Consonant-induced pitch perturbations, domain-initial strengthening, and word learning
success in a tone language
by
Alif Silpachai

A dissertation submitted to the graduate faculty
in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY

Major: Applied Linguistics and Technology

Program of Study Committee:
John M. Levis, Co-major Professor
Evgeny Chukharev-Hudilainen, Co-major Professor
James Ranalli
Charles Nagle
Horabail Venkatagiri

The student author, whose presentation of the scholarship herein was approved by the program
of study committee, is solely responsible for the content of this dissertation. The Graduate
College will ensure this dissertation is globally accessible and will not permit alterations after a
degree is conferred.

Iowa State University
Ames, Iowa
2021

Copyright © Alif Silpachai, 2021. All rights reserved.

ii
DEDICATION

To my mother and my sister.

iii
TABLE OF CONTENTS
Page
LIST OF FIGURES ....................................................................................................................... vi
LIST OF TABLES ....................................................................................................................... viii
ACKNOWLEDGMENTS ...............................................................................................................x
ABSTRACT.................................................................................................................................. xii
CHAPTER 1. GENERAL INTRODUCTION ................................................................................1
References.................................................................................................................................. 6
CHAPTER 2. FACTORS MODULATING CONSONANT-INDUCED PITCH
PERTURBATIONS IN THAI .........................................................................................................8
Executive Summary ................................................................................................................... 8
What This Research Was About and Why It Is Important ................................................... 8
What The Researcher Did .................................................................................................... 9
What The Researcher Found ................................................................................................ 9
Things to Consider ............................................................................................................... 9
Abstract ...................................................................................................................................... 9
Introduction.............................................................................................................................. 10
Underlying Mechanisms of CF0 ........................................................................................ 11
Previous Research on Thai CF0 ......................................................................................... 15
Factors That May Modulate CF0 Effects ........................................................................... 16
Goals and Hypotheses ........................................................................................................ 23
Chonburi Variety of Central Thai ...................................................................................... 25
Methodology ............................................................................................................................ 25
Participants ......................................................................................................................... 25
Stimuli ................................................................................................................................ 26
Procedure ............................................................................................................................ 27
Data Analysis ..................................................................................................................... 28
Results...................................................................................................................................... 30
VOT .................................................................................................................................... 31
CF0 ..................................................................................................................................... 35
Discussion ................................................................................................................................ 46
Summary ............................................................................................................................ 46
Potential Underlying Mechanisms ..................................................................................... 48
Implications ........................................................................................................................ 52
Limitations.......................................................................................................................... 53
Conclusion ............................................................................................................................... 54
References................................................................................................................................ 55
Appendix A. Stimuli ................................................................................................................ 61
All Stimuli Used During Recording ................................................................................... 61
Appendix B. VOT Results ....................................................................................................... 65

iv
Descriptive Statistics .......................................................................................................... 65
Interpretation ...................................................................................................................... 65
CHAPTER 3. THE BOUNDARY-INDUCED MODULATION OF OBSTRUENTS AND
TONES IN THAI ...........................................................................................................................67
Executive Summary ................................................................................................................. 67
What This Research Was About and Why It Is Important ................................................. 67
What The Researcher Did .................................................................................................. 68
What The Researcher Found .............................................................................................. 68
Things to Consider ............................................................................................................. 68
Abstract .................................................................................................................................... 68
Introduction.............................................................................................................................. 69
The Domain of DIS ............................................................................................................ 70
This Study........................................................................................................................... 77
Methodology ............................................................................................................................ 82
Participants ......................................................................................................................... 82
Stimuli ................................................................................................................................ 82
Procedure ............................................................................................................................ 84
Data Analysis ..................................................................................................................... 85
Results...................................................................................................................................... 87
Postboundary − Preboundary Maximum f0 (The Height of Tones).................................... 88
VOT .................................................................................................................................... 90
Frication Duration .............................................................................................................. 92
CF0 ..................................................................................................................................... 94
Discussion ................................................................................................................................ 96
Acoustic Measures of Consonants ..................................................................................... 99
Conclusion ............................................................................................................................. 105
References.............................................................................................................................. 105
Appendix. CF0 Results from Post-Hoc (Tukey) Tests .......................................................... 111
CHAPTER 4. THE ROLE OF THE ABILITY TO COPE WITH TRIAL-BY-TRIAL
VARIABILITY IN WORD LEARNING SUCCESS IN A TONE LANGUAGE......................114
Executive Summary ............................................................................................................... 114
What This Research Was About and Why It Is Important ............................................... 114
What The Researcher Did ................................................................................................ 115
What The Researcher Found ............................................................................................ 115
Things to Consider ........................................................................................................... 115
Abstract .................................................................................................................................. 116
Introduction............................................................................................................................ 117
Background ...................................................................................................................... 119
Factors in Tone-Word Learning ....................................................................................... 122
Issues in Previous Tone-Word Learning Studies ............................................................. 126
This Study......................................................................................................................... 129
Methodology .......................................................................................................................... 131
Participants ....................................................................................................................... 131
Procedure .......................................................................................................................... 134
Data Analysis ................................................................................................................... 142

v
Results.................................................................................................................................... 143
The Effect of Training ...................................................................................................... 143
The Predictors of Tone-Word Learning ........................................................................... 144
The Mixed-Talker PCPT as A Better Predictor ............................................................... 145
Other Predictors ................................................................................................................ 148
Discussion .............................................................................................................................. 149
References.............................................................................................................................. 154
CHAPTER 5. GENERAL CONCLUSION .................................................................................158
The Gap Between Theoretical Research and Applied Research ........................................... 158
Why Should The Gap Be Bridged? .................................................................................. 160
How Should The Gap Be Bridged? .................................................................................. 162
References.............................................................................................................................. 168

vi
LIST OF FIGURES
Page
Figure 1. The effects of consonants on pitch and the modulation of those effects by
linguistic contexts. This figure uses made-up data ..................................................... 3
Figure 2. The hypothesized effects of domain-initial strengthening on tones tested in
Chapter 3. This figure uses made-up data .................................................................. 4
Figure 3. Investigating which version of a test better predicts word learning success in a
tone language. This figure uses made-up data ............................................................ 6
Figure 1. VOT distributions in long vowels for voiced, voiceless unaspirated, and voiceless
aspirated stops in each place of articulation averaged over all speakers in
words in isolation (top row), declarative statements (middle row), and
alternative questions (bottom row) ........................................................................... 32
Figure 2. VOT distributions in short vowels for voiced, voiceless unaspirated, and voiceless
aspirated stops in each place of articulation averaged over all speakers in
words in isolation (top row), declarative statements (middle row), and
alternative questions (bottom row) ........................................................................... 33
Figure 3. f0 trajectories (in semitones) for labial onsets with long vowels in each tone and
sentential context averaged over speaker and repetition. Shading indicates
standard errors .......................................................................................................... 37
Figure 4. f0 trajectories (in semitones) for alveolar onsets with long vowels in each tone and
sentential context averaged over speaker and repetition. Shading indicates
standard errors .......................................................................................................... 38
Figure 5. f0 trajectories (in semitones) for velar onsets with long vowels in each tone and
sentential context averaged over speaker and repetition. Shading indicates
standard errors .......................................................................................................... 39
Figure 6. f0 trajectories (in semitones) for onsets with short vowels bearing the low tone in
each sentential context and place of articulation averaged over speaker and
repetition. Shading indicates standard errors ............................................................ 40
Figure 1. The difference between the maximum f0 value of the falling, mid, or low tone of
the target word (i.e., postboundary syllable) and the maximum f0 value of the
preboundary syllable /mīː³²/ (in semitones) averaged over all speakers in the
IPi position (left panel) and the Wi position (right panel). Error bars indicate
standard errors. ......................................................................................................... 89

vii
Figure 2. VOT distributions for /b/, /p/, and /pʰ/ averaged over all speakers in the IPi
position (top row) and the Wi position (bottom row)............................................... 91
Figure 3. Frication duration for /f/ averaged over all speakers in the IPi position (top row)
and the Wi position (bottom row) ............................................................................ 93
Figure 4. f0 trajectories (in semitones) for onset consonants produced with each tone and in
each domain-initial position averaged over speaker and repetition. Shading
indicates standard errors. .......................................................................................... 94
Figure 1. A possible representation of the phonetic–phonological–lexical continuity (PPLC)
in which learning at the phonetic level occurs before learning at the
phonological and lexical levels. Original work by the author ................................ 119
Figure 2. H, HR, HF, M, LR, and LF pitch contours based on the mean values of the
productions by four native speakers of Mandarin (two females and two males) ... 137
Figure 3. The three arrows (→ = level, ↗ = rising, and ↘ = falling) that appeared as buttons
during both versions of the PCPT .......................................................................... 138
Figure 4. An example of one trial during tone-word training ..................................................... 140
Figure 5. The participants’ scores on both versions of the PCPT significantly predicted their
scores on the last daily quiz. However, their mixed-talker PCPT scores were a
better predictor compared to their blocked-talker PCPT scores ............................. 146
Figure 6. The participants’ scores on both versions of the PCPT significantly predicted their
scores on the meaning recall test. However, their mixed-talker PCPT scores
were a better predictor compared to their blocked-talker PCPT scores ................. 146
Figure 7. The participants’ scores on both versions of the PCPT significantly predicted their
scores on the character ID test. However, their mixed-talker PCPT scores were
a better predictor compared to their blocked-talker PCPT scores .......................... 147

viii
LIST OF TABLES
Page
Table 1. Linear mixed effect models for the labial, alveolar, and velar stops. For brevity,
only significant interactions are shown .................................................................... 33
Table 1. Continued ........................................................................................................................ 34
Table 2. Linear mixed effect model for the labial and alveolar stops. For brevity, only
significant and relevant interactions are shown ........................................................ 41
Table 3. Linear mixed effect model for the velar stops. For brevity, only significant and
relevant interactions are shown ................................................................................ 41
Table 4. Summary of the CF0 patterns from each significant interaction based on the posthoc comparisons ....................................................................................................... 42
Table 5. Words used as stimuli ..................................................................................................... 61
Table 5. Continued ........................................................................................................................ 62
Table 5. Continued ........................................................................................................................ 63
Table 6. Carriers used as stimuli ................................................................................................... 64
Table 7. Descriptive statistics for VOT distributions (in ms) pooled over tokens from all
speakers .................................................................................................................... 65
Table 1. Words used as the stimuli. Tone values are based on Gandour (1979) .......................... 83
Table 2. Carrier sentences used to elicit intonational phrase-initial (IPi) and word-initial
(Wi) or the domain-initial position and the domain-medial position
respectively ............................................................................................................... 84
Table 3. Linear mixed effect model for the difference between the maximum f0 value of the
falling, mid, or low tone of the target word (i.e., postboundary syllable) and the
maximum f0 value of the preboundary syllable /mīː³²/ (in semitones) in each
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ABSTRACT

This dissertation presents three studies that examined issues related to the production and
the perception of pitch in a tone language. The first study examined linguistic contexts that may
modulate consonant-induced pitch perturbations (CF0) in a tone language. Previous studies have
produced mixed findings regarding the role of linguistic contexts in modulating CF0. To address
this issue, this study analyzed CF0 effects in Thai monosyllabic words starting with /b/, /p/, /pʰ/,
/d/, /t/, /tʰ/, /k/, or /kʰ/, having /a/ or /aː/ as the vowel, and bearing the falling tone, the mid tone,
or the low tone, and placed in two sentential contexts or in isolation. The results showed that
linguistic contexts including tone context, sentential context, place of articulation, and, to a lesser
extent, vowel length modulated CF0 effects. Different pitch perturbation patterns were also
observed. The results are discussed in terms of different mechanisms that may underlie the
perturbation effects. The findings have implications for previous conflicting findings and for
tonogenesis.
The second study investigated whether lexical tones can undergo domain-initial
strengthening (DIS) like consonants can. If so, this suggests that DIS effects in a tone language
extend beyond the first segment of a prosodic domain, suggesting that the domain of DIS is
larger than previously thought. However, previous studies have reported conflicting results. This
study analyzed Thai monosyllabic words in domain-initial and domain-medial positions. The
study analyzed the maximum fundamental frequency of the falling tone, the mid tone, and the
low tone, as well as acoustic measures of consonants, including the Voice Onset Times of /b/,
/p/, and /pʰ/, the frication duration of /f/, and the CF0 associated with these four consonants
produced at the intonational phrase level and the word level. There was no evidence of DIS
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effects on tones. The findings contribute to the current understanding of the prosody-phonetics
interface.
The last study investigated the relationship between two versions of a test that assessed
the ability to identify pitch patterns and word learning success in a tone language. One version of
the test, the mixed-talker Pitch-Contour Perception Test (PCPT), presented stimuli that were not
blocked by talker, whereas the other version of the test, the blocked-talker PCPT, presented
stimuli that were blocked by talker. Previous studies have suggested that nontonal language
speakers’ ability to perceive pitch patterns is a good predictor of their success in learning words
in a tone language. Previous studies, however, have not adequately assessed the ability to
perceive pitch patterns because this ability has often been assessed with the ability to cope with
trial-by-trial variability. Native speakers of English with no prior experience with a tone
language took the two versions of the PCPT before being trained for six sessions to learn 16
Mandarin words represented by Chinese characters. The results showed that the learners’ scores
on the mixed-talker PCPT were a slightly better predictor of their success in learning Mandarin
words compared to their scores on the blocked-talker PCPT. The results suggested that the
ability to cope with trial-by-trial variability is not a strong predictor of word learning success in a
tone language.
Given that its intended audience is theoretical researchers and applied researchers, this
dissertation concludes with a discussion about how the gap between theoretical research and
applied research can be bridged. Reasons for why the gap should be bridged are provided, and
suggestions for how the gap can be bridged are offered.

1
CHAPTER 1.

GENERAL INTRODUCTION

This dissertation presents studies about how pitch is produced (uttered) and perceived
(e.g., identified through listening) in a language that has lexical tones (pitch used to distinguish
words). The production and perception of tones allow speakers of tone languages such as
Chinese, Thai, and Vietnamese to communicate in their respective languages. Changing a tone
can change the meaning of words in tone languages similar to the ways that changing a
consonant or vowel can change the meaning of words. Studying the production and perception of
pitch in a tone language is important for understanding how speakers of tone languages use pitch
to communicate. Such understanding has practical implications. For example, a better
understanding of why certain factors contribute to the successful production and perception of
pitch allows language teachers to base their lessons on those factors and allows artificial
intelligence (AI) engineers to improve the quality of AI systems.
Before I introduce the chapters of my dissertation, I explain how the specific studies in
the dissertation were chosen and why this dissertation has a variety of topics although all are
related to the production and the perception of pitch in a tone language. The original topic of this
dissertation had to be changed due to COVID-19. The dissertation was originally planned to be
about the perception of pitch and how such perception contributes to the ability to learn words in
a tone language. The findings would have had implications for theory and practice. Two
experiments had been planned to carry out the original plan before the pandemic; however, only
the crucial parts of the first experiment were completed immediately before the university was on
lockdown. To ensure that I would complete my dissertation in a timely manner, my advisors,
John Levis and Evgeny Chukharev-Hudilainen, suggested that I add to my dissertation two
studies that I had begun working on independently but had not finished. These additions led to a
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change in the format of my dissertation from the traditional format to the journal article format in
which three of the chapters are manuscripts that would be submitted to a journal. The two
additional studies were based on phonetic research carried out while I was in Thailand in 2019.
Unlike my original dissertation, these two studies were written primarily for phoneticians and not
applied researchers. The finished work of my original dissertation plan became a study reported
in one chapter (Chapter 4) of my dissertation, whereas the two added studies are reported in two
additional chapters (Chapters 2 and 3) of my dissertation.
To help my readers understand my studies, I provide an executive summary of each study
following the style of Open Accessible Summaries in Language Studies (OASIS) (Marsden et
al., 2018) at the beginning of the chapter that presents each study.
I now introduce the three studies. I attempt to do these introductions for nonspecialists.
The study reported in Chapter 2 investigates the role of linguistic contexts in modulating the
effects of consonants on pitch (CF0 effects) in a tone language (see Kirby, 2018, for more
information about CF0 effects in tone languages). These linguistic contexts include tones,
sentence types, vowel length, and places of articulation (the places or points at which the tongue
or lips are formed in a particular gesture to produce a particular consonant). Some linguistic
contexts may make CF0 effects greater, while other contexts may minimize such effects. It is
important to study how particular variables change CF0 effects because previous studies have
not controlled these variables well, making it difficult to understand how the production of
consonants affects pitch. The relationship between these variables is illustrated for nonspecialists
in Figure 1. The investigation is based on monosyllabic words (words that have one syllable) in
Thai. The results of the investigation suggest that tones, sentence types, places of articulation,
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and, to a lesser extent, vowel length influence CF0 effects. The findings have implications for
previous conflicting findings and tonogenesis (the emergence of tones in a language).

