.98,
2<0.0001). The FO-voiceless was significantly higher than the FO-voiced in all three
vowel environments except for the 0 time point with vowel /a1/. The interaction among
voicing, vowel and time points was significant (y’=57.59, p<0.0001). No significant FO
difference was observed between the FO of the two voicing groups at time 0 with /av/,

while significant FO difference was found between the FO of the two voicing groups at

time 0 with /i/ and /u/.
4.2.5 Interim summary

FO0 perturbation direction. With the separated vowel condition (see Figure 13),
the FO-voiceless stops was in general significantly higher than the FO-voiced stops in all
the three vowel environments. No significant FO difference was observed between the FO

of the two voicing groups at time 0 with /a1/, while significant FO difference was found
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between the FO of the two voicing groups at time 0 with /i/ and /u/. The direction of the
perturbation was primarily determined by the voicing feature of the consonant while the
vowel had a modest influence.

F0 perturbation duration. With the separated vowel condition (see Figure 13),
the perturbation duration was shorter than what was reported in studies by L1 English
speakers (e.g., Lehiste & Peterson, 1961; Hombert et al., 1979). The durations of the
perturbation with /i/ and /u/ were 50 ms (30% of the vowel) and 67 ms (40% of the
vowel) respectively. There was no significant FO difference between the two voicing
groups (voiceless vs. voiced) at 0 time point with /ar/. The FO-voiceless stops was higher
than the FO-voiced stops from time point 1 (10% of the vowel) until time point 5 (50% of
the vowel). Vowel seemed to have an influence on the perturbation duration.

F0-stops vs. FO-sonorants. Both the FO-voiceless stops and the FO-voiced stops
were higher than the FO-sonorants. The FO-voiceless stops was significantly higher than
the FO-sonorants during the first 40% of the vowel, and the FO-voiced stops was
significantly higher than the FO-sonorants during the first 10% of the vowel. With the
combined vowel condition (see Figure 12), the FO-voiceless stops was significantly
higher than the FO-voiced stops, which replicated the results from previous studies by L1
English speakers (e.g., Lehiste & Peterson, 1961; Hombert et al., 1979) in terms of the
proportion of the duration. As to absolute duration, the FO perturbation duration in
current study was slightly less than 100 ms, especially for the voiceless group. See

detailed durations in Table 29.
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Table 29. Mean vowel durations by voicing with combined vowel condition

Voicing Duration (ms) s.d. 50% of the vowel

voiceless 167.2 48.2 83.6
sonorant 188.1 448 94.1
voiced 195.1 50.1 97.6

4.2.6 Discussion of the production experiment

A significant FO perturbation effect was observed both in the combined vowel
model and the separate vowel model. For the combined vowel condition, the post-stop FO
of both voicing groups was significantly higher than the FO-sonorants, suggesting that
aspiration tended to raise FO of the following vowel. Moreover, the FO-voiceless stops
was significantly higher than the FO-sonorants during the first 40% of the vowel while the
FO-voiced stops was significantly higher than the FO-sonorants during the first 10% of the
vowel. The fact that the FO-voiceless stops deviated more from the sonorant baseline than
the FO-voiced stops suggests that FO perturbation was an effect of FO raising of the
voiceless stops rather than an effect of FO lowering of the voiced stops.

FO0 perturbation direction. For the separate vowel condition, the FO-voiceless
stops was significantly higher than the FO-voiced stops except for the 0 time point with
/a1/. The non-significant result at time point 0 with /a1/ could have resulted from a
statistical error due to relatively sparse data points with /a1/. 28 (16 tie and 12 die) words
were excluded due to pronunciation error, and 43 data points (28 for die and 15 for tie)

were excluded due to Praat extraction failure. Altogether, 23% of the fie-die data points
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were excluded from statistical analysis, which might lead to the non-significant results.
The other possible reason for the non-significant result was the low intrinsic FO of /a1/.
/a1/ was produced in a lower FO range than /u/ and /i/. Previous literature (e.g., Whalen &
Levitt, 1994) has suggested a negative correlation between the first formant (F1) and
vowel height: the lower the F1, the higher the vowel. In order to locate the transition
between /a/ and /1/ in /atr/ produced by the Mandarin speakers, F1 was measured from ten
equidistant points of the post-stop vowel and F1 values for /a1/ are presented in Figure 14

by gender.