Figure 1. The effects of consonants on pitch and the modulation of those effects by linguistic
contexts. This figure uses made-up data

The study reported in Chapter 3 examines whether domain-initial strengthening (DIS, an
effect in which consonants are strongly articulated in prosodic domain-initial positions, Cho,
2016) affects the production of tones compared to the production of consonants. The goals of this
study are visually summarized in Figure 2. DIS is somewhat difficult to explain because its
conceptualization is based on other concepts and assumptions that need to first be explained
themselves. One assumption is that sounds in human speech occur at different hierarchical
levels. Within the hierarchy, the syllable level is lower than the word level, which in turn is
lower than the intonational phrase level (there may also be intervening levels).
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A consonant produced immediately after a boundary (e.g., a syllable boundary, a word
boundary, a phrase boundary, etc.) tends to be spatially and/or temporally articulated more
strongly at a higher level compared to a lower level. To put it metaphorically, as a consonant that
is produced immediately after a boundary progresses to a higher level, it tends to become
stronger (see Cho, 2016 and Keating, 2006, for more information). Limited studies (see Pan,
2009, for a good example) have suggested that tones may also exhibit DIS effects, suggesting
that the domain of DIS effects might be larger than previously thought since the duration of a
tone produced within a syllable is longer compared to the duration of an initial consonant
produced within a syllable. This chapter examines whether tones exhibit DIS effects. Based on
an analysis of monosyllabic words in Thai, the results of the investigation suggest that tones do
not exhibit DIS effects. The findings have implications for the current understanding of the
interface between prosody and phonetics.

=
?

Figure 2. The hypothesized effects of domain-initial strengthening on tones tested in Chapter 3.
This figure uses made-up data
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The study reported in Chapter 4 investigates how well two versions of a test that assesses
people’s ability to identify pitch patterns predict their success in learning words in a tone
language. The goals of this investigation are visually summarized in Figure 3. Previous studies
have suggested that people’s ability to perceive pitch patterns is a good predictor of their success
in learning words in a tone language (see the seminal study by Wong & Perrachione, 2007, for
more information). The ability to perceive pitch patterns, however, has often been measured
concurrently with the ability to cope with trial-by-trial variability (the ability to perceive sounds
through variations in the productions of multiple speakers whose voices are intermixed within
and between sets of stimuli). The results are based on native speakers of English with no prior
experience speaking a tone language who took the two versions of a test that measured their
ability to perceive pitch patterns before undergoing six sessions in which they were trained to
learn Mandarin words. The results suggest that the participants’ scores on the version of the test
that measured their ability to perceive pitch patterns concurrently with their ability to cope with
trial-by-trial variability were a slightly better predictor of their success in learning the target
Mandarin words compared to their scores on the version of the test that did not measure their
ability to cope with trial-by-trial variability. The results suggested that the ability to cope with
trial-by-trial variability is not a very important predictor of success in learning words in a tone
language.

6

Figure 3. Investigating which version of a test better predicts word learning success in a tone
language. This figure uses made-up data

Chapter 5, the final chapter, discusses the gap between theoretical research, applied
research, and end-users of applied research. I claim that theoretical research aims to develop or
refine theory, whereas applied research aims to solve real-world problems using concepts and
principles from theoretical research and/or applied research itself. Drawing from the ideas of
authors in different fields, I explain why the gap between these approaches should be bridged
and recommend ways in which the gap can be bridged.
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CHAPTER 2.

FACTORS MODULATING CONSONANT-INDUCED PITCH
PERTURBATIONS IN THAI

Alif Silpachai
Department of English, Iowa State University, Ames, Iowa 50011, USA

Modified from a manuscript to be submitted to the Journal of Phonetics or a similar journal.

Executive Summary
What This Research Was About and Why It Is Important
This study was about consonant-induced pitch perturbations (CF0). Examples of CF0 effects are
the pitch produced in the syllable /bæt/ and the pitch produced in the syllable /pæt/ in English.
The pitch at the vowel onset of /bæt/ is often produced lower compared to the pitch at the vowel
onset of /pæt/. Research on CF0 allows for a better understanding of the interface between
phonology and phonetics, and it may have implications for speech synthesis and tonogenesis.
One main problem in this area of research is that previous studies have presented conflicting
findings regarding CF0 in tone languages and, more broadly, the cause of CF0. To address this
problem, I examined the extent to which linguistic contexts, which previous studies have not
controlled well, modulate CF0 effects. Such an examination may help explain previous
conflicting findings.

9
What The Researcher Did
•

I analyzed monosyllabic words produced by 12 native speakers of Central Thai.

•

These words had /b/, /p/, /pʰ/, /d/, /t/, /tʰ/, /k/, or /kʰ/ as the onset consonant, had /a/ or /aː/
as the vowel, bore the falling tone, the high tone, the mid tone, or the low tone, and were
placed in different sentential contexts (declarative statements or alternative questions) or
in isolation.

•

In sum, the linguistic contexts under investigation were place of articulation, vowel
length, tone context, and sentential context.

•

I measured the Voice Onset Time (VOT) of each consonant and the pitch following each
consonant at vowel onset.

What The Researcher Found
•

I found that tone context, sentential context, place of articulation, and, to a lesser extent,
vowel length modulated CF0.

Things to Consider
•

Linguistic contexts should be controlled in future studies of CF0. This allows for a better
empirical understanding of CF0.

•

Both physiological and nonphysiological factors likely cause CF0 because the results
could not be explained with only physiology.
Abstract
Onset consonants may perturb the following pitch. In tone languages, this perturbation

effect may be modulated by tone and sentential context. Previous studies, however, do not often
agree on the modulating factors. Understanding of the underlying mechanisms of perturbation
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effects remains obscure. This study investigated factors that may modulate pitch perturbation
effects in Thai, a tone language with phonemic prevoiced, short-lag, and long-lag stops as well as
short and long vowels. The study analyzed pitch perturbation effects in Thai monosyllabic words
starting with /b/, /p/, /pʰ/, /d/, /t/, /tʰ/, /k/, or /kʰ/, having /a/ or /aː/ as the vowel, and bearing the
falling, mid, or low tone, and placed in different sentential contexts (declarative statements or
alternative questions) or in isolation. The results suggested that tone context, sentential context,
place of articulation, and, to a lesser extent, vowel length modulated pitch perturbation effects.
Different pitch perturbation patterns also emerged. The results are discussed in terms of the
physiological and nonphysiological mechanisms underlying the perturbation effects.
Implications for previous conflicting findings and tonogenesis are provided.
Introduction
Research on perturbations of vowel onset fundamental frequency (f0) due to preceding
consonants, or CF0 (following Kirby, 2018a and Kirby & Ladd, 2016), may contribute to the
current understanding of the interface between phonology and phonetics, particularly the
phonetic implementation of voicing categories (e.g., Chen, 2011; Dmitrieva et al., 2015), speech
synthesis (Hanson, 2009), tonogenesis (e.g., Erickson, 1975; Erickson & Abramson, 2013;
Hombert et al., 1979) , and changes in the phonetic implementation of voicing contrasts in
languages that may be undergoing tonogenesis (Bang et al., 2018; Coetzee et al., 2018).
In nontonal languages, the f0 following a phonemically voiced obstruent tends to be lower
compared to the f0 following a voiceless obstruent (Hombert et al., 1979; House & Fairbanks,
1953; Lea, 1973; Lehiste & Peterson, 1961, among others). However, whether the f0 following a
voiceless unaspirated obstruent is different compared to the f0 following a voiceless aspirated
obstruent is unclear because investigations on nontonal languages that contrast aspiration have
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often shown conflicting findings (e.g., Hindi in Dutta, 2007, Kagaya & Hirose, 1975, and
Shimizu, 1990).
This phenomenon can be observed in tone languages as well. Although voiced stops are
often produced with lower f0 compared to voiceless stops, as has been reported in Thai (Erickson,
1975, 1976; Gandour, 1974; Kirby, 2018a; Shimizu, 1990, 1994), Shanghainese (Chen, 2011),
and Yoruba (Hombert, 1976), within voiceless stops, the relationship between aspiration and f0 is
less clear. In Chinese dialects, including Mandarin (Xu & Xu, 2003) and Shanghainese (Chen,
2011), unaspirated stops are generally produced with higher f0 compared to their aspirated
counterparts, although opposite patterns have been noted in Taiwanese Min (Lai et al., 2009) and
Cantonese (Francis et al., 2006; Zee, 1980). In contrast, non-Chinese tone languages, including
Thai and Vietnamese, generally exhibit higher f0 after aspirated stops compared to unaspirated
stops (Erickson, 1975; Kirby, 2018a). In Thai, the reverse pattern has also been reported but in
fewer people (Erickson, 1975; Kirby, 2018a cf. Gandour, 1974, who studied one speaker), and
no difference might be observed in some speakers (Shimizu, 1994).
Determining the causes of these conflicting CF0 patterns requires a better understanding
of the underlying mechanisms of CF0. To gain insights into these mechanisms, this study
examined factors that modulate CF0 effects in a tone language. Thai was selected for this
purpose because its three-way laryngeal contrast and phonemic vowel length contrast allowed for
flexible manipulations of cues that may modulate CF0 effects.
Underlying Mechanisms of CF0
Previous studies have proposed different underlying mechanisms of CF0. According to
these studies, CF0 effects are primarily caused by laryngeal and/or aerodynamic factors or
neither. Vocal-fold tension is an example of a laryngeal factor. According to Halle and Stevens
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(1971), the vocal folds are slack during voiced obstruents, a necessity for continuing vocal fold
vibration during the stop. Since slack, nontense vocal folds generally result in lower f0, this can
result in low f0 following a voiced stop. The vocal folds are stiff during voiceless obstruents,
which helps suppress voicing and increase f0, and thus can result in high f0 following a voiceless
obstruent. Support for the vocal-fold tension view can be found in Löfqvist et al. (1989). Based
on increased cricothyroid (CT) muscle activity during the production of voiceless obstruents in
English and Dutch, the authors argued that the increased CT activity was to increase the
longitudinal tension of the vocal folds, resulting in higher f0 (see also Hoole et al., 2004).
However, other mechanisms, like larynx elevation, can also change vocal folds. Higher f0 is often
produced with a raised larynx, in contrast to lower f0, which is often produced with a lowered
larynx (Ewan & Krones, 1974). Hombert et al. (1979) have suggested that the elevation was a
“vertical” variant of the vocal-fold tension; however, the tension change may be an indirect
effect of elevation, although this assumption is unclear. The model by Kakita and Hiki (1976)
suggested that thyrohyoid (TH), a strap muscle, may rotate to increase or decrease vocal-fold
tension; however, the exact relationship between these two variables has not been clarified. A
model that explains longitudinal changes in the vocal folds may do away without referring to
vocal-fold tension. Studies have suggested that when the larynx is raised, CT contraction and
geniohyoid activity rotate the cricothyroid joint, so that the vocal folds are stretched and produce
high f0. When the larynx is lowered, the rotation may occur via downward pulling of strap
muscles or the pulling may be achieved passively by jaw opening through a thyro-hyomandibular chain, shortening the vocal folds and producing low f0 (Erickson, 2011; Erickson et
al., 2017).
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Aerodynamic factors have also been proposed to explain CF0 effects. Ladefoged (1967),
as elaborated by Hombert et al. (1979), suggested that the low f0 follows a voiced stop because,
during the closure of the stop, the airflow through the glottis (thus transglottal pressure) is
reduced, decreasing the Bernoulli suction. This causes the rate of vocal-fold vibration to be
slower than normal. The high f0 after a voiceless stop (particularly an aspirated one, Hombert et
al., 1979) is a result of more airflow through the glottis which strengthens the Bernoulli force,
leading to a higher rate of vocal-fold vibration, and thus the f0 is high upon consonantal release.
While acknowledging that aerodynamic factors may to some extent play a role in CF0,
Hombert et al. (1979) argued that aerodynamics are not the leading cause of CF0 because the
temporal extent of CF0 effects is too great (at least 100 ms after vowel onset) to be caused by
aerodynamic factors and that the aerodynamic model of Ohala (1976) predicts lower f0 after
aspirated stops not voiced stops. Support for this argument can be found in Hanson and Stevens
(2002), who suggested that during the closure of obstruents, vocal-fold stiffening minimizes the
expansion of the vocal-tract volume, which prevents significant airflow through the glottis. On
the other hand, vocal-fold slackening allows for a passive expansion of the vocal-tract volume,
allowing the airflow to pass through the glottis. Along these lines, Fujimoto and Shinohara
(2015) in their real-time MRI study have found pharyngeal expansion in voiced obstruents /z/
and /zz/ but not in the voiceless counterparts in the Miyakojima Ikema dialect of Ryukyuan,
presumably because the expansion facilitated vocal-fold vibration.
Despite the argument against the aerodynamic hypothesis, it may explain CF0 effects in
some tone languages. Compared to the duration of CF0 effects in nontonal languages, CF0
effects in many tone languages are shorter, ranging from 24 to 70 ms depending on the language
and tone (e.g., Shanghainese in Chen, 2011; Cantonese in Francis et al., 2006; Thai in Gandour,

14
1974; and Mandarin in Xu & Xu, 2003, but see Lai et al., 2009, who reported the effects lasting
up to 140 ms). Furthermore, Xu and Xu (2003) supported the prediction that CF0 would be low
after aspirated stops in their Mandarin data. The authors suggested that the f0 was low after /tʰ/
compared to /t/ because the subglottal pressure at the release of the aspirated stop dropped
sharply due to the rapid airflow used to produce aspiration; such a sharp drop does not occur
with the unaspirated stop because the subglottal pressure remains at a high level during the
release of the stop.
Another argument for the aerodynamic hypothesis has been made by Erickson and
Abramson (2013), who suggested that the low f0 after the prevoiced /b/ in Thai and the high f0
after /p/ and /pʰ/ are due to the differences in transglottal pressure, with /b/ producing less
pressure difference during its release compared to its voiceless counterparts. The authors
indicated that the small transglottal pressure difference of /b/ is due to the closure of the stop
beginning at the same time as the voicing, making the supraglottal pressure and the subglottal
pressure reach an equilibrium. The transglottal pressure difference of /p/ and /pʰ/ is larger
because the release of the stops begins at the same time as the voicing, causing the air to flow out
rapidly. The authors’ aerodynamic view was based on the electromyographic (EMG) study in
Erickson (1976), which did not find consistently increased cricothyroid (CT) or strap muscle
activity during the CF0 effects after Thai bilabial stops.
Contrary to the laryngeal and aerodynamic hypotheses, Kingston and Diehl (1994)
proposed controlled phonetics. They argued that CF0 effects result from intentional manipulation
of the f0 to signal voicing contrasts, which leads to redundant enhanced cues. Their argument is
based on the observation that the configuration of the glottis does not consistently match the
expected CF0 effects. For example, they observed that in Caisse (1982, cited in their study), CF0
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is uniformly low after consonants with the feature [+voice] in initial and intervocalic positions
even when voicing is absent during closure. They further observed variability in the realization
of CF0 in environments in which phonemic contrasts are easily discerned, such as the s +
unaspirated stop clusters in English, and the contrast between voiced singleton stops and their
voiceless counterparts which are geminate in Tamil.
Tonal CF0 studies that have tested Kingston and Diehl’s (1994) view have produced
inconsistent findings. Francis et al. (2006) suggested that their Cantonese speakers may have
suppressed and thus shortened CF0 effects so that tonal contrasts remained maximally distinct.
Although this suppression may support the controlled phonetics view, their findings supported
the signaling of tonal features, not the stop contrasts. Furthermore, the results of their perceptual
experiment showed that Cantonese listeners were able to use CF0 cues to identify aspirated and
unaspirated stops, consistent with the controlled phonetics view. However, their identification of
the sounds did not match the expected pattern for Cantonese in which low f0 follows aspirated,
not unaspirated, stops. Chen (2011) also provided vague support for the controlled phonetics
view, showing that CF0 effects in Shanghainese behaved in accordance with this view
(“Phonology View” in her study) but, at the same time, showed variability.
Previous Research on Thai CF0
Research on Thai generally shows that the f0 following voiced obstruents is lower
compared to the f0 following unaspirated stops, which is often lower than the f0 following
aspirated stops. Previous studies have reported that the f0 following voiced obstruents tended to
be lower than the f0 following voiceless obstruents (Erickson, 1975, 1976; Gandour, 1974; Kirby,
2018a; Shimizu, 1994). However, it is less clear whether these voiceless obstruents affect the
following f0 differentially. Based on one speaker, Gandour (1974) showed that unaspirated
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obstruents produced higher f0 compared to the aspirated obstruents. Erickson (1976) found that
two of four speakers showed higher f0 following an unaspirated stop, whereas the other two
speakers showed the opposite pattern. Shimizu (1994) found no significant difference between
the f0 following the unaspirated stop and aspirated stop in two speakers. Based on larger sample
sizes, Erickson (1975) (n = 11) and Kirby (2018a) (n = 12) showed that although some speakers
produced higher f0 following the unaspirated stop, most exhibited higher f0 following the
aspirated stop compared to other stops.
Factors That May Modulate CF0 Effects
The different findings of CF0 effects suggest the need for more research. The different
findings might partially stem from the lack of systemic control of linguistic factors that may
modulate CF0 effects. Research has suggested that some of these factors are tonal context,
sentential context, and vowel length. Note that this does not necessarily imply that these factors
modulate CF0 per se; rather these factors may modulate potential mechanisms of CF0,
particularly those that are controlled by the larynx and/or aerodynamics or neither.
Tone context
Previous investigations have suggested that the magnitude of CF0 effects depends on
whether the tone context or the surrounding pitch, is high or low. In nontonal languages, the
effects are greater in high-pitch environments (Hanson, 2009; Kirby & Ladd, 2016). Hanson
(2009) suggested that this might be because vocal-fold stiffening causes both pitch raising and
voiceless obstruents, a premise in Halle and Stevens (1971), whereas in low-pitch environments,
the conflicting gesture responsible for low pitch trumps the stiffening gesture of voiceless
obstruents (cf. congruent vs. incongruent contexts in Chen, 2011).
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However, the role of tonal context is less evident in tone languages. Kirby (2018a)
reported that in Thai and Vietnamese, the CF0 effects tend to be more prominent in high tones
(although Gandour, 1974, observed a different pattern in Thai). In Chinese dialects, however,
CF0 effects tend to be more prominent in low tone contexts. Xu and Xu (2003) showed that CF0
effects were stronger in Mandarin when the tone was the rising or low tone compared to the high
or falling tone. When the tone of the previous syllable was high or rising, the perturbation effects
were greater compared to when the preceding tone was low or falling. Similarly, Chen (2011)
reported salient CF0 effects in Shanghai Chinese when the low-rising tone preceded the onset f0
compared to the high-falling and high-rising tones. The temporal extent of CF0 may also depend
on the tonal context. Francis et al. (2006) showed that in Cantonese, the maximum duration of
CF0 effects was about 40 ms for the high-level and high-rising tones, whereas the maximum
duration of the effects was about 70 ms for the low-falling tone.
It is unclear why non-Chinese tone languages and Chinese dialects show such different
patterns of CF0 effects. The difference might reflect real differences in the way specific
languages coordinate and execute laryngeal gestures (Kirby, 2018a), but it may partially reflect
the influences of other factors. One such factor might be the overall f0 pattern of each tone.
Francis et al. (2006) suggested that more prolonged CF0 effects in the Cantonese low-falling
tone may be influenced by the overall falling contour of the tone compared to other tones. The
authors also observed that the effects of the overall f0 pattern might affect CF0 effects in
Mandarin also found in Xu and Xu (2003). If Francis et al.’s (2006) suggestion (henceforth the
general f0 shape hypothesis) is correct, factors that change the overall f0 pattern of a tone might
also modulate CF0 effects. These factors are sentential context and vowel length.
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Sentential context
Given that words in isolation and sentences have different prosodic structures, the f0
control and the resulting CF0 effects in words in isolation likely differ from those in words in
sentences. Unlike words in sentences, particularly in a nonfinal position, words in isolation may
undergo domain-initial strengthening and final lengthening. Domain-initial strengthening may
prevent gestural targets from undershoot (Cho & Keating, 2001; Fougeron & Keating, 1997),
whereas final lengthening may slow the gestures, causing the gestures to be less overlapped (less
coproduced), making the gestures perceptually more salient (Byrd & Saltzman, 2003).
Additionally, in tone languages, sentences may exhibit carryover effects: when placed in a
carrier, the f0 onset of a word may be affected by the f0 of the preceding tone (Xu & Xu, 2003).
Previous CF0 studies, however, have provided conflicting findings. Ohde (1984) reported
that the CF0 effects between English voiced and voiceless stops were not different when the
target words were in a carrier compared to when they were in isolation. This led Francis et al.
(2006) to use Cantonese words only in a carrier in their CF0 study, while suggesting that their
results should be generalizable to words in isolation. This suggestion, however, contradicts Kirby
(2018a), who demonstrated that in addition to tonal context, sentential context could also
modulate CF0 effects. He showed that CF0 effects in Thai and Vietnamese were greater when
the target words were produced in isolation rather than in a sentence. This finding led Kirby
(2018a) to speculate that the greater CF0 effects in isolated words may have been due to pitch
range expansion likely induced by focus. Indeed, high f0 on stressed syllables may be due to
increased subglottal pressure, which increases the rate of vocal-fold vibration (Thorsen, 1982,
citing Lehiste, 1970). Kirby (2018a) also speculated that the higher magnitude might have been
due to the prosodic structure difference between words in isolation versus in a sentence. Indirect
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support for his speculations may be found in previous research that found a stronger correlation
between vocalis activity and f0 in isolated words compared to speech in longer utterances, as
observed by Atkinson (1978).
While these speculations may be correct, albeit they merit future attention, a simpler
explanation that is easier to test might be that the specific type of the carrier used in Kirby
(2018a) influenced the prosody which affected the results (henceforth the carrier type
hypothesis). In his study, he used alternative questions in which target words contrasted with
another similar item (“Do {I, you, s/he} {say, read, write} X, or Y {final particle}?”, p. 330,
where X was the target). Other tonal CF0 studies have, however, often used a declarative
statement as a carrier. For example, Gandour (1974) and Erickson (1976) in their Thai studies
placed target words in the final position of a short carrier phase ( “there is _______” in Gandour,
1974, and “yes, it is _______” in Erickson, 1976). Similarly, Francis et al. (2006) and Zee (1980)
in their Cantonese studies placed target words in a nonfinal position (“I will read _______ for
you to hear” in Francis et al., and literally “I want read _______for you listen” in Zee).
The carrier type hypothesis is plausible because prosody used in alternative questions and
declarative statements may influence CF0 effects. In nontonal languages, prosody may modulate
CF0 effects. Hanson (2009) reported that in English, words with high f0 (i.e., those with an H*
pitch accent) in a sentence showed more CF0 effects compared to words that did not have such
high f0. The author suggested that this was because, in a high-pitch context, the high f0 of a vowel
requires vocal-fold stiffening, which causes high f0 after a voiceless obstruent. In a low-pitch
context, in contrast, vocal-fold stiffening cannot be used, or the f0 would be high; such
requirement is also needed at the segmental level; thus, a voiceless obstruent may or may not
show perceptible pitch perturbation.
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In tone languages, however, effects of prosody are unclear because of the presence of
lexical tones. Since prosody affects lexical tones (e.g., Thai in Luksaneeyanawin, 1998, and
Mandarin in Xu et al., 2012), prosody may modulate CF0 effects, albeit indirectly. Based on oneword utterances in Luksaneeyanawin (1998), Thai tones that were produced in yes-no questions
were higher compared to their counterparts produced in a declarative statement.
To test the carrier type hypothesis, this study compared the effects of isolated words to
alternative questions based on Kirby (2018a) and declarative statements based on Francis et al.
(2006). Although the alternative questions may not be yes-no questions like in Luksaneeyanawin
(1998), their prosody may still differ from that used in declarative statements. If true, the
alternative questions may require more vocal-fold stiffening compared to the declarative
statements, and more CF0 effects should be exhibited in alternative questions compared to in
declarative statements.
Vowel length
The general f0 shape hypothesis raises a question of whether tonal shape affects the CF0
if the shape is sufficiently shortened, that is, if f0 is produced at a faster rate. This question can be
answered with an examination of CF0 effects in short versus long vowels. Short vowels
occurring in checked syllables may be optimal for this examination given that the f0 in these
syllables is significantly shorter compared to the f0 in short vowels in unchecked syllables and
long vowels (Morén & Zsiga, 2006).
Short vowels are produced faster compared to long vowels. The faster rate may suppress
CF0 effects. The production of short vowels may undershoot gestural targets which may give
rise to hypoarticulation (De Jong et al., 1993) and weaken laryngeal muscles. Support for this
may be found in Beňuš’s (2011) study, which found that short vowels in Slovak, a language with
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a phonemic vowel length contrast, exhibited higher stiffness, thus higher speed, in their target
movements and increased overlap between onset and coda consonants compared to long vowels.
The higher stiffness made the gestures less displaced from their beginning states to their targets.
Other support comes from studies, which reported that vowels are undershot at faster rates
compared to slower rates (Hirata & Tsukada, 2004; Lindblom, 1963; Moon & Lindblom, 1994).
Similar effects on laryngeal configurations have also been reported. For example, vocal-fold
abduction for /s/ in Spanish may be undershot at faster production rates, resulting in voiced /z/
(Davidson, 2015). Tonal targets in intonational languages, such as French, may be undershot
when not enough syllables are present to carry the tones (Jun & Fougeron, 2002). Alternatively,
faster production rates may not suppress CF0 effects. If tonal targets in tone languages are
undershot during short vowel production, more CF0 effects may occur and extend into the
vowels similar to those in nontonal languages, given that these effects would not strongly
compete with the tone gestures in the vowels (see Francis et al., 2006, who suggested that lexical
tones suppress CF0).
Additionally, glottal or glottalized consonants in checked syllables may perturb the
preceding f0, particularly its offset. In his model of tonogenesis, which has become the textbook
example of tonogenesis (Michaud, 2004), Haudricourt (1954) suggested that the loss of glottal
consonants in Vietnamese gave rise to the level, rising, and falling tones in the first stage of
tonogenesis. Synchronically, in Kachari, a tonal language, final [ʔ] has been suggested to raise
the preceding f0 (Burling, 1959, as cited in Hombert et al., 1979). Arabic also shows pitch raising
when followed by a final glottal stop which contrasts with the pitch lowering effects of the final
[h] (Hombert et al., 1979).
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Limited research, however, has suggested that glottal codas or the glottalization of
vowels may perturb f0 onset. Pan et al. (2016) showed that the deletion of glottalized codas in
checked tones in Taiwanese lowered not only f0 offset but also f0 onset (at 20% vowel intervals).
Frazier (2009) indicated that the f0 onset of glottalized vowels in Western Yucatec Maya tended
to be higher than the f0 onset of high-tone, low-tone, and short vowels.
Given the limited research, it is unclear whether checked and unchecked syllables
condition the same CF0 effects. On the one hand, checked tones have been argued to be variants
of their unchecked counterparts (e.g., Mok et al., 2013 in Cantonese). Thus, CF0 effects in
checked and unchecked syllables may behave similarly. On the other hand, such similarity may
not occur. Cross-linguistically, the distribution of tones in checked syllables is limited compared
to tones in unchecked syllables. Within such limited tones, the distribution of onset obstruents
may be uneven. For example, in Thai, which only allows the high and low tones and
occasionally the falling tone, especially in recent loanwords (Kenstowicz & Suchato, 2006), a
three-way stop contrast occurs more in checked syllables with the low tone rather than the high
tone due to historical tonogenesis (Pittayaporn, 2009). CF0 effects may be more prominent
because laryngeal contrasts occur more with the low tone to enhance the perception of the
contrast (cf. the perceptual experiment in Cantonese in Francis et al., 2006). This view has,
however, not been empirically supported. The number of laryngeal contrasts may not correspond
to the number of f0 onset contrasts. For example, the four-way contrast in Hindi corresponds to
two-way f0 onset contrasts, voiced, and voiceless (Shimizu, 1990). Alternatively, studies have
suggested that the number of onset consonant contrasts may correspond to the number of onset f0
contrasts. For example, voiceless obstruent, ejective, and glottal stop onsets in Yucatec Maya
differentially affect the following f0 onset, as suggested in limited data in Frazier (2009).
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To determine the extent to which vowel length modulates CF0, this study compared CF0
effects in long-vowel unchecked syllables to those in short-vowel checked syllables.
Goals and Hypotheses
This study investigated how CF0 is modulated by the tone context, sentential context, and
phonemic vowel length contrast in Thai, a tone language with a three-way contrast (prevoiced
unaspirated, voiceless unaspirated, voiceless aspirated stops) and a vowel length contrast. This
was to determine the extent to which CF0 effects are caused by laryngeal and/or aerodynamic
factors, or neither in a tone language. These factors were included to also determine the extent to
which they underlay previous conflicting findings.
Also, to improve the empirical picture of CF0, this study included three places of
articulation: labial, alveolar, and velar. This contrasted with many previous tonal studies which
only included one place of articulation. It is unclear whether place of articulation modulates CF0
effects. Velar obstruents have been suggested to inhibit voicing whereas more forward places of
articulation facilitate voicing (e.g., Ohala, 1997). This may explain why velar sounds tend to
have longer Voice Onset Time (VOT) compared to more forward places of articulation (Cho &
Ladefoged, 1999), and why voiced velar stops are cross-linguistically scarce (e.g., Everett,
2018). Stevens (1999) as elaborated by Cho and Ladefoged (1999) has suggested that the smaller
cavity behind the constriction of a velar obstruent compared to bilabial and alveolar obstruents
may increase the intraoral pressure which may increase the stiffness of the glottal walls (Cho &
Ladefoged, 1999; Stevens, 1999). It is unclear, however, whether this stiffness modulates CF0
effects.
Research questions
1. How does tone context in a tone language modulate CF0?
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2. How does sentential context in a tone language modulate CF0?
3. How does phonemic vowel length contrast in a tone language modulate CF0?