Female Male
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Normalized vowel duration
voicing voiceless - voiced

Figure 14. The first formant values of /a1/ throughout the entire vowel by gender

For both the male and female groups, the F1 of /a1/ was in the low vowel range

(700-1000 Hz for female and 600-800 Hz for male). The F1 stayed at the low vowel
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range until approximately the mid-vowel, where F1 started to drop sharply. The F1 of /a1/
reached the lowest point at the end of the vowel. However, the F1 was still not low
enough to reach the typical F1 range for high vowels. The Flvalues of /u/ and /i/ in this
study were around 500 Hz for female and 400 Hz for male. As shown in Figure 14, the
F1 of the voiceless group was higher than the F1 of the voiced group, suggesting that /a1/
in the voiceless group was produced at a lower position than /a1/ produced in the voiced
group. The lower vowel height of /a1/ in the voiceless group could potentially lower the
FO-voiceless stops and the higher vowel height of /a1/ in the voiced group could
potentially increase the FO-voiced stops. Thus, the effect of the FO perturbation could be
weakened by vowel height. In that case, the difference between the FO of the two voicing
groups with /a1/ may not be significant at the vowel onset. For /i/ and /u/, the F1
differences between the two voicing groups were not as obvious as in /ar/ (see Figure 15).
It seemed that vowel height influenced Mandarin speakers’ production of the voicing

contrast in English.
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Figure 15. The first formant values by vowel environments and gender

FO0 perturbation duration. For the combined vowel condition, the FO
perturbation was maintained throughout the entire 50% of the vowel, which overall
matched the perturbation duration reported by L1 English speakers (e.g., Lehiste &
Peterson, 1961; Hombert et al., 1979). However, for the separate vowel condition, the FO
perturbation duration was shorter both in absolute value and in percentage than what was
reported in earlier studies produced by L1 English speakers, which was about 100 ms or
50% of the vowel (e.g., Lehiste & Peterson, 1961; Hombert et al., 1979). The shorter
perturbation duration produced by Mandarin speakers could have resulted from the
influence of the speakers' L1, in which the perturbation duration ranged from 0 to 35% of
the vowel. The majority of participants in the present study were not considered fully
proficient in English so far as they were enrolled at a language learning program, which

prepares them to study at universities in the United States. They may not have thus far
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mastered the skill to manipulate pitch to contrast the voicing feature of the prevocalic

stops.

4.3 Experiment 2: Mandarin speakers’ perception of English voicing contrast
Experiment 2 examined the influence of VOT, F0 and the intrinsic FO of the

vowel on Mandarin speakers’ perception of the stop voicing contrast in English.

4.3.1 Method

4.3.1.1 Stimuli
English perception stimuli were created from natural productions of the syllables

too and tie. The voiceless stops were selected as the baseline stimuli. That is, voiced
tokens were created by removing the aspirated portions from the naturally produced
voiceless stops. This is because it is more likely to get a natural sounding token by
reducing the aspiration noise and shortening the VOT than by adding in aspiration noise
and lengthening the VOT (Francis et al., 2006). The high back vowel /u/ was selected to
create a parallel test with the Mandarin perception task. /a1/ was selected to form a
comparison with /u/ to examine the possible influence of the vowel height on the voicing
judgement task. The F1 values of the two base tokens throughout the entire vowels are
presented in Figure 16. Based on the F1 range, foo had higher intrinsic FO than fie. A
female native English speaker with no noticeable regional dialect accent recorded the
natural productions of oo and tie in a sound treated booth. Two unique tokens for each
syllable with approximately the same length of VOT were selected as the bases for the
acoustic manipulations. Each of the two base tokens were then manipulated to create 49
syllables co-varying in the VOT of the initial stops and the post-stop FO by fully crossing

7 steps of post- stop FO and 7 steps of VOT (see Table 30 for the details). Seven steps of
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VOT and post-stop FO were selected in order to obtain a detailed picture of how VOT and
FO would influence listeners’ perception of English stops (Schertz et al., 2015). This

yielded the parallel design of the Mandarin native perception experiment.
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Figure 16. The F1 values of the two base stimuli of the L2 perception experiment

Table 30. VOT and onset FO values for each acoustic dimension of the English stimuli

Word Parameter Base token Step Step Step Step Step Step Step

1 2 3 4 5 6 7
tie VOT (ms) 98.7 143 282 418 568 70.7 882 987
FO (Hz) 211.9 1519 171.9 1919 2119 2319 2519 2719
too VOT (ms) 973 13.6 270 414 545 683 835 973
FO (Hz) 243.4 183.4 203.4 2234 2434 2634 2834 3034

VOT manipulation: The mean VOT duration of the 2 base tokens was 98 ms, and

the VOT step size (14 ms) was same as the native Mandarin experiment.
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F0 manipulation: FO was manipulated using Time-Domain Pitch-Synchronous-
Overlap-and-Add-algorithm (TD-PSOLA, Moulines & Charpentier, 1990) as
implemented in Praat. The first 50% of the vowel was selected for pitch manipulation.
The methods used for VOT and pitch manipulation were exactly the same as the
Mandarin perception experiment (see §3.3.1.1 for detailed information about the
manipulation).