To answer these questions, I proposed the hypotheses that CF0 effects occur more in the
(high) falling tone compared to other tones, in words in isolation compared to those in sentences,
as suggested by Kirby (2018a), and in alternative questions compared to declarative statements,
as suggested by the carrier type hypothesis. Another hypothesis tested was that vowel length
modulates the magnitude of CF0, although it is unclear which length exhibits greater modulation
effects.
These hypotheses were tested by using a methodological setup based on that of Kirby
(2018a) to minimize methodological confounds when comparing the results with those in his
study. The main difference was that this study’s inclusion of three places of articulation,
declarative statements, and short vowels occurring in a CVO(bstruent) syllable bearing the low
tone. Additionally, the participants in his study were speakers of the Bangkok variety of Central
Thai (Siamese) speakers, while the data in the present study were based on the Chonburi variety
of Central Thai, which is spoken in Chonburi, an eastern province of Thailand. 1 From the
phonetic point of view, the study of the Chonburi variety is not any more special than the study
of other Central Thai varieties; however, given that CF0 research on this variety is scarce, a
documentation of this variety is needed to improve the empirical picture of CF0 effects.

1

The straight-line distance between the capital of the province, the City of Chonburi (Muang Chonburi) and
Bangkok (Phra Nakhon district) is about 40-45 miles.
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Chonburi Variety of Central Thai
The phonology of this variety largely followed Brown’s (1985) description of colloquial
Bangkok Thai: both Chonburi Thai and Bangkok Thai speakers pronounce Standard Thai /r/ (or
/ɾ/, Abramson, 1962) as /l/, whereas /kw/ and /kʰw/ is replaced by /f/, and they often drop
Standard Thai medial consonants, which are /r/ and /l/, in onset consonant clusters. The tones in
both varieties are very similar. Both have five tones in open syllables: nominally called high
(Chao letters 45), mid (33 or 32), low (21), falling (51), and rising (24) (Abramson, 1962; Morén
& Zsiga, 2006). The falling tone in nonfinal positions was typically pronounced as a high-level
tone (~55) or a high falling tone (~53) (see Morén & Zsiga, 2006, for a mora-based explanation).
Additionally, three tones in closed syllables are distributed in the same manner: the falling and
low tones in CVVO and the low and high tones in CVO, with some exceptions, such as recent
English loanwords (Kenstowicz & Suchato, 2006). Note, however, that when speaking to
childhood friends, three of the older participants (1 F, 2 M, ages 60-61) may have pronounced
the falling tone slightly lower (31 or 41). Moreover, all participants sometimes pronounced the
/kʰ/ as /k͡x/, the phoneme’s free-variation allophone (Abramson, 1962), or /x/.
Methodology
Participants
Twelve native speakers of Central Thai (6 F and 6 M) participated in the study, which
took place in the City of Chonburi. All speakers were born and raised in Chonburi, particularly in
or near the City of Chonburi. The data collection was limited to one geographic location to
control for effects of dialect. The mean age of the participants was 45.75 (SD = 13.97) years.
None of them were younger than 18 years old. None reported having speech or hearing
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disabilities. They also reported speaking only Central Thai, although one female reported
knowing some English but not proficiently.
Stimuli
The stimuli (see Appendix A) were 55 real monosyllabic words starting with /b/, /p/, /pʰ/,
/m/, /d/, /t/, /tʰ/, /n/, /l/, /k/, /kʰ/, or /ŋ/, having /a/ or /aː/ as the vowel, and bearing the falling (51),
high (45), mid (33 or 32), or low (21) tone. The alveolar sounds were lamino-alveolar and/or
apico-alveolar (see Harris, 2006, for detail). However, data with the sonorant onsets, /m, n, l, ŋ/,
and the high tone were not included in the final analysis because they were for another study.
Another reason for excluding the high tone was that most words bearing this tone did not occur
with voiced and voiceless unaspirated onsets due to historical tonogenesis (see Pittayaporn,
2009). The short-vowel words included in the final analysis had unreleased /t/ or /k/ as their
codas which were likely produced with a glottal stop. Harris’ (2001) laryngoscopic study of Thai
obstruents showed that final /p, t, k/ in Thai in stressed short (checked) syllables were produced
simultaneously with a glottal stop and suggested that /ʔ͜p, ʔ͜t, ʔ͜k/, respectively, would be a
narrower transcription of the final stops. Some long-vowel words had sonorant codas, /n, ŋ, j/, or
they would otherwise be nonwords. The long-vowel words had three tones: the falling, mid, and
low tones.
Three sentential contexts were used: isolation, declarative statement, and alternative
question. The isolation context contained the target words themselves, whereas the declarative
statement and alternative question contexts contained carriers with the target words (see
Appendix A). The structure of the declarative statements was modeled after Francis et al.’s
(2006) carrier used to study Cantonese CF0. Thus, the carrier was /diaw 24 ͡tɕa33 pʰuːt51 kʰam33
waː51 _________ haj51 faŋ33/, “(I) will say the word _________ for (you) to hear.” The
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alternative question was nearly identical to that used in Kirby (2018a): /{kʰun33, tʰɤ33ː, kʰaw45}
{pʰuːt51, ʔaːn21, kʰian24} kʰam33 waː51 _________ rɯ24ː _________ naʔ45 / “Did {you, s/he} {say,
read, write} X or Y again?” where X was the target word, and Y was a word that differed from X
either in its vowel quality or onset consonant, not tone or syllable type. Despite their different
structures, both declarative statements and alternative questions were eight syllables long. An
overt first person pronoun was not used in the declarative statements, unlike in Francis et al.’s
(2006), to encourage naturalistic productions, given that speakers often drop pronouns and use
different pronouns (Iwasaki & Ingkaphirom, 2005). The latter premise was also why only the
second and third personal pronouns were used in the alternative question context, unlike in Kirby
(2018a). To encourage naturalistic productions, words with Standard Thai consonant clusters and
/r/ were avoided in the stimuli, except for /rɯ24ː/ (“or”) in the alternative questions, because the
standard register was perceived as an artificial register since its main speakers were news
broadcasters, soap actors, and Thai-language teachers. The exception of /rɯ24ː/ was because no
synonyms could be used, but the word did not make the participants produce the Standard Thai
/r/. Additionally, the spelling of kʰaw45 “s/he” in alternative questions reflected its colloquial
pronunciation (เค้า). Lastly, in both carrier types, a complementizer /waː51/ often shortened to
[wa54] (note the vowel length and tone) preceded the target words.
Procedure
The recording took place in a sound-attenuated room made for musical purposes in
Chonburi, Thailand. Only one participant and the author, a native speaker of Thai, were present
in the room. The participants first signed a consent form before completing a demographic
questionnaire, asking for their age, gender, place of birth in Thailand, place where they grew up,
and whether they spoke a second language. Wearing a Shure SM10A-CN headset microphone

28
connected to a Marantz PMD660/U3B hand-held recorder sampled at 44.1 kHz, the participants
were asked to read 10 warm-up sentences that did not contain any of the words used in the
stimuli. The sentences were presented one by one on a computer screen controlled by the author.
Before reading, the participants were instructed to read as naturally as possible. They were told
to speak as if they were speaking to their families, and they were told explicitly not to trill their
/r/. After the warm-up, they first read words in alternative questions, followed by words in
declarative statements, which were followed by words in isolation. Each item was repeated
nonconsecutively three times, with each repetition in a block. Thus, there were three blocks per
sentential/isolation context. The items in each block were presented randomly. Each participant
recorded 495 items (long-vowel words: 12 onsets × 3 tones × 3 contexts × 3 repetitions) + (lowtone short-vowel words: 12 onsets × 3 contexts × 3 repetitions) + (high-tone short-vowel words:
7 onsets × 3 contexts × 3 repetitions); thus, 5,940 items were recorded (495 items × 12
participants).
Data Analysis
The author prepared the data. As stated above, items with sonorant onsets and the high
tone were excluded from the final analysis; thus, 3,456 of 5,940 were analyzed. Praat version
6.1.16 (Boersma & Weenink, 2020) was used to manually label the segments of the target words.
Two acoustic landmarks marked on Praat’s point tier TextGrids were identified: the prevoicing
for /b/ and /d/ and the release for all consonants. The TextGrids were then modified using
MATLAB (The MathWorks, 2019) to generate, on each TextGrid, 49 points that were 5 ms
apart, with the first point starting 5 ms after the manually marked release of closure. The onset of
voicing was defined as the first glottal pulsing detected by a Praat script that used the
autocorrelation method, a 5 ms frame duration, a minimum pitch of 50 Hz, and a maximum pitch
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of 500 Hz. However, for all onsets, except for aspirated onsets, the voicing threshold setting was
lowered to 0.01 to ensure better pitch detection. For aspirated onsets, the default threshold (0.45)
was used.
To inspect for erroneous measurements from the Praat scripts, outliers were identified
using the following methods. First, the onsets of voicing (the first points in the point tiers by
which the scripts detected pitch) were examined using R’s boxplot function (R Core Team,
2020), separating the data first by the speaker and then by the speaker, tone, sentential context,
and place of articulation. If outliers were detected, the onset of voicing was manually corrected
using the first glottal pulse or the vertical striation in the spectrogram for guidance (Francis et al.,
2006). Points following the new onset of voicing that did not exceed 30 ms after (see below)
were also manually measured. The boxplot function in R was used again with the onset of
voicing and eventually all points within the first 30 ms range of the voicing. This was repeated
until no outliers were detected. Another method involved manually inspecting files with the
onset of voicing in unexpected locations, such as those that started unusually late for
nonaspirated consonants (unaspirated and voiced consonants) and those that started too late in
short vowels. The next method concerned computing the standard deviation for all points within
the 30 ms in each file. Files with standard deviations greater than 15 were inspected. After this,
the standard deviations of the onset of voicing and another point that began 10 ms after the onset
of voicing were computed for each file to manually inspect standard deviations higher than 15.
Productions that were examined manually using these methods accounted for 29.051% of the
dataset. Points that exhibited excessive creakiness, which prevented pitch measurements, were
excluded from the final analysis. Five files with creakiness at every point within the 30 ms range,
accounting for 0.145% of the dataset, were removed. To ensure that these methods were
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effective, the data of each obstruent type that were not detected as outliers using these methods
were randomly sampled for manual inspection. This inspection did not find other outliers.
After inspecting outliers, three f0 points, 10 ms, 20 ms, and 30 ms after the onset of
voicing were included in the final analysis. This range was chosen because it was an expected
range of CF0 effects for tonal languages, as discussed above, and because the short vowels were
maximally about 40 ms long. The pitch at 0 ms was excluded, since, for nonaspirated onsets, the
release burst may have obscured the f0. Points that were 10 ms apart were included because 5ms-apart values were often too similar. Lastly, to allow for cross-subject, especially cross-gender
comparisons, all f0 measurements were transformed to semitones using speaker-specific means
following Kirby (2018a).
Results
Statistical analyses were conducted using R (R Core Team, 2020) primarily with the
packages lme4 (Bates et al., 2015), car (Fox & Weisberg, 2019), and emmeans (Lenth, 2020).
Linear mixed-effects models were used, and the effects were estimated using restricted
maximum likelihood (REML). To select the best model, different models were first refitted with
maximum likelihood (ML) and compared with each other. The comparisons were performed at
0.05 level of significance using Akai’s information criterion (AIC). To compute post-hoc
pairwise comparisons, emmeans (Lenth, 2020) was used with the models. The Satterthwaite
method was used to approximate degrees of freedom, and the Tukey method was used to
generate p-value adjustments. All figures displaying VOT distributions and CF0 patterns were
modified from the R code in Kirby (2018b).
For brevity, the results that were significant and/or relevant to the hypotheses of this
study are reported.
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VOT
Although not central to this study, VOT distributions were analyzed to determine whether
laryngeal types differed in their VOT distributions, as would normally be expected. The
interpretations of CF0 in this study were based on the premise that VOT categories in Thai are
distinguished from each other and that CF0 effects may at most serve as secondary cues of the
laryngeal categories (cf. House & Fairbanks, 1953; Kirby, 2018a). This was also to ensure that
any unexpected CF0 patterns would not be attributable to unexpected VOT distributions.
The VOT distributions are visually presented in Figure 1 and Figure 2 (see Appendix B
for the means and standard deviations). Since VOT varies with place of articulation (Cho &
Ladefoged, 1999), a mixed-effects model was fitted for each place of articulation. The fixed
effects were onset (/b p pʰ/ or /d t tʰ/ or /k kʰ/), sentential context (isolation, declarative
statement, alternative question), and vowel length (short, long) along with their interactions, and
the random effects were intercepts for speaker and by-speaker random slopes for the effect of
onset.
Table 1 presents the results of the mixed-effects model, predicting VOT (in ms), for each
of the fixed effects and their significant interactions. The results showed that the laryngeal
categories in each place of articulation were different from each other regardless of whether they
occurred in isolated words or words in sentences or in long or short vowels. However, for labial
and alveolar stops, the VOT of the voiced category was shorter (less prevoiced) in isolated words
compared to when it occurred in words in sentences; in contrast, the VOT of the aspirated
category was longer in isolated words compared to when it occurred in words in sentences.
Vowel length also had an effect: the VOT value of /d/ or /kʰ/ was higher (more voiceless) in long
vowels compared to when it occurred in short vowels.
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Figure 1. VOT distributions in long vowels for voiced, voiceless unaspirated, and voiceless
aspirated stops in each place of articulation averaged over all speakers in words in isolation (top
row), declarative statements (middle row), and alternative questions (bottom row)
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Figure 2. VOT distributions in short vowels for voiced, voiceless unaspirated, and voiceless
aspirated stops in each place of articulation averaged over all speakers in words in isolation (top
row), declarative statements (middle row), and alternative questions (bottom row)

Table 1. Linear mixed effect models for the labial, alveolar, and velar stops. For brevity, only
significant interactions are shown
Labial model
Overall model fit: R² = 0.95
Fixed effect
χ²
onset
645.99
sentential context
84.53
vowel length
1.26
onset × sentential context
58.61

df
2
2
1
4

p
≪ 0.0001
≪ 0.0001
0.261
≪ 0.0001
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Table 1. Continued
Alveolar model
Overall model fit: R² = 0.94
Fixed effect
χ²
onset
630.60
sentential context
128.87
vowel length
3.08
onset × sentential context
88.92
onset × vowel length
16.53
Velar model
Overall model fit: R² = 0.87
Fixed effect
χ²
onset
169.75
sentential context
4.54
vowel length
7.76
onset × vowel length
9.56

df
2
2
1
4
2

p
≪ 0.0001
≪ 0.0001

df
1
2
1
1

p
≪ 0.0001
0.103
< 0.01
< 0.01

0.079
≪ 0.0001
< 0.001

The labial and alveolar models showed a significant interaction between onset and
sentential context (labial: χ²(4) = 58.61, p ≪ 0.0001; alveolar: χ²(4) = 88.92, p ≪ 0.0001). The
alveolar and velar models also showed a significant interaction between onset and vowel length
(alveolar: χ²(2) = 16.53, p < 0.001; velar: χ²(1) = 9.56, p < 0.01).
For the labial and alveolar models, post-hoc (Tukey) comparisons with adjusted p-values
showed that in every sentential context, the VOT value of the prevoiced stop category was
significantly lower (negative values) compared to the VOT of the homorganic unaspirated stop
category (ps = < 0.0001) and the homorganic aspirated stop category (ps = < 0.0001), and the
VOT value of the homorganic unaspirated stop category had a significantly shorter lag compared
to the VOT of the homorganic aspirated stop category (ps = < 0.0001).
Regarding the comparisons between sentential contexts, for the labial model, the VOT
values of /b/ and /pʰ/ in words in isolation were significantly more positive, that is /b/ had a
shorter lag and /pʰ/ a longer lag, compared to the VOT of /b/ and /pʰ/, respectively, in declarative
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statements (/b/: β = 6.65, p < 0.01; /pʰ/: β = 15.47, p < 0.0001) and alternative questions (/b/: β =
10.30, p < 0.0001; /pʰ/: β = 14.18, p < 0.0001). For the alveolar model, the VOT value of /d/ in
words in isolation had a significantly shorter lag compared to the VOT of /d/ in declarative
statements (β = 6.48, p < 0.01) and alternative questions (β = 13.42, p < 0.0001), and the VOT of
/d/ in declarative statements had a significantly shorter lag compared to the VOT of /d/ in
alternative questions (β = 6.94, p < 0.01). The VOT of /tʰ/ in words in isolation had a
significantly longer lag compared to the VOT of /tʰ/ in declarative statements (β = 15.13, p <
0.0001) and alternative questions (β = 17.10, p < 0.0001).
Regarding the onset × vowel length interaction, for the alveolar model, post-hoc (Tukey)
comparisons with adjusted p-values showed that in both short and long vowels, the VOT of
prevoiced stops had a significantly lower value (negative values) compared to the VOT of
unaspirated stops (ps = < 0.0001) and aspirated stops (ps = < 0.0001), and for the alveolar and
velar models, the VOT of unaspirated stops had a significantly shorter lag compared to the VOT
of homorganic aspirated stops (ps = < 0.0001). Furthermore, the alveolar model showed that the
VOT of /d/ in long vowels was significantly shorter (less voiced) compared to the VOT of /d/ in
short vowels (β = 6.60, p < 0.0001). The velar model showed that the VOT of /kʰ/ in long vowels
had a significantly longer lag compared to the VOT of /kʰ/ in short vowels (β = 7.35, p <
0.0001). See Appendix B for the interpretation of these results.
CF0
CF0 effects were determined by (1) the extent to which the f0 (in semitones) following
laryngeal stop types was statistically different from each other and (2) the extent to which these
differences temporally extended up to the first 30 ms of the vowel. Because of the hypothesized
effects of prosody, the sentential context was split into phrase type (word vs. sentence) and
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prosody (declarative statement vs. alternative question). Words in isolation were included in the
declarative statement level. CF0 results are presented visually summarized in Figure 3 – Figure
6.
Because velar stops lacked a voiced category unlike bilabial and alveolar stops, two
linear mixed-effects models were fitted; one model was for labial and alveolar stops, and the
other model for velar stops. A model with all three places of articulation would have contained
rank deficiency. The combined model would also not converge if it had by-speaker random
slopes for the effect of VOT category. For the labial and alveolar model, fixed effects were VOT
category (voiced, unaspirated, aspirated), tone (falling, mid, low), phrase type (word, sentence),
prosody (declarative statement, alternative question), vowel length (long, short), time (10 ms, 20
ms, 30 ms), and place of articulation (labial, alveolar), along with their interactions. Random
effects were intercepts for speaker and by-speaker random slopes for the effect of VOT category.
For the velar model, the same fixed and random effects were included except for place of
articulation. These models were subsequently refitted by removing nonsignificant interaction
terms.
Tables 2 and 3 present the results of the labial and alveolar model and the velar model,
predicting f0 (in semitones), for each of the fixed effects and significant and relevant interactions.
The results from the linear mixed effect models and post-hoc tests suggested that the CF0 effects
depended on tone, phrase type, vowel length, and place of articulation, and these effects did not
diminish within the first 30 ms of the vowel. The results also showed that tone and phrase type
influenced the CF0 patterns in terms of the height differences between the f0 following the
laryngeal categories (e.g., whether the f0 is higher after aspirated stops compared to unaspirated
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or voiced stops) (aspirated > unaspirated or voiced). The results of post-hoc comparisons based
on significant interactions are summarized in Table 4.

Figure 3. f0 trajectories (in semitones) for labial onsets with long vowels in each tone and
sentential context averaged over speaker and repetition. Shading indicates standard errors
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Figure 4. f0 trajectories (in semitones) for alveolar onsets with long vowels in each tone and
sentential context averaged over speaker and repetition. Shading indicates standard errors
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Figure 5. f0 trajectories (in semitones) for velar onsets with long vowels in each tone and
sentential context averaged over speaker and repetition. Shading indicates standard errors
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Figure 6. f0 trajectories (in semitones) for onsets with short vowels bearing the low tone in each
sentential context and place of articulation averaged over speaker and repetition. Shading
indicates standard errors
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Table 2. Linear mixed effect model for the labial and alveolar stops. For brevity, only significant
and relevant interactions are shown
Overall model fit: R² = 0.70
Fixed effect
VOT category
tone
vowel length
time
place of articulation
phrase type
prosody
VOT category × tone
VOT category × phrase type
VOT category × vowel length × place of articulation

χ²
3.87
9509.29
75.90
433.45
129.28
1098.97
469.75
155.60
254.52
10.37

df
2
2
1
2
1
1
1
4
2
2

p
0.144
≪ 0.0001
≪ 0.0001
≪ 0.0001
≪ 0.0001
≪ 0.0001
≪ 0.0001
≪ 0.0001
≪ 0.0001
< 0.01

Table 3. Linear mixed effect model for the velar stops. For brevity, only significant and relevant
interactions are shown
Overall model fit: R² = 0.71
Fixed effect
VOT category
tone
vowel length
time
phrase type
prosody
VOT category × tone
VOT category × phrase type

χ²
5.35
3687.12
27.67
192.19
196.19
131.02
108.86
15.09

df
1
2
1
2
1
1
2
1

p
< 0.05
≪ 0.0001
≪ 0.0001
≪ 0.0001
≪ 0.0001
≪ 0.0001
≪ 0.0001
< 0.001
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Table 4. Summary of the CF0 patterns from each significant interaction based on the post-hoc
comparisons
Bilabial and alveolar model

Velar model
VOT category × tone
falling: aspirated > voiced
falling: aspirated > unaspirated
mid: ns
mid: ns
low: aspirated < unaspirated and voiced
low: aspirated < unaspirated
VOT category × phrase type
words: voiced < unaspirated and aspirated
words: ns
sentences: voiced > unaspirated and
sentences: unaspirated > aspirated
aspirated
VOT category × vowel length × place of articulation
Labial:
Velar:
long vowel: voiced < unaspirated
long vowel: ns
short vowel: unaspirated > aspirated
short vowel: ns
Alveolar:
long vowel: ns
short vowel: voiced > unaspirated