Two L1 English listeners were asked to test the naturalness of the synthesized
tokens and they were judged to be as good tokens of the original target words. Four L1
Mandarin listeners were invited to pilot the experiment. The pilot participants did not
respond differently to VOT step 6 (84ms) and VOT step 7 (natural VOT) stimuli. Thus,
VOT step 6 (84 ms) stimuli were from the experiment to keep the duration of the
experiment shorter. After excluding VOT step 6, the stimuli set of the experiment

included 84 (2 words * 7 steps of FO * 6 steps of VOT) unique tokens.

4.3.1.2 Participants
The same group of participants completed the English perception experiment after

they finished the English production experiment. There was a 5-minute break between

the production and perception experiment.

4.3.1.3 Procedure
Listeners participated in a forced-choice identification task presented in PsychoPy

(Peirce, 2007). Two English words constituting the voiceless and voiced pairs (i.e., foo
vs. do, tie vs. die) were displayed on a laptop screen while they were hearing the
stimulus. They were instructed to choose the word they heard by selecting one of the two

words using a Cedrus button box (model RB-740). Stimuli for the two word-pairs were
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presented in two separate blocks, with the order of the blocks being counter-balanced
across participants. There was a break between the two blocks. Within each block, each
of the 42 tokens was repeated three times in different random order. 13 participants saw
the screen with the voiceless word on the left and the voiced word on the right, and 12
participants saw the opposite. All the participants reported to be right-handed. The task
took about 10 minutes. A total of 6300 responses (25 participants * 2 blocks * 42 tokens
* 3 repetitions) were collected from the experiment. RT was also collected from the
experiment. The timer for reaction time started from the onset of the audio syllable and
stopped when the participants hit the button on the response box to make their selection.
4.3.2 Statistical analyses and results

RT was normalized for each participant and the responses with RT more than 3
standard deviations away (108 out of 6300 responses, 1.7%) were excluded from the
statistical analysis. The remaining responses were statistically analyzed using the logistic
regression model with the /me4 packages in R (Bates et al., 2014) to determine the
influence of each acoustic cue on the identification of the prevocalic stops. In the full
model, the dependent variable was the participant’s response (voiceless vs. voiced stops).
VOT step, FO step, vowel, and the interactions among the 3 variables were included as
fixed effects. The vowel was helmert contrast coded to examine the contribution of vowel
height. Participants and words were included as random effects. VOT step, FO step, and
vowel were added as random slope to the random effect participants. The effects of the
independent variables were investigated by comparing models using the likelihood ratio

test. The full model was described above. Pitch step significantly contributed to model fit
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(B=-0.260, y>= 14.883, p < 0.001), showing that as pitch increased, the possibility of
voiced responses decreased. The interaction between VOT step and vowel significantly
contributed to model fit (= -0.465, y*=12.027, p < 0.001), indicating that the high vowel
stimuli elicited more voiced responses than the low vowel stimuli. None of the other
interactions among the fixed effects were significant.

After eliminating non-contributing factors, the best model included pitch step, and
the interaction between VOT step and vowel as fixed effects. Participants and words were
included as random effects. VOT step, pitch step, and vowel were added as the random
slope to the participants. Table 31 demonstrates the model summary of the best model.
The vowel contrast was a significant predictor of voicing judgement (= 3.862,
p<0.0001), showing that the high vowel (z00) elicited significantly more voiced responses
than the low vowel (tie). VOT step was also a significant factor of voicing judgement,
showing that as VOT increased, the number of voiced responses decreased. Figure 17
demonstrates the influences of VOT, pitch, and vowel on consonant voicing

identification.
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Table 31. S-coefficients, standard error and z- and p-values for the logistic regression
model

Estimate Std. Error Z value Pr(>|z])

(Intercept) 5.472 0.606 9.029 <2e-16 ***
VOT step -2.184 0.197 -11.072 4.41e-05 ***
Pitch step -0.260 0.064 -4.085 0.0016 **
Vowel 3.862 0.587 6.574 4.89¢-11 ***
VOT step:Vowel -0.465 0.141 -3.290 0.001 **
tie too
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Figure 17. Percentage of voiced /d/ responses by native Mandarin speakers

As indicated by Figure 17, VOT step 1 (14ms) stimuli elicited the highest
percentage of voiced responses for the two vowel environments. As VOT increased, the

percentage of voiced responses decreased. The dramatic drop of the number of voiced
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responses occurred at VOT step 2 (28 ms) for the tie stimuli set VOT step 3 (42 ms) for
the too stimuli set. The percentage of voiced responses reached the lowest region from
VOT step 3 (42 ms) and VOT step 4 (56 ms) for the tie and too stimuli sets, respectively.
As pitch increased, the percentage of voiced responses tended to decrease in both vowel
environments. The foo stimuli set elicited more voiced responses than the tie stimuli set.
4.3.3 Interim summary

Mandarin listeners used VOT as a primary cue for the voicing judgement in their
L2, as predicted. As VOT increased, the number of voiced responses decreased. Based on
the perception results by native Mandarin speakers, the ambiguous VOT with vowel /a1r/
was 28 ms(step 2) and the ambiguous VOT with /u/ was ranged from 42 ms (step 3) to 56
ms (step 4), with step 3 being more ambiguous than step 4.

Mandarin listeners used pitch as a secondary cue for the voicing judgement in
their L2. As pitch increased, the number of voiced responses decreased. Pitch had a
heavier influence on participants’ perceptual judgement when VOT was ambiguous than
when VOT was unambiguous.

The vowel environments influenced Mandarin listeners’ voicing distinction in
their L2. Overall, the too stimuli set was more likely to be identified as the voiced
syllable than the fie stimuli set.

4.3.4 Discussion of the L1 perception experiment

VOT was the primary cue for L1 Mandarin listeners to distinguish the voicing

contrast of English stops. As VOT became longer, the percentage of voiced responses

decreased for both vowel environments. The VOT categorical boundary for /t/-/d/ seemed
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to be different for the two vowel contexts. The dramatic drop of the number of voiced
responses occurred one step earlier for the tie stimuli set than for the foo stimuli set. The
lowest percentage of voiced responses also occurred one step earlier for the tie stimuli set
than for the oo stimuli set. Therefore, the ambiguous region was one step earlier with /ar/
than with /u/, suggesting the Mandarin listeners allowed more VOT variations of /d/
when it was before /u/ than before /a1/.

Nakai and Scobbie (2016) have examined the perceptual VOT category boundary
in English for L1 English listeners, and they suggest the place of articulation and vowel
height influence the perceptual cutoff point for the two voicing categories while the
speech rate does not play a role. They reported the /t/-/d/ boundary for /a/ was 21 ms and
the boundary ranged from 36-40 ms for /u/. They do not include diphthong in their study,
so it is still unknown whether the status as a diphthong may affect the boundary. As
shown in Figure 16, 71% of the base perception stimuli token tie (/a1/) was produced as a
/a/ and the rest of the vowel portion transited from /a/ to /i/. If the VOT categorical
boundary for /a1/ is similar to that of /a/, then the VOT region of the voiced stop with
vowel /a1/ is about 21 ms. The fact that the dramatic drop of the number of voiced
responses occurred at VOT step 2 (28 ms) for the tie stimuli set VOT step 3 (42 ms) for
the too stimuli set in the current study is thus in line with Nakai & Scobbie's (2016)
findings on L1 English listeners.

In addition to VOT, post-onset FO influenced the L1 Mandarin listeners’
perception of the voicing contrast in English. The pitch lowering stimuli elicited more

voiced responses than the pitch raising stimuli. It seemed that the effect of FO on
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Mandarin listeners’ voicing judgement was gradient for pitch lowering and pitch raising
stimuli when VOT was ambiguous: The higher the post-stop F0, the more voiceless
responses; the lower the post-stop FO, the more the voiced responses. The gradient effect
was not evident when VOT was unambiguous. The results suggest that the L2 learners
used post-stop pitch in the identification of consonant voicing and they tended to
associate higher post-stop pitch with the voiceless stop and lower post-stop pitch with the
voiced stop.

The intrinsic FO of the vowel also affected the identification of the English
voicing contrast by L1 Mandarin listeners. Stimuli with higher intrinsic FO (z00) elicited
more voiced responses than stimuli with lower intrinsic FO (zie). Pitch had a heavier
influence on the foo stimuli set than on the tie stimuli set. There seemed to be a
perceptual compensation effect in the identification of English stops by Mandarin
listeners. When the listeners heard a foo stimulus with higher F0, they tended to attribute
the high FO to the high intrinsic FO of /u/ rather than the voicelessness of the prevocalic
consonant when VOT was ambiguous. By contrast, when they heard a tie stimulus with
higher FO, they could only attribute the high FO to the voicelessness of the prevocalic
consonant. Therefore, the L2 learners gave more voiced responses for the foo stimuli set
than the tie stimuli set especially at VOT step 2 (28 ms) and VOT step 3 (42 ms), which
were within a range of ambiguous VOT between the English voiceless and voiced stops.
4.4 The production-perception interface in L2

The present study provided a matched set of English production-perception data

from 25 L1 Mandarin speakers who were learning English as an L2. FO perturbation was
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observed in the production study (§4.2). Overall, the FO-voiceless stops was significantly
higher than the FO-voiced stops. The duration of FO perturbation matched the L1 English
speakers’ productions for the combined vowel condition. However, for the separate
vowel condition, the duration of FO perturbation was slightly shorter than that produced
by the L1 English speakers.