Tone
Tone context modulated the CF0 effects and patterns. The interaction between VOT
category and tone was significant for both the model for labial and alveolar stops (χ²(4) = 155.60,
p ≪ 0.0001) and the model for velar stops (χ²(2) = 108.85, p ≪ 0.0001). Post-hoc (Tukey)
comparisons with adjusted p-values showed that the low tone context had more significant
differences between laryngeal categories compared to the falling tone context, and such
differences were absent in the mid tone context. As a whole, when the tone context was the
falling tone, the f0 following the aspirated stops was higher compared to unaspirated or voiced
stops (falling tone: aspirated > unaspirated or voiced), and when the tone context was the low
tone, the f0 following the aspirated stops was lower compared to the other laryngeal categories
(low tone: aspirated < unaspirated and voiced). The model for labial and alveolar stops showed
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that in the falling tone context, the f0 following aspirated stops was significantly higher compared
to the f0 following voiced stops (β = 0.47, p < 0.01). The model for velar stops showed that in the
same tone context, the f0 following aspirated stops was significantly higher compared to
unaspirated stops (β = 0.47, p < 0.01). The labial and alveolar model also showed that in the low
tone context, aspirated stops exhibited f0 that was significantly lower compared to unaspirated (β
= -0.38, p < 0.01) and voiced (β = -0.50, p < 0.01) stops. The velar model showed that in this
tone context, the f0 following aspirated stops was significantly lower compared to unaspirated
stops (β = -0.60, p < 0.001). These results suggest that the height of the f0 following aspirated
stops depended on the height of the tone.
This suggestion, however, does not imply that the dependency pattern applies all
contexts. Figure 3 – Figure 6 indicate that the dependency on the height of the tone was absent in
labial and alveolar stops particularly in long-vowel words in isolation and, in labial stops, in
words in declarative statements. However, the interaction between VOT category, Tone, and
Phrase Type did not reach significance.
Phrase type
Phrase type modulated the CF0 effects and patterns, but the modulation was different for
labial and alveolar stops compared to velar stops. The interaction between VOT category and
phrase type was significant for the model for labial and alveolar stops (χ²(2) = 254.52, p ≪
0.0001) and the model for velar stops (χ²(1) = 15.09, p < 0.001). However, post-hoc (Tukey)
comparisons with adjusted p-values showed that for labial and alveolar stops the f0 following
voiced stops in words in isolation and in sentences was significantly different from their
aspirated and unaspirated counterparts, whereas for velar stops, the f0 following unaspirated stops
in sentences was significantly different compared to their aspirated stop counterparts.
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Specifically, for labial and alveolar stops, the f0 following voiced stops in isolated words was
significantly lower compared to the f0 following unaspirated (β = -0.37, p < 0.05) and aspirated
(β = -0.49, p < 0.01) stops in isolated words (words: voiced < unaspirated and aspirated);
however, in sentences, the f0 following voiced stops was significantly higher compared to the f0
following unaspirated (β = 0.40, p < 0.01) and aspirated (β = 0.59, p < 0.001) stops (sentences:
voiced > unaspirated and aspirated). For velar stops, the f0 following unaspirated stops in
sentences was significantly higher compared to aspirated ones (sentences: unaspirated >
aspirated).
Vowel length and place of articulation
Vowel length and place of articulation modulated the CF0 effects, but vowel length was
not very influential. The model for labial and alveolar stops showed a significant interaction
between VOT category, vowel length, and place of articulation (χ²(2) = 10.37, p < 0.01). Posthoc (Tukey) comparisons with adjusted p-values showed that when the onset was labial with a
long vowel, the f0 following voiced stops was significantly lower than its unaspirated counterpart
(β = -0.32, p < 0.05) (labial and long vowel: voiced < unaspirated). However, when it was a short
vowel, the f0 following the unaspirated stop was significantly higher compared to its aspirated
counterpart (β = 0.42, p < 0.05) (labial and short vowel: unaspirated > aspirated). When it was an
alveolar onset with a short vowel, the f0 following the voiced stops was significantly higher
compared to the f0 following unaspirated stops (β = 0.58, p < 0.001) (alveolar and short vowel:
voiced > unaspirated). The velar model did not show a significant interaction between VOT
category and vowel length. However, the main effect of vowel length in the velar model was
significant (χ²(1) = 27.67, p ≪ 0.0001), with the f0 in long vowels being higher compared to the
f0 in short vowels.
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Main effects of prosody and time
The results of the model for labial and alveolar stops and the model for velar stops did
not show that VOT category significantly interacted with prosody or time. However, there were a
significant effect of prosody (labial and alveolar: χ²(1) = 469.75, p ≪ 0.0001; velar: χ²(1) =
131.02, p ≪ 0.0001) and a significant effect time (labial and alveolar: χ²(2) = 433.45, p ≪
0.0001; velar: χ²(2) = 192.19, p ≪ 0.0001). In both models, the f0 in declarative statements was
significantly lower compared to the f0 in alternative questions, and post-hoc (Tukey)
comparisons with adjusted p-values showed that the f0 at 10 ms was significantly higher
compared to 20 ms (labial and alveolar: β = 0.27, p < 0.0001; velar: β = 0.35, p < 0.0001) and 30
ms (labial and alveolar: β = 0.55, p < 0.0001; velar: β = 0.63, p < 0.0001), and the f0 following
the former was also significantly higher compared to the latter (labial and alveolar: β = 0.29, p <
0.0001; velar: β = 0.27, p < 0.0001).
Individual data
Inspection of the means of CF0 in individual data suggested that although individual
variability was present, most speakers exhibited the same CF0 patterns as the aggregate data in
terms of the relative f0 heights following each laryngeal category. For the interaction between
VOT category and tone, the exceptions were FE2, FE6, MA2, and MA4, where MA stands for
male and FE female. For these speakers, the f0 following aspiration did not systematically change
as a function of the tone context. For the interaction between VOT category and phrase type, the
exceptions were FE1, FE6, MA2, MA4, MA5, and MA6. For these speakers, the CF0 differences
between the laryngeal categories did not depend on whether the CF0 occurred in a word in
isolation or sentences.
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Discussion
Summary
This study investigated how CF0 effects were modulated by tone context, sentential
context, and vowel length in Thai. The investigation is unique in that it considered factors that
were not usually controlled in previous studies. This provided insights into the underlying
mechanisms of CF0 in a tone language which are not well understood. The underlying
mechanisms were likely influenced by laryngeal factors and, to some extent, controlled phonetics
as conceptualized by Kingston and Diehl (1994). The findings have implications for potential
causes for conflicting findings in tonal CF0 studies. More broadly, the findings have implications
for tonogenesis and the interface between phonology and phonetics, especially in a tone
language.
The results were not consistent with previous tonal CF0 studies. CF0 effects in the falling
tone context were not greater compared to the low tone context, whereas the mid tone context
did not exhibit any CF0 effects. Moreover, different tone contexts showed different CF0 patterns.
In the falling tone context, the f0 following aspirated stops was higher compared to the f0
following other laryngeal categories, whereas in the low tone context, the former was lower
compared to the latter, suggesting that the f0 following aspiration may have depended on the
height of the tone (henceforth aspiration-tone dependency). The aspiration-tone dependency,
however, seemed to be absent in some contexts such as labial and alveolar stops occurring in
long-vowel words in isolation and/or in declarative statements.
Regarding sentential context effects, words in isolation did not condition greater CF0
effects compared to those in sentences, but the CF0 pattern in words in isolation was different
compared to the pattern in sentences. For labial and alveolar stops, the f0 following voiced stops
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was lower compared to the f0 following the other laryngeal categories when it occurred in
isolated words, but the f0 following voiced stops was higher compared to the other laryngeal
categories in words in sentences. For velar stops, which lacked a voiced category, the f0 of
unaspirated stops was higher compared to the f0 following aspirated stops in sentences.
As for vowel length effects, the f0 following long-vowel words minimally differed from
the f0 following short-vowel words.
Place of articulation also modulated CF0 effects. CF0 effects occurred more with labial
and alveolar stops compared to velar stops. Moreover, the CF0 patterns of voiced labial and
alveolar stops tended to resemble unaspirated velar stops. In other words, the f0 following labial
and alveolar stops presented a contrast between voiced and voiceless stops, whereas the f0
following velar stops presented a contrast between unaspirated and aspirated stops.
Nonmodulating factors were prosody and time. Despite lacking modulating effects,
prosody showed that the f0 in alternative questions was overall higher compared to the f0 in
declarative statements, consistent with the finding of Luksaneeyanawin (1998). Similarly,
despite no modulation of time, the f0 was lower as the time progressed. This finding can be
attributed to declination.
The characteristics of the stimuli may have contributed to the inconsistencies with
previous findings. For example, Kirby (2018a) may not have found the aspiration-tone
dependency because his study did not include declarative statements, short vowels, and velar
stops, which exhibited the aspiration-tone dependency in the present study. If true, this highlights
the importance of including a varied set of stop types and vowel lengths when studying CF0
effects.
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Potential Underlying Mechanisms
The present findings suggested that CF0 effects in Thai are not similar to those in
nontonal European languages. Kirby (2018a) noted that the CF0 effects in high-pitch contexts in
Thai and Vietnamese resembled nontonal European languages, including English (Hanson,
2009). To explain CF0 effects in high-pitch contexts in English, Hanson (2009) suggested that
vocal-fold stiffening was used in high-pitch contexts whereas the vocal-fold stiffening gesture of
the stop was trumped by a gesture used for low pitch in low-pitch contexts, a result of which
suppressed CF0 effects. This explanation, however, cannot account for the present finding, given
that the CF0 effects were present in both the (high) falling and low tones. Although this may
suggest that vocal-fold stiffening was present in the falling tone context, but the tone gesture did
not trump the segmental gesture in the low tone context, this suggestion still cannot account for
the aspiration-tone dependency. It does not account for why the f0 following aspirated stops was
high in a high-pitch context but low in a low-pitch context compared to the f0 following other
laryngeal categories.
One possible view is that since aspirated stops rely on air for the aspiration,
aerodynamics may have caused the aspiration-tone dependency although it is unclear whether
this interpretation is correct. On the one hand, Erickson’s (1976, 2011) EMG study of Thai CF0
did not find evidence for the activity of cricothyroid and strap muscles during CF0. The author
thus suggested that aerodynamics was behind CF0. On the other hand, previous aerodynamic
models were only concerned with the effects of aspiration on the following f0 regardless of the
tautosyllabic lexical tone. These models also predicted either high or low f0 after aspiration, not
both. High f0 is predicted by earlier aerodynamic explanations, as summarized in Hombert et al.
(1979), which indicates that during a voiced onset, the low f0 is caused by a pressure drop across
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the vocal folds, whereas during a voiceless onset, the high f0 is generated by a high airflow
through the vocal folds which creates a stronger Bernoulli effect. In contrast, low f0 is predicted
by Ohala’s aerodynamic model (Ohala, 1974, 1976, 1978), which suggests that the high rate of
airflow through the glottis during the release of an aspirated stop reduces the subglottal pressure
which lowers the f0. This prediction has support in Xu and Xu’s (2013) study which found low f0
after aspiration in Mandarin.
An alternative possibility is that the aspiration-tone dependency was a case of controlled
phonetics. Thus, the different CF0 patterns between tone contexts may not have a physiological
basis, at least not completely. Instead, they may have been due to the speakers’ intentional
manipulation of the f0 to signal laryngeal contrasts. This view may explain why the vocal-fold
stiffness view and/or the aerodynamic models did not consistently predict the CF0 patterns. If
true, the CF0 patterns may be considered redundant enhanced cues that allow for the efficient
perception of not only the laryngeal contrasts themselves but also the tone contexts that host
these contrasts. Limited studies have provided some empirical support for the enhanced
perception of laryngeal contrasts in a tone language (e.g., Francis et al., 2006). That said,
perceptual experiments should be considered in future research.
The mechanisms underlying the sentential context effects may have been the mechanisms
used to signal prosodic structure or, more specifically, prosodic boundaries. Kirby (2018a) found
higher visibility of CF0 effects in isolated words compared to words in sentences. He suggested
that one potential cause of the higher visibility is pitch range expansion, which presumably
occurs more with words in isolation compared to those in sentences due to focus. Given that the
present study did not find the same higher visibility, pitch range expansion unlikely influenced
the CF0 effects in this study. The data, in fact, suggested that sentences had a greater pitch range
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expansion compared to words in isolation since the former tended to have higher f0 compared to
the latter. Perhaps pitch height or pitch range expansion itself cannot be used to predict CF0
effects.
Controlled phonetics may be an alternative explanation for these CF0 effects, but since
these effects likely had a phonetic basis, they were likely more influenced by boundary effects.
The speakers may have signaled the CF0 patterns to not only enhance the cues for the laryngeal
categories but also in words in isolation or words in sentences. However, boundary effects may
have been a stronger force behind these CF0 effects. This is especially likely when considering
the patterns of these CF0 effects. In labial and alveolar stops, the lower f0 following voiced stops
in isolated words and the higher f0 following voiced stops in sentences, compared to the f0
following the other stop types, may have been due to final lengthening which slowed the gestures
(Byrd & Saltzman, 2003) in isolated words. The slowing may have reduced the vocal-fold
stiffness during pitch production, but the reduction may have been greater for the f0 following
voiced stops because these stops required slack vocal folds (Halle & Stevens, 1971). If true, the
finding that the velar stops did not exhibit the same modulating effects may simply be because
they lacked a voiced category.
The minimal difference between the CF0 in short vowels and long vowels and the
unsystematic CF0 patterns suggested that vowel length did not play a great role in modulating
CF0 effects. Thus, potential underlying mechanisms of vowel length effects will not be explored
further.
Although place of articulation was not central to this study, its results must not be
ignored. The overall finding that the more forward the place of articulation, the more CF0 effects
occurred, may have been due to the difference in the cavity size behind the constriction of each
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place of articulation, particularly when comparing labial and alveolar stops to a velar stop. Based
on the premise that the smaller cavity behind a velar sound may inhibit voicing (e.g., Ohala,
1997) and increase the intraoral pressure, which increases the stiffness of the glottal walls (Cho
& Ladefoged, 1999; Stevens, 1999), the stiffness of the glottal walls likely did not inhibit CF0
effects in velar stops and perhaps to some extent alveolar stops. If true, the larger cavity behind
labial stops may have provided more flexibility to pitch control. Alternatively, different degrees
of larynx raising may have been required for each place of articulation to compensate for the
difference in tube sizes. This is based on the premise that higher f0 may be produced with a
raised larynx, but lower f0 may be produced with a lowered larynx. Another premise is that
dental stops may have a higher larynx position compared to labial stops while keeping other
variables constant (Ewan & Krones, 1974). Possibly, when the vertical movement of the larynx
was limited, the CF0 effects were also suppressed. Empirical research is needed to address this
issue.
The finding that the CF0 patterns of voiced labial and alveolar stops were similar to the
patterns of unaspirated velar stops may have been motivated by controlled phonetics. The
speakers may have invoked the [±spread glottis] feature, not [±voice] (cf. the CF0 in Cantonese
in Francis et al., 2006), given that velar stops lacked a voiced category. Although Thai has a
three-way laryngeal contrast, the contrast is only in labial and alveolar stops, whereas the
contrast between aspirated and nonaspirated stops is present in all places of articulation.
Therefore, from the speaker’s perspective, using [±spread glottis] to capture all places of
articulation is more efficient compared to alternating between this feature and [±voice]. From a
theoretical perspective, proposing one feature leads to a more parsimonious system.
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Implications
Previous conflicts
The findings have implications for previous conflicting CF0 patterns in tone languages.
As noted above, Chinese dialects often exhibit low f0 after aspiration (Francis et al., 2006; Xu &
Xu, 2003), whereas non-Chinese languages may show high f0 after aspiration patterning with
nontonal European languages (Kirby, 2018a). Kirby (2018a) suggested that aside from
methodological differences, the different CF0 patterns may reflect individual differences or real
differences between languages. The results of the present study suggested that aside from
differences in stimulus setups, the difference in CF0 patterns may also reflect differences
between varieties of the same language. The Chonburi variety of Central Thai may employ a
dialect-specific f0 control which modulates CF0 effects. However, the extent to which the crosslinguistic difference is arbitrary is unclear. To address this issue, further research is needed.
Tonogenesis
The findings suggest that tonogenesis models (e.g., Haudricourt, 1954) should not
overlook factors that modulate CF0 or the premise that CF0 might not have a physiological basis.
The recent literature suggests that ongoing tonal changes are less understood compared to
tonogenesis (although see Thurgood, 2002, 2007, for issues with Haudricourt’s model). Tonal
systems can continue to evolve without referring to their historical origins (Haudricourt, 1961),
as has been well documented in Bangkok Thai over the past 100 years (Pittayaporn, 2007, 2018).
In their extensive review of cross-linguistic tonal changes, Yang and Xu (2019) reported that the
“clockwise” pattern of tonal change was the most reported pattern (56%) across languages
including Bangkok Thai followed by “levelling” (19%) and four other patterns. To explain the
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tonal change pattern in Bangkok Thai, Pittayaporn (2007, 2018) suggested consonant onset-tone
interaction as one possibility among other possibilities.
If such interaction can indeed be an underlying force, the present study suggests that
sentential context and place of articulation, and to some extent, controlled phonetics may also
influence it. Sentential context may exert influence because, at a more local level, such as in
compounds, examples of the effects of a surrounding tone on another tone can be seen in Thai
(e.g., /mɯa51.raj33/

/mɯa51.raj21/ “what time?”). Additionally, disyllable compounds may lose

the tone and/or vowel quality of one of their syllables. This, for example, is seen in compounds
in Mandarin, which can bear the neutral tone (e.g., Chen & Xu, 2006) as well as many words in
Burmese (Green, 1995) and other sesquisyllabic languages (Butler, 2014) which may lose their
underlying tones. Regarding place of articulation effects, the more forward places of articulation,
the faster tonal change may occur. Additionally, the suggestion that the [±spread glottis] may be
invoked during CF0 effects indicates that in languages like Thai, tonal change may result more
from aspirated versus nonaspirated stops compared to voiced versus voiceless stops. Lastly,
when tonal changes lack a phonetic basis, controlled phonetics may be the driving force.
Limitations
Due to the attempts to find possible words with specific combinations, word frequency
was not controlled for. It is well established that high-frequency words are associated with
hypoarticulation (e.g., Fidelholtz, 1975; Jurafsky et al., 2001; Zhao & Jurafsky, 2007); thus, this
issue should be addressed in the future. Moreover, the inclusion of CVO syllables as
representatives of short vowels did not allow for a more comprehensive picture of vowel length
effects. Given that each participant had 495 items to record, CVS(onorant) syllables were not
included to minimize fatigue. Future research may consider including CVS syllables. Another
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limitation was that the participants were of different age groups. Previous tone research has
suggested that tone patterns change over time (Pittayaporn, 2007, 2018). Future research may
consider to systematically test the influence of age on CF0 effects. Also, the individual data
suggested that individual variability was present especially in the production of sentences. Since
the speakers were not given specific instructions on how to read the sentences except that they
had to sound natural, the speakers may have used different styles of reading depending on their
interpretations of the stimuli. Future research may consider employing data elicitation methods
that do not rely on reading texts. Moreover, only the first 30 ms of the long vowels were
analyzed given that the short vowels in this study were maximally about 40 ms long, and the
study’s aim was to compare CF0 effects in short vowels to those in long vowels. However, future
studies may consider examining the f0 realized across the entire syllable to better study the
temporal extent of the CF0 of long vowels. Lastly, regarding the interpretations of the results,
whenever inexplicable CF0 effects occurred, the controlled phonetics view was offered with no
support from perceptual data; in other words, this view served as a deus ex machina. Perceptual
experiments are needed to address this issue.
Conclusion
This paper studied factors that modulate consonant-induced pitch perturbations in a tone
language. The study found that not only tone context but also sentential context and place of
articulation may modulate pitch perturbations. Vowel length may have been a modulating factor,
but its influence was weak. The findings provide insights into potential underlying mechanisms
of pitch perturbations in a tone language which have not been agreed upon. The findings also
have implications for previous conflicting findings, the interface between phonology and
phonetics, and tonogenesis.
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Appendix A. Stimuli
All Stimuli Used During Recording
Table 5. Words used as stimuli
Number
1
2
3
4
5
6
7
8
9
10
11
12

Onset

b

p

pʰ

m

Word
Long vowel
/baː⁵¹/
/baː³³~³²/
/baː²¹/
/paː⁵¹/
/paː³³~³²/
/paː²¹/
/pʰaː⁵¹/
/pʰaː³³~³²/
/pʰaː²¹/
/maːn⁵¹/
/maː³³~³²/
/maː²¹/

Thai

Gloss

บ้า
บาร์
บ่า
ป้า
ปา
ป่ า
ผ้า
พา
ผ่า
ม่าน
มา
หม่า

crazy
bar
shoulder
aunt
throw
jungle
cloth
lead
split
curtain
come
macerate
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Table 5. Continued
Number
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Onset
d

t

tʰ

n

l

27
28
29
30
31
32
33
34
35
36

k

37
38
39
40
41
42
43
44
45
46

b
p
pʰ

kʰ

ŋ

m
d
t
tʰ

Word
/daːn⁵¹/
/daː³³~³²/
/daː²¹/
/taːn⁵¹/
/taː³³~³²/
/taːŋ²¹/
/tʰaː⁵¹/
/tʰaː³³~³²/
/tʰaːn²¹/
/naː⁵¹/
/naː³³~³²/
/naːi²¹/
/laː⁵¹/
/laː³³~³²/

Thai
ด้าน
ดา
ด่า
ต้าน
ตา
ต่าง
ถ้า
ทา
ถ่าน
หน้า
นา
หน่าย
ล่า
ลา

/law²¹/

เหล่า

/kaːŋ⁵¹/
/kaː³³~³²/
/kaːi²¹/
/kʰaː⁵¹/
/kʰaː³³~³²/
/kʰaː²¹/
/ŋaːm⁵¹/
/ŋaː³³~³²/
/ŋaːw²¹/
Short vowel
/bat²¹/
/pat²¹/
/pʰat⁴⁵/
/pʰat²¹/
/mat⁴⁵/
/mat²¹/
/dak²¹/
/tak²¹/
/tʰak⁴⁵/
/tʰak²¹/

ก้าง
กา
ก่าย
ค่า
คา
ข่า
ง่าม
งา
หง่าว

Gloss
side
move in a row
scold
oppose
eye
different
if
smear
charcoal
face
rice field
bored
hunt
donkey
group (see note
below)
fish bone
crow
rest a limb on
price
stuck
galangal
fork of a tree
ivory
lonely

บัตร
ปัด
พัด
ผัด
มัด
หมัด
ดัก
ตัก
ทัก
ถัก

card
wipe
blow
stir fry
tie
flea
entrap
ladle
greet
braid

63
Table 5. Continued
Number

Onset

Word

Thai

47

n

/nak⁴⁵/

นัก

/nak²¹/
/lak⁴⁵/
/lak²¹/
/kat²¹/
/kʰat⁴⁵/
/kʰat²¹/
/ŋat⁴⁵/
/ŋak²¹/

หนัก
ลัก
หลัก
กัด
คัด
ขัด
งัด
หงัก

48
49
50
51
52
53
54
55

l
k
kʰ
ŋ

Gloss
-er (agentive
morpheme)
heavy
steal
post
bite
choose
scrub
pry
very (old)

Note: /law21/ “group” was chosen to represent long-vowel word with the low tone and
thus was grouped with true long-vowel words. Other segmental combinations would result in a
nonword. The inclusion was likely unproblematic because the CVS structure of this word and the
syllable types used in long-vowel words, collectively called “live syllables” in Thai (e.g.,
Kenstowicz & Suchato, 2006), have the same tonal distribution (Abramson, 1962; Morén &
Zsiga, 2006) as opposed to obstruent-ending words, or “dead syllables” (e.g., Kenstowicz &
Suchato, 2006).

64
Table 6. Carriers used as stimuli
Sentence
type
declarative
statement

Carrier
/diaw24 ͡tɕa33 pʰuːt51 kʰam33 waː51 _________ haj51 faŋ33/
เดี๋ยวจะพูดคาว่า_________ให้ฟัง
soon CM speak word say/COMP _________ give/CAUS listen (see notes
below)
“(I) will say the word _________ for (you) to hear.”

alternative
question

/{kʰun33, tʰɤ33ː, kʰaw45} {pʰuːt51, ʔaːn21, kʰian24} kʰam33 waː51 _________ rɯ24ː
_________ naʔ45/
{คุณ, เธอ, เค้า} {พูด, อ่าน, เขียน} คาว่า _________หรื อ_________นะ
{polite you, you, he/she} {speak, read, write} word say/COMP
_________or_________PP (see notes below)
“Did {you, s/he} {say, read, write} X or Y again?”
The X is the target word, and Y is a word that differed from X either in its vowel
quality or onset consonant, not tone or syllable type. The curly brackets indicate
that only one word is allowed. An example is /kʰun33 pʰuːt51 kʰam33 waː51
_________ rɯ24ː _________ naʔ45/ (คุณพูดคาว่า_________หรื อ_________นะ).

Notes
1. The word /rɯ24ː/ (“or”) in the alternative questions was pronounced [lɯ24ː].
2. The word /waː51/ which precedes the target words was often shortened to [wa54] (note the
vowel length and tone).
3. Abbreviations based on Iwasaki and Ingkaphirom (2005): CM = challengeable marker,
COMP = complementizer, CAUS = causative, and PP = pragmatic particle.
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Appendix B. VOT Results
Descriptive Statistics
Table 7. Descriptive statistics for VOT distributions (in ms) pooled over tokens from all speakers
Onset

Length

/b/

long
short
long
short
long
short
long
short
long
short
long
short
long
short
long
short

/p/
/pʰ/
/d/
/t/
/tʰ/
/k/
/kʰ/

Isolation
Mean
SD
-75.68
26.51
-77.95
21.72
6.24
5.76
7.15
6.04
73.10
20.75
72.19
27.11
-61.92
21.85
-68.76
24.20
7.74
4.67
5.37
7.03
78.02
19.97
75.37
18.77
15.72
5.52
15.70
4.97
93.55
23.53
89.40
22.03

Declarative Statement
Mean
SD
-83.62
18.32
-83.32
16.20
7.19
5.36
6.31
4.38
57.37
22.99
56.98
24.22
-68.81
15.75
-74.83
18.21
8.26
4.48
9.11
5.09
57.86
26.60
65.27
25.21
13.52
5.76
14.69
5.27
92.92
33.02
80.86
29.95

Alternative Question
Mean
SD
-85.15
15.99
-89.08
14.24
6.97
4.37
5.91
4.52
58.97
21.43
57.95
23.40
-75.28
18.42
-82.23
14.66
6.84
4.21
6.87
3.59
58.54
27.95
60.65
26.28
13.46
5.66
13.47
4.43
91.02
32.16
85.17
37.40

Interpretation
The results suggested that VOT was a primary cue of laryngeal stops in Thai. The
modulation of sentential context was likely due to boundary effects and speech rate difference: in
addition to having no preceding syllable, isolated words were produced slower and are slowed by
final lengthening, whereas words embedded in a sentence were not. The word-initial position
likely made the prevoiced stops less voiced, and the final lengthening likely made the aspirated
stops have longer lags (see also Kim et al., 2018, for different types of voicing contrast
implementation).
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The vowel length effects in /d/ an /kʰ/ were possibly related to the place of the tongue
and/or the manner of articulation used during production which made the sounds susceptible to
length effects. The /d/ was possibly apico-alveolar unlike its voiceless counterparts (Harris,
2006). Because of their smaller mass, apico-alveolar stops may be more difficult to control
compared to lamino-alveolar stops. Similarly, the /kʰ/ and its variants, /k͡x/ (Abramson, 1962) or
/x/, were likely more difficult to control because the back of the tongue had slower movement
compared to the tongue tip used in more forward places of articulation (Hardcastle, 1973). The
slower speed may have made the /kʰ/ and its variants in short vowels undershoot. Further
speculations are beyond the scope of this paper.
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CHAPTER 3.

THE BOUNDARY-INDUCED MODULATION OF OBSTRUENTS AND
TONES IN THAI

Alif Silpachai
Department of English, Iowa State University, Ames, Iowa 50011, USA

Modified from a manuscript to be submitted to the Journal of Phonetics or a similar journal.

Executive Summary
What This Research Was About and Why It Is Important
This study was about domain-initial strengthening (DIS). An example of DIS is the production of
/t/ after a prosodic boundary in many languages including English. This sound is often produced
with greater strength when the boundary is at a high prosodic level (e.g., intonational phrase
level) compared to a lower prosodic level (e.g., word level). In particular, the tongue may push
against the alveolar ridge with greater strength and/or the tongue may stay at the alveolar ridge
longer at a high prosodic level compared to a lower prosodic level. Research on DIS allows for a
better understanding of the interface between prosody and phonetics. One main problem in this
area of research is that limited research has suggested that DIS does not only affect consonants,
but it also affects tones (i.e., tones undergo DIS). If this is true, then the domain of DIS should be
larger than previously thought given that the domain of where a tone occurs within a syllable is
larger compared to the domain of where an onset consonant occurs within a syllable. To address
this problem, I examined whether DIS affects tones.
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What The Researcher Did
•

I analyzed monosyllabic words produced by 26 native speakers of Central Thai.

•

These words had /b/, /p/, /pʰ/, or /f/ as the onset consonant, /aː/ as the vowel, and bore the
falling tone, the mid tone, or the low tone.

•

The words were elicited in intonational phrase-initial and word-initial positions, which
were domain-initial and domain-medial positions respectively.

•

I measured the maximum pitch (maximum f₀) of each tone, the Voice Onset Time (VOT)
of each stop, the frication duration of /f/, and consonant-induced pitch perturbations
(CF0).

What The Researcher Found
•

I did not find evidence of DIS effects on tones. This was because I found that the
maximum f₀ at the intonational phrase level was lower compared to the word level
regardless of the type of the tone from which the maximum f₀ was taken.

Things to Consider
•

Previous claims that DIS affects tones should be reexamined.

•

What appeared to be DIS effects on tones in previous research may be partial declination
reset, which is a more known phenomenon compared to DIS effects on tones.
Abstract
Limited studies have suggested that tones can be strengthened in domain-initial positions,

suggesting that domain-initial strengthening (DIS) effects in a tone language extend beyond the
first segment of a prosodic domain. However, these studies have presented conflicting results.
This study investigates whether DIS causes boundary-induced changes in tones. This study
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analyzed the maximum fundamental frequency (f0) of the falling, mid, and low tones in Thai
along with acoustic measures of consonants, including the Voice Onset Times of /b/, /p/, /pʰ/, the
frication duration of /f/, and the consonant-induced f0 perturbation effects associated with these
four consonants in domain-initial and domain-medial positions. No evidence for DIS effects on
tones was found, suggesting that DIS effects in a tone language do not extend beyond the initial
segment of a prosodic domain. The findings contribute to the current understanding of the
prosody-phonetics interface.
Introduction
Domain-initial strengthening (DIS, Cho, 2016; Kim et al., 2018) is a phonetic modulating
tendency in which the segments at the left edge of a high-level prosodic domain tend to be
spatially and/or temporally produced with greater strength compared to their counterparts in a
lower level prosodic domain (see Cho, 2016 and Keating, 2006 for a review), that is, domaininitial segments tend to be produced stronger compared to domain-medial ones (e.g., Cho &
Keating, 2001; Kim et al., 2018). Cho (2016) suggested that the stronger production may reflect
an increase in muscular effort (citing Delattre, 1941, and Fougeron, 1999) and/or respiratory
force (citing Ladefoged, 1967; Ladefoged & Loeb, 2002) associated with the initial position.
Articulatorily or acoustically, examples of DIS include more linguopalatal contact (e.g., Cho &
Keating, 2009; Fougeron & Keating, 1997), more displacement (Cho, 2006), lengthened Voice
Onset Time (VOT) (e.g., the aspirated /t/ in English and Korean, Cho & Keating, 2001, 2009),
itself may be an acoustic correlate of larger glottal abduction gesture (Cho & Keating, 2001;
Cooper, 1991), and lower RMS values for /h/ (Pierrehumbert & Talkin, 1992).
Research on DIS enhances the current understanding of the prosody-phonetics interface
(Cho, 2006; Cho & McQueen, 2005), as the current understanding is still at “an embryonic
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stage” (Cho, 2016, p. 136). In his review of DIS, Cho (2016) indicated that one question that the
interface is concerned with is how the language-specific prosodic structure of a language
modulates the phonetic implementation of the phonological representations of the language,
whereas the other question is how the lower-level phonetic detail informs the prosodic structure
(e.g., how DIS-induced segmental changes modulate word recognition) (Cho et al., 2007). In
other words, as Cho (2016) suggested, the modulation of the phonetic level by the higher level
may serve a linguistic purpose, which can be understood in terms of syntagmatic versus
paradigmatic enhancement implemented in language-specific ways on segments. Research on
DIS also allows for a better understanding of the universal and language-specific mechanisms of
DIS itself (Cho, 2016) and the voicing contrasts of the languages around the world (Cho et al.,
2019), given that DIS modulates voicing contrasts.
Although much research on DIS is still needed, one central issue of DIS is the extent to
which DIS effects are present beyond the initial segment of a prosodic domain (Cho, 2016).
The Domain of DIS
Previous studies on nontonal languages have shown that DIS effects are present in
segments adjacent to a boundary and subsequent segments, but the effects on the subsequent
segments are weaker or unobservable. For example, Cho and Keating (2009) showed that the
consonants in /nɛ/ and /tɛ/ in English exhibited more strengthening in multiple articulatory and
acoustic measures in a domain-initial position compared to a domain-medial position, whereas
only the amplitude of the vowel was increased domain-initially. Byrd and Choi (2010) observed
that the first and second consonants of the /sp/, /sk/, and /kl/ onset consonant clusters in
American English were lengthened in a domain-initial position compared to a domain-medial
position, but the boundary effects on the second consonants were weaker (graded). Similarly,
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Bombien et al. (2013) observed that the first consonants of the clusters /ps/, /pl/, /ks/, and /kl/ in
German were lengthened in a phrase-initial position compared to a phrase-medial position.
However, DIS did not affect the second consonants in all clusters except /kl/.
These observations can be explained using Articulatory Phonology (Browman &
Goldstein, 1986, 1988, 1989, 1990, 1992, 1995, 2000) (see Pouplier, 2020, for a recent review).
Byrd and Saltzman (2003) suggested that DIS phenomena, though not all DIS phenomena, can
be understood as stemming from a prosodic gesture (π-gesture) locally slowing gestural
constrictions and gestural coordination at a boundary (see Krivokapić, 2020, for a review). As
further elaborated by Krivokapić (2020), π-gestures do not have a constriction target, but rather a
temporal target, and they are coordinated with other gestures. The π-gesture’s goal is to locally
slow the clock that controls the time course of constriction gestures. Thus, a constriction gesture
that is active with a π-gesture will start later compared to a constriction gesture without a πgesture. This makes gestures at boundaries (e.g., consonant gestures in VC#CV) lengthened and
less overlapped compared to when there is no boundary. Thus, longer VOT at a domain-initial
position, for instance, can be predicted presumably because of the slowing of the glottal
abduction gesture.
More specifically, the lengthening of the consonant in a CV syllable or the first
consonant in a CCV syllable occurs because these consonants are closest to the boundary and
thus are most influenced by clock-slowing of the π-gesture (Byrd & Choi, 2010; Cho, 2016). The
vowel in either syllable type is only minimally, if at all, affected by the π-gesture; however, the
vowel instead may be affected by a modulation gesture called a μ-gesture which gives rise to
prominence-related strengthening (Cho, 2016).
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It is unclear, however, whether this hypothesis (henceforth the π-gesture proximity
hypothesis) can explain the domain of DIS in tone languages. A prediction based on this
hypothesis is that tone and nontonal languages should not exhibit different DIS effects; thus, the
domain of DIS should largely be confined to the initial segment of a prosodic domain regardless
of whether a language is tonal. Although this prediction has been supported by Keating et al.
(1999, 2003), who compared DIS effects of Taiwanese to those of nontonal languages and
observed no difference, support for this prediction becomes less clear when tones are considered.
This is because it is unclear whether DIS modulates tones (henceforth the tonal DIS hypothesis).
If such modulation is possible, then the domain of DIS should be predicted to be larger in a tone
language compared to a nontonal language given that the DIS effect is present beyond the first
segment after a boundary.
In her study of Taiwanese, Pan (2009) claimed that the tones underwent initial
strengthening. However, it was unclear what predictions could be derived from this claim; thus,
it remains obscure whether the tonal DIS hypothesis was supported. Part of the obscurity is
because the tonal DIS hypothesis was not clearly framed. To frame the hypothesis better, it
might be necessary to assume that tones are similar to consonants; thus, tones should be similarly
strengthened in a domain-initial position compared to consonants.
However, different predictions can be made from the tonal DIS hypothesis depending on
how tones are viewed relative to tautosyllabic onset consonants. In Articulatory Phonology, Gao
(2008) and Zhang et al. (2019), among others, suggested that tone gestures behave similarly to a
consonant gesture such that the clocks associated with the tone gestures are coupled antiphase to
the clocks associated with consonant gestures. In other words, Gao (2008) and Zhang et al.
(2019) suggested that a tone gesture and a tautosyllabic consonant gesture are organized in a
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manner similar to the organization between two adjacent consonant gestures, such as those in a
CCV syllable, so that the beginnings of a tone and a consonant are not produced at the same time
(i.e., the consonant and tone gestures are organized sequentially). If true, the π-gesture proximity
hypothesis should be applicable to tone gestures. One prediction, therefore, is that the boundary
will not affect the production of a tone in domain-initial positions. This includes the height of the
tone, given that the tone is largely outside the influence of the π-gesture. Thus, the height of a
tone in a domain-initial position should not be different from its counterpart in a domain-medial
position. This prediction is based on the premise that the slowing effects of the π-gesture can
make a gesture overshoot. Given that the π-gesture is sufficiently distant from the tone gestures
in both domain-initial and medial positions, the tone gestures should not undergo overshoot.
Another prediction is that the tone in a CV syllable in a tone language should not be
greatly lengthened in a domain-initial position, given that the tone gesture is assumed to be
similar to the second consonant of a CCV syllable in a nontonal language (Gao, 2008; Zhang et
al., 2019). This prediction should then resemble the observations of the CCV syllables in
Bombien et al. (2013) and Byrd and Choi (2010). However, the tone in the domain-initial
position should start later compared to its counterpart in the domain-medial position. This is
because the π-gesture slows the clock associated with the onset consonant gesture at the higher
prosodic level, which lengthens the consonant. The lengthening, in turn, delays the tone gesture,
which is organized sequentially relative to the consonant gesture. The effect on such a
consonant-tone chain is analogous to the first car of a two-car train being lengthened, which, in
turn, delays the starting time of the second car. Indirect support for this prediction can be found
in previous studies that reported that voiceless stops had longer VOTs (e.g., Cho & Keating,
2001, 2009) and that voiceless fricatives had longer frication (Kuzla et al., 2007) in a domain-
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initial position compared to a domain-medial position. The longer VOTs and frication reflect the
lengthening of the obstruents.
Another prediction, which was not examined in the present study, is that the first tone
gesture of a contour tone which is analyzable as a sequence of tone gestures (e.g., HL or LH,
Gao, 2008), borne by syllables with vowel initials (syllables with no onset consonants) should be
lengthened in a domain-initial position compared to a domain-medial position, whereas the
second tone gesture of the contour tone should not undergo great DIS-induced lengthening.
However, evidence for this prediction may be difficult to find given that, to my knowledge, in
many, if not most tone languages, including Mandarin (Sheng, 1990) and Thai (Harris, 2001), an
onset glottal stop is produced with what would otherwise be vowel initials. Thus, syllables that
truly lack an onset consonant in many tone languages may be difficult to find. Nevertheless, the
prediction is worth mentioning.
Note, however, that the hypothesized antiphase coupling mode might require further
investigation. It remains unclear whether this hypothesis holds across tone languages. The
observations of onset consonants and tones across syllable types in Thai by Silpachai (2014) did
not consistently match the predictions of this hypothesis. This might have been due to languagespecific effects. Research on nontonal languages has suggested that coupling modes may be
language-specific. The coupling relations between the consonant clusters in /s/CV syllables in
English differ from Italian (Hermes et al., 2013). Although more research on this hypothesis is
generally needed for tone languages (Pouplier, 2020), the suggestion that coupling modes
between consonants and tones might be language-specific may be a possibility.
One can assume that in some tone languages, consonant and tones gestures are coupled
inphase; thus, a tone gesture and an onset consonant gesture should overlap and begin
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simultaneously. One prediction derivable from this coupling hypothesis is that tones should be
strengthened such that their strengthening pattern resembles the first segment of a prosodic
domain, e.g., the C of a CV syllable. Thus, just as a consonant is predicted to be lengthened after
a high-level boundary (Bombien et al., 2013; Byrd & Choi, 2010), a tone too should be
lengthened in domain-initial positions.
Another prediction might be that the height of a tone will resemble the voicelessness of
an onset obstruent when the obstruent is driven by paradigmatic enhancement. According to Cho
(2011, 2016), among others, paradigmatic enhancement, as opposed to syntagmatic
enhancement, increases the phonemic distinction between two segments that can substitute each
other in a given context. This enhances the distinctive feature of a domain-initial segment and
that of another domain-initial segment. For example, according to the maximal polarization or
partial polarization pattern in Kim et al. (2018), a prevoiced stop either has longer prevoicing or
remains the same, whereas a voiceless aspirated stop has longer aspiration. An example in a tone
language can be found in Hsu and Jun’s (1998) study of Taiwanese which found that the VOT of
/b/ suggested longer voicing, the VOT of /kʰ/ suggested longer aspiration, and the VOT of
unaspirated /t/ suggested no change in domain-initial positions compared to domain-medial
positions. Thus, if the height of a tone resembles the voicelessness of a stop (observable as the
stop’s release-to-voicing lag) in a language comparable to Taiwanese, then in domain-initial
positions, a high tone should higher, a mid tone should remain unchanged, whereas lower tone
should become lower.
These predictions may have been confirmed in Cao and Zheng (2006), who suggested
that in Mandarin, although postboundary fundamental frequency (f0) level was generally higher
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compared to its preboundary counterpart, the postboundary f0 level of Tone 3 (213), a lower tone
compared to the other tones, was lower compared to its preboundary counterpart.
However, it largely remains unclear the extent to which previous findings can be used to
verify these predictions. Previous DIS studies on tone languages have generally shown mixed
findings. In Pan’s (2009) second experiment in which declination effects were controlled for, she
observed that prosodic level affected postboundary tones; however, the effects were not
cumulative, suggesting that tones were not strengthened in a similar manner to consonants in
domain-initial positions. The maximum and minimum f0 values of postboundary tones did not
increase as the prosodic level was higher, e.g., the values at the IP level and the syllable level
were higher than the values at the word level.
Additionally, the first experiment of Pan (2009), in which declination effects were not
controlled for, showed that the maximum f0 of the high falling tone varied as a function of DIS,
but no DIS effects were found for the low-falling tone for two of the three speakers. Because the
results may have been obscured by declination effects, as suggested by Pan (2009) herself, it
remains unclear whether the results can be used to support the tonal DIS hypothesis. Despite the
results of both experiments that did not clearly support the tonal DIS hypothesis, Pan (2009)
suggested that the tones exhibited initial strengthening. Adding to the obscurity was her
discussion of the results in terms of postboundary f0 reset, which is arguably different from DIS
(discussed more below).
Although the findings of Cao and Zheng (2006) can also be used to support the tonal DIS
hypothesis, they ultimately did not report whether there was a greater difference between Tone 3
and the other tones in domain-initial positions. Instead, their results suggested that declination
reset (in the sense of Ladd, 1984, 1988) may have caused the boundary-induced tonal changes in