For the perception experiment (§4.3), the L2 learners were able to use post-onset
FO to distinguish the voicing category of the prevocalic stop in English. They used VOT
as a primary cue and post-onset FO as a secondary cue. They tended to associate high FO
with voiceless stops and low FO with voiced stops. There seemed to be a perceptual
compensation relationship between FO perturbation and intrinsic FO of the vowels. The
too stimuli set elicited significantly more voiced responses than the tie stimuli set. It
seemed that the listeners tended to attribute the high FO they hear to the intrinsic FO of the
vowel rather than the voicelessness of the preceding consonant when VOT was
ambiguous.

In general, the production patterns were reflected in their perception task. VOT
was the most salient cue for the voicing contrast in English both in production and
perception, and pitch was a secondary cue. Intrinsic FO of the vowel also influenced the
learners’ production and perception of English voicing contrast.

The English VOT category boundary produced by the L1 Mandarin speakers in
the L2 production experiment (§4.2) was not completely mirrored in their L2 perception
experiment (§4.3). For participants of the present study, /t/ had a longer mean VOT when

combined with /ar/ (109.3 ms) than combined with /u/ (90.0 ms), while /d/ had a shorter
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mean VOT when combined with /a1/ (15.5 ms) than combined with /u/ (20.5 ms). The
non-overlap VOT region between the maximum VOT of /d/ and the minimum VOT of /t/
with /a1/ was from 31.3 ms to 61.6 ms, and the corresponding VOT region with /u/ was
from 36.5 ms to 47.1 ms. VOT was ambiguous in a greater VOT region when the vowel
was /ar/ than it was /u/. Table 32 summarizes the mean, maximum, minimum VOT
durations produced by Mandarin speakers in the L2 production experiment (§4.2). Figure

18 visually illustrates the VOT distribution by voicing and vowel groups.

Table 32. Mean, maximum and minimum VOT durations (ms) of English stops by native
Mandarin speakers from the L2 production experiment

vowel voicing mean maximum minimum

a1/ voiceless 109.3 199.7 61.6
voiced 15,5 313 5.3

ha/ voiceless 90.0  210.4 47.1
voiced 20.5 365 7.3
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Figure 18. VOT durations of English stops by native Mandarin speakers

The production patterns were not fully represented in the perception experiment.
In perception, the ambiguous VOT region occurred at the 28 ms (VOT step 2) with /ar/
stimuli. However, the production experiment suggested 42 ms (VOT step 3) and 56 ms
(VOT step 4) could be ambiguous for the Mandarin listeners. For /u/ stimuli, both
production and perception experiments suggested 42 ms (VOT step 3) was ambiguous for
the Mandarin listeners. However, there was one discrepancy for the /u/ stimuli. In the
production experiment, 56 ms was in the range aspirated stops, while it was a little
ambiguous for the listeners in the perception experiment, especially with the pitch

lowering stimuli.
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One possible reason for the observed disconnection between the production and
perception results is that the Mandarin listeners’ perception of English voicing contrast
was shaped by the inputs they were exposed to rather than their own production patterns.
Nakai and Scobbie (2016) have observed that the /t/-/d/ boundary for /a/ is 21 ms and the
boundary ranges from 36-40 ms for /u/, which matched the ambiguous VOT for the tie
stimuli set and the oo stimuli set in the current perception experiment. The Mandarin
learners may be able to identify the English stop voicing contrast in a target-like manner.

In summary, VOT was a primary cue for native Mandarin speakers to distinguish
English voiced and voiceless stops. Pitch was a secondary cue. The intrinsic FO of the
vowel influenced the Mandarin participants’ voicing judgements. When VOT was
ambiguous, vowels that have high intrinsic FO was more likely to be identified as
following the voiced stops than following the voiceless stops. The intrinsic FO of the
vowel could also influence the perceptual categorical boundary of VOT by the learners.

The perceptual VOT range of the voiced stops was larger with /u/ than with /ai/
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CHAPTER 5. GENERAL DISCUSSION AND CONCLUSION

5.1 Summary of the main findings

Taken together, the two sets of parallel experiments presented in the current study
provide two case studies of how Mandarin speakers make use of various acoustic cues to
produce and identify the laryngeal contrasts in their L1 and L2. The studies were
designed to address the more general question of how speakers from a tonal language
realize the stop laryngeal contrast in their L1 production, how listeners from a tonal
language integrate information from multiple acoustic cues to identify the L1 laryngeal
contrast, as well as how the speakers adapt the multiple acoustic cues when they acquire
an L2.

Chapter 3 investigated how L1 Mandarin speakers contrast Mandarin stop
aspiration in production and perception experiments. An FO perturbation effect was
observed in the Mandarin production experiment (§3.2). The results confirmed that the
perturbation duration was limited to the onset of the vowel, ranging from 11 ms to 75 ms.
The results were generally in line with the previous studies (Xu & Xu, 2003; Luo, 2018).
However, the present study observed a different direction for FO perturbation. There was
a high initial tone and low initial tone effect: the FO-aspirated stops was significantly
higher than the FO-unaspirated stops in T1 and T4 but significantly lower than the FO-

unaspirated stops in T2 and T3. The results of the current study suggested that the height
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of the larynx, the tension of the vocal cords and the change of subglottal pressure were
the physiological factors influencing the direction of FO perturbation. The change of the
tonal contours affected the duration of the FO perturbation patterns in Mandarin. The
current study found that the FO perturbation pattern in tonal languages was largely an
automatic effect due to the physiology of the human phonation mechanism rather than a
controlled process to enhance the phonological status of the consonants. The results of
the perception experiment indicated that L1 Mandarin listeners can decode both tonal and
consonantal information from pitch (§3.3). On the group level, the results of the
perception experiment partly reflected the production patterns. Pitch influenced L1
listeners’ judgement of the aspiration feature of the prevocalic consonant. The perception
results also demonstrated the high initial tone and low initial tone effect: T1 and T4 were
paired as a group, and T2 and T3 were paired as a group. T2 and T3 elicited significantly
more unaspirated responses than T1 and T4. The listeners tended to associate high pitch
with aspirated stops and low pitch with unaspirated stops within each tonal context and
between the high initial tone and low initial tone groups.

Chapter 4 used parallel tasks to examine L1 Mandarin speakers’ perception and
production of the English voicing contrast. FO perturbation was observed in the
production study (§4.2). Overall, the FO-voiceless stops was significantly higher than the
FO-voiced stops. The duration of FO perturbation matched the L1 English speakers’
productions for the combined vowel condition. However, for the separate vowel
condition, the duration of FO perturbation was shorter than that produced by the L1

English speakers. For the perception experiment (§4.3), the L2 learners were able to use
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pitch to distinguish the voicing category of the prevocalic stop in English. They used
VOT as a primary cue and post-onset pitch as a secondary cue. They tended to associate
high FO with voiceless stops and low FO with voiced stops. There seemed to be a
perceptual compensation relationship between FO perturbation and the vowel height. The
too stimuli set elicited significantly more voiced responses than the tie stimuli set. It
seemed that the listeners tended to attribute the high FO to the intrinsic FO of the vowel
rather than the voicelessness of the preceding consonant when VOT was ambiguous.
5.2 Native language influence on L2 voicing contrast
5.2.1 Stop contrasts production between L1 and L2

This study also aimed to compare how pitch was demonstrated in Mandarin and
English by native Mandarin speakers, so a subset of the stimuli from the L1 and L2
production experiments were designed to share the same vowel environment (i.e., /u/). In
order to examine the realization of FO when it functions differently, the Mandarin
alveolar stops combined with the high vowel /u/ in T4 and the English alveolar stops
combined with the high vowel /u/ were selected for further analysis. Although the pitch
contours for both groups of stimuli start from a high pitch range and drop to a low pitch
range, the essential function of the falling contour was quite different. The falling pitch
contour for the Mandarin words is the lexical tone, while for English the falling pitch
contour is intonation. Figure 19 presents the stop contrasts in Mandarin and English

produced by the same group of participants.
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Figure 19. The FO contours in L1 (tu4-du4) and L2 (two-do) by Mandarin speakers

As shown by Figure 19, the FO range of Mandarin T4 was larger than the FO
range of English. For the Mandarin stimuli, the range was from below 0.5 standard
deviation from the mean to around 1.5 standard deviation from the mean. While for the
English stimuli, the range was from below 0.5 standard deviation from the mean to
around 1.0 standard deviation from the mean. The maximum pitch of the Mandarin
stimuli was higher than that of the English stimuli. The FO difference between stops with
long lag VOT and stops with short lag VOT in Mandarin was much smaller than that in
English. Moreover, the FO perturbation duration was much shorter in Mandarin than in
English. Studies argued about which FO perturbation pattern (the pattern in tonal vs. the
pattern in non-tonal languages) is more fundamental (e.g., Francis et al., 2006). The
essential question is, do the speakers from tonal languages actively inhibit the consonant
induced FO perturbation (inhibition hypothesis) or do the speakers from non-tonal

languages actively exaggerate consonant induced FO perturbation to enhance the voicing
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feature (exaggeration hypothesis)? It seemed that the comparison between Mandarin
speakers’ L1 and L2 production in the current study mainly supported the inhibition
hypothesis. The majority of the participants in the current study were not considered as
proficient English speakers. Their L2 production was expected to be influenced by their
L1 especially the primary phonetic property distinguishing the stop contrast in both L1
and L2 is aspiration. In spite of the small FO differences produced in their L1, the
participants produced big FO differences with long perturbation durations in English. It
seemed that the FO perturbation effect was big without the interference of the tone even
though it was produced by speakers from a tonal language. The effort of maintaining
distinctive tonal contours may reduce the consonant induced FO perturbation, which
supports the hypothesis that the FO perturbation is more of an automatic effect rather than
a controlled effect. The outcome of this analysis, however, did not directly contradict to
the exaggeration hypothesis. Given the FO perturbation duration in the current experiment
was shorter than that produced by L1 English speakers (see §4.2.5), it is still possible that
the L1 English speakers take advantage of the automatic FO perturbation effect and
exaggerate the FO perturbation effect. The automatic part could be easily achieved by the
L2 learners, while the phonologically motivated enhancement may or may not be
acquired by L2 learners.

To sum up, the production results from chapter 3 (Mandarin L1) and chapter 4
(Mandarin L2) suggested the FO perturbation effect was primarily an automatic effect as
the acoustic cues realized with FO influenced FO perturbation in the two production tasks.

The comparison between Mandarin speakers’ L1 and L2 production indicated that the
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speakers from a tonal language inhibited the FO perturbation effect to keep the tonal
information intact.
5.2.2 Stop contrasts perception between L1 and L2

The Mandarin listeners relied on FO information for the laryngeal contrast and
tended to associate high FO with long lag VOT and associate low FO with short lag VOT
in both L1 and L2. It seemed that the onset pitch of the tones influenced the stop
identification and the perceptual VOT categorical boundaries. In the L1 perception task,
the high initial tones (T1 and T4) elicited significantly less unaspirated responses than the
low initial tones (T2 and T3). The dramatic drop of unaspirated response suggested that
the perceptual VOT category boundaries for the high initial tones and the low initial tones
were around 28 ms and 42 ms respectively. As to the L2 perception task, the intrinsic FO
of the vowels influenced the stop identification and the perceptual VOT categorical
boundaries. Vowels with a high intrinsic FO allows more VOT variations to be considered
as voiced stop than vowels with a low intrinsic FO. The English VOT category
boundaries for the Mandarin listeners were around 28 ms with /a1/ and 42 ms with /u/. It
is still unknown whether such effect occurs in Mandarin speakers’ L1 perception.
5.3 Implications and suggestions for future study

This study examined the production and perception of English stop contrast by L1
Mandarin speakers. The second phase of this project extends this dissertation and
examines the production and perception of Mandarin stop contrast by L2 learners from a
non-tonal language. L1 English speakers who are learning Mandarin as an L2 are tested

in the Mandarin production and perception experiments. The FO in the participants’ L2
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carries both tonal and consonantal information while it only carries consonant
information in their L1. It will make a good opportunity to test how the learners
incorporate the two kinds of information when they are learning their L2.

The results of the current study also inspire further investigation of the role of
diphthong in FO perturbation. As discussed in §4.2.6, the FO perturbation pattern in
English with /a1/ was different from that with /u/ or /i/. An interesting question to ask is
whether the first part or the entire entity of the diphthong affects the FO perturbation.
Understanding of this question can help to understand the source of FO perturbation as the
long duration of diphthongs and the transition from the first member to the second
member may require different articulatory gesture.

5.4 Conclusion

The parallel studies of FO perturbation across languages and modalities in this
dissertation offered insight into between-language (tonal vs. non-tonal) and within-
language (production vs. perception) variations of how Mandarin speakers and listeners
used different acoustic dimensions to contrast aspiration in their L1 and how they adapted
the information of acoustic cues when they learned an L2. Short FO perturbation was
observed in L1 Mandarin speakers’ production with a high and low initial tone effect.
The findings of the production experiments suggested the FO perturbation effect was
primarily an automatic effect due to the physiology of the human phonation mechanism
rather than a controlled process to enhance the phonological status of the consonants. The
acoustic features such as tone and vowel height that realized with FO influenced FO

perturbation patterns as different tones and vowels require different coordination of
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articulators. The height of larynx, the tension of vocal cords and the volume of subglottal
pressure could all play a role in producing FO perturbation. Compared with their L1
production, the Mandarin speakers produced FO perturbation in English with larger FO
differences between the two voicing groups and longer FO perturbation duration. It
supported the inhibition hypothesis, i.e., the speakers from a tonal language inhibited the
FO perturbation effect to keep the tonal information intact, to account for the fact that the
perturbation duration is in general short in non-tonal languages. In perception
experiments, the Mandarin listeners used VOT and FO for stop identification in both L1
and L2. They tended to associate high FO with long lag VOT stops and low FO with short
lag VOT stops. Tones modulated the stop identification in Mandarin and vowel heights
influenced the stop identification in English.

This dissertation attempted to account for the controversies in previous studies as
to the direction of FO perturbation in tonal languages and it is the first study that
examined the perception of FO perturbation in Mandarin. It is also the first attempt to
directly compare the stop contrast in production and perception between L1 and L2 by L1
Mandarin speakers. It contributes to the understanding of FO perturbation in both tonal
and non-tonal languages. Along with the findings, this dissertation provides a balanced

corpus for testing models of perception-production link as well as L1-L2 interface.
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APPENDIX

Appendix Al: Mandarin production experiment instructions

The experiment instruction interface.

/J\&? | Iu\]gj',u\az]uzg;kl_tg_Lo

BFELE Lﬁ\'ﬁ?:ﬂlﬁ’@? BNOFEER

= LIEE3, BEXRERREER EEAY
BF.

ISR IR,

Translation:
Hello! Thank you for your participation.

Chinese sentences will be displayed one by one on the screen. Please read aloud the
sentence on the screen naturally.

Please hit spacebar to start practice trials.
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Appendix A2: Mandarin production experiment stimuli

Mandarin Words | Pinyin IPA Meaning
7S da tal take, build
it ta tha he

e pa p"aA climb, crawl
% ba pa pull out
T da tal hit

gEs td tha tower

N da ta\ big

Bk ta tha\ step on

= da tul superintend
Z3 thi thui suddenly
Ih da tu alone, sole
ta thu/ picture

& du tul block up
+ tu thul soil

i3 du tu\ spend

) th thu\ rabbit

B wil wul house

I wl wul none

ol wl wul five

) wu wu\ stuff

1 wa wal dig

b wa wal baby

B wa wal tile

e wa wa\ socks

= ba paV dad

9 pa p"a\ scared
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Appendix A3: Mandarin production experiment task interface

Literal translation:

Please say one time.
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Appendix B1: Mandarin perception experiment

The experiment instruction interface.

2T EIBBIABZRINT | BEREEIRELNE.

MREFENFEMERERNEN | BREFRERIFSSLE

A1, MRERANFBMERERIAN  BRAEFRISERF
Zar ER7.

SR FERR L BRIRFIAST.

Translation:

Thanks for participating!

In this experiment, you will hear someone saying Mandarin words. Please select the word
you hear by pressing the associate key on the response box.

If the word you hear is displayed on the left side of the screen, please hit 1 on the
response box using your left hand. If the word you hear is displayed on the right side of
the screen, please hit 7 on the response box using your right hand.

Please press the red key to start the experiment.
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Appendix B2: Mandarin perception experiment task interface

(SRR —A 3 ?

du

I

Translation of the question:

Which word did you hear?
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Appendix C1: English production experiment instruction

English production instruction interface.

Hello! Thank you for your participation.

English sentences will be displayed one by
one on the screen. Please read the
sentence on the screen naturally.

Please hit spacebar to start practice trials.
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Appendix C2: English production experiment task

English production task interface.

Please say do again.
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Appendix D1: English perception experiment instruction

English perception instruction interface.

Thanks for participating!

In this experiment, you will hear someone saying English words.
Please select the word you hear by pressing the associated key
on the response box.

If the word you hear is displayed on the left side of the screen,
please hit 1 on the response box using your left hand. If the
word you hear is displayed on the right side of the screen, please
hit 7 on the response box using your right hand.

Please press the red key to start the experiment.
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Appendix D2: English perception experiment task

English perception task interface.

Which word did you hear?

tie
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Appendix E: Demographical Questionnaire

1. Do you have or suffer from any hearing or speaking difficulties?
2. When and where were you born?

3. What is your gender?

4. What is your native language?

5. What are the dialects you speak?

6. What foreign languages do you speak?

7. When did you first start to learn your second language?

8. For how long have you been learning your second language?

9. How often do you expose to your second language?

10. Have you lived in a country where your second language is widely spoken? If yes, for
how long?
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Appendix F: Demographical Questionnaire summary

Gender Birthplace Age | AO LOR English exposure
(month)
Female Hennan 19 9 1 class
Male Heilongjiang 19 8 1 class, communication
Female Chongqing 21 5 1 class, communication
Male Anhui 22 8 1 class
Male Shandong 23 4 1 class
Female Heilongjiang 24 10 1 class
Male Xuzhou 22 7 2 class
Male Shaanxi 22 7 2 class
Female Anhui 25 10 2 class, communication
Male Inner Mongolia 20 9 10 class, communication
Female Shaanxi 20 4 12 class, communication
Female Inner Mongolia 20 6 12 class, communication
Male Tianjin 20 8 12 class
Female Shandong 21 4 12 class
Male Shandong 22 6 12 class
Female Gansu 23 10 12 class, communication
Male Shanxi 25 14 12 class
Female Beijing 36 12 16 class
Female Shaanxi 24 6 24 class, communication
Male Henan 25 6 24 class
Female Xinjiang 23 4 36 class, communication
Female Liaoning 26 8 36 class, communication
Female Beijing 31 10 48 class, communication
Female Henan 25 7 24 class, communication,
work
Female Beijing 46 12 240 work, communication,

family communication

AO: Age of onset

LOR: Length of residence
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