77
their study. The reset, if framed as a hypothesis (henceforth the declination reset hypothesis),
would predict a general phonetic phenomenon in which the f0 starts at a higher position after a
boundary compared to when no boundary is present (Ladd, 1984, 1988). Based on the data
selected from a discourse corpus and an EPG speech corpus, Cao and Zheng (2006) showed that
the postboundary pitch level was higher in a domain-initial position compared to a domainmedial position. Their reported mean f0 values also suggested that postboundary pitch reset
showed a higher value at a higher prosodic level compared to lower prosodic levels:
postboundary pitch level and range were higher and larger compared to their preboundary
counterparts, and this difference was larger in a domain-initial position.
More support for the declination reset hypothesis might be found in the study on
Mandarin by Li (2015), who observed that the f0 of the vowels in /ti/ and /ta/ was higher in a
domain-initial position compared to a domain-medial position. Li (2015) did not suggest that this
change in f0 was evidence for DIS effects on tones. Instead, he suggested that the change was
pitch reset, following Garellek’s (2014) terminology which specifically referred to declination
reset in the sense of Ladd (1984, 1988). Note, however, that although multiple tones were used in
Li (2015), Tone 4 “was used in most cases” to examine boundary-induced declination reset (p.
372). Thus, as his study was not designed to systematically test the tonal DIS hypothesis, it
remains obscure if the declination reset hypothesis or the tonal DIS hypothesis could better
explain the results.
This Study
To address the puzzle surrounding the domain of DIS in a tone language, this study tested
the tonal DIS hypothesis in a tone language with a three-way laryngeal contrast in which the
phonetic correlates were expected to exhibit a paradigmatic enhancement pattern resembling the
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results of Taiwanese in Hsu and Jun (1998). As stated above, predictions derivable from the
tonal DIS hypothesis depend on whether a tone gesture is assumed to be coupled antiphase to a
tautosyllabic onset consonant gesture or whether the coupling is assumed to be inphase.
Regardless of the assumption, both posit that DIS similarly affect tones and consonants, that is,
the phonetic correlates of tones should be lengthened and/or paradigmatically enhanced in a
similar manner to the phonetic correlates of consonants in domain-initial positions. The tonal
DIS hypothesis contrasts the declination reset hypothesis, which does not assume any behavioral
similarity between tones and consonants in the context of DIS. Thus, if this alternative
hypothesis is true, the phonetic correlates of tones should not be similar to the correlates of
consonants.
To verify the predictions of these hypotheses, this study examined maximum f0 values,
VOT, frication duration, and consonant-induced fundamental frequency perturbation (CF0, Di
Cristo & Hirst, 1986; Kirby & Ladd, 2016) in words with labial and labiodental onset consonants
differing in laryngeal configurations (/b/, /p/, /pʰ/, and /f/), bearing either the falling tone, mid
tone, or low tone (Abramson, 1962; Morén & Zsiga, 2006) in Thai for which the Chao letters
(Chao, 1930) are 51, 32, or 21 respectively (Gandour, 1979) in two prosodic positions which
were IP-initial (IPi) and word-initial (Wi) positions. These onset consonants and tones were
included because these sounds formed more real words compared to other onset consonants and
tones. Three levels of tones were also included because this allowed for determining whether the
height of a tone was analogous to the voicelessness associated with each of the three laryngeal
configurations used in each obstruent.
Unlike most previous DIS studies, this study only included two prosodic levels.
intonational phrase (IP) and word levels were chosen because previous DIS studies have
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suggested that, whereas talkers may exhibit different pairwise distinctions between two prosodic
levels in their DIS patterns, they were likely to consistently distinguish IP and word levels (e.g.,
Cho & Keating, 2001; Fougeron & Keating, 1997), presumably because these levels are
sufficiently far apart in the prosodic hierarchy. In addition to helping minimize speaker variation,
the hypothesized consistent IP-word level distinction was to ensure that DIS effects would occur,
which in turn would help ensure that potential DIS-induced changes in maximum f0, VOT,
frication duration, and CF0 patterns would occur.
Given that the tonal DIS hypothesis was framed around the assumption that tones behave
similarly to consonants, more than one phonetic measure of consonants was examined to
minimize measure-specific effects. Thus, in addition to VOT which has often been included in
previous DIS studies (e.g., Cho & Keating, 2001, 2009; Hsu & Jun, 1998), this study examined
CF0. This study also followed Pan (2009) in using maximum f0 as a correlate of tones, although
her study also included minimum f0.
CF0 was also included because examining this phonetic parameter may provide insights
into universal and language-specific mechanisms underlying laryngeal contrast (Cho et al.,
2019). In their review of laryngeal contrasts in 19 languages, Cho et al. (2019) noted the
potential importance of CF0 in uncovering universal and language-specific mechanisms
underlying laryngeal contrast. They stated that the CF0 studies discussed in their review imply
that “languages may employ a similar VOT pattern, but the combination of VOT and CF0
reveals cross-linguistic variation that might disentangle language specificity (and speaker
specificity) from universally-applicable mechanisms that may involve phonetic voicing contrast
in the world’s languages” (p. 58). Within the context of DIS, Cho et al. (2019) suggested that to
gain insight into universals and variation of voicing contrasts, attention must be paid to how
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phonetic parameters beyond VOT, such as CF0, prosodically strengthen phonological voicing
contrasts.
The predictions of CF0 were as follows. If the consonant-to-tone coupling mode was
assumed to be antiphase, the temporal extent of CF0 effects should be diminished later at the IP
level compared to at the word level. This is because the tone gesture in a CV syllable at the IP
level should begin later at the IP level compared to the word level due to the lengthening of the
tautosyllabic consonant gesture (recall the two-car train analogy mentioned above). Therefore,
this delaying of the tone gesture at the IP level should give rise to the CF0 effects disappearing
later at the IP level compared to at the word level.
In contrast, if the consonant-to-tone coupling mode was inphase, the CF0 effects were
expected to be analogous to VOTs. Previous observations that showed that CF0 effects
corresponded to the laryngeal type of a stop in that voiceless stops (having long VOTs) showed
higher following f0 compared to voiced stops (having short VOTs) (Hombert et al., 1979), with
aspirated stops (having VOTs longer compared to unaspirated stops) showing higher following f0
in Thai (Kirby, 2018a). Thus, comparing the IP level with the word level, the f0 following /pʰ/
was predicted to be higher, whereas the f0 following /b/ was predicted to be lower; however, the
f0 following /p/ was predicted not to show any effects of prosodic level. These predictions were
based on the premise that if supralaryngeal muscles are strengthened (e.g., more displacement) in
domain-initial positions as the literature on DIS suggests, the laryngeal muscles that control CF0
(see Hombert et al., 1979) should also be strengthened in domain-initial positions. An alternative
premise was that if these laryngeal muscles are not strengthened, that is, if aerodynamics drive
CF0 instead (Erickson & Abramson, 2013), then the muscles responsible for controlling the
aerodynamics that drive CF0 should be strengthened instead.
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Lastly, the inclusion of /f/ allowed for determining whether the frication duration and the
CF0 of /f/ resembled the correlates of the high tone more compared to the VOT and CF0 effects
of /p/ or /pʰ/. Presumably, the same paradigmatic enhancement that would drive DIS-induced
changes in /b/, /p/, and /pʰ/ would not drive DIS-induced changes in /f/, given that unlike the
voiceless bilabial stops, the fricative lacked a voiced counterpart and an aspirated counterpart
because /v/ and /fʰ/ are not phonemes in Thai. Whereas paradigmatic enhancement serves to
maximize the phonemic distinctions among the bilabial stops in domain-initial positions, the
same enhancement serves no purpose in distinguishing /f/ from other homorganic fricatives that
are absent in the language. Note that this is not to suggest that /f/ would not exhibit any DIS
effects. Instead, these effects may occur, but they might not be attributable to paradigmatic
enhancement. Thus, the inclusion of /f/ allowed for determining whether paradigmatic
enhancement would drive DIS-induced changes in the high tone, and, by extension, in the other
tones.
Furthermore, this does not imply that DIS-induced changes in /f/ would not resemble
those in /p/ or /pʰ/. In terms of duration, /f/ may be lengthened in a domain-initial position
compared to a domain-medial position. Kuzla et al. (2007) observed that German fricatives were
lengthened in domain-initial positions. In terms of CF0 effects, /f/ may exhibit effects that
resemble those of /p/. Halle and Stevens (1971) implied that both voiceless fricatives and
voiceless stops have stiff vocal folds that raise the following f0 in the vowel, and the aspirated
counterparts of these have spread glottis. This also presumably affects the following f0 in a
similar manner. Alternatively, the f0 following /f/ may resemble the f0 following /pʰ/. The
tonogenesis literature suggests that syllables with voiceless fricative onset consonants in Thai
developed tones in a similar, if not the same, way as syllables with voiceless aspirated stop onset
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consonants (Pittayaporn, 2009). This suggests that these voiceless fricative and aspirated stop
onset consonants exhibited similar CF0 effects before becoming lexicalized.
Methodology
Participants
Twenty-six native speakers of Central Thai (Siamese) were asked to produce the stimuli.
Fifteen of the speakers were female, whereas the other eleven were male. The mean age was
40.15 years old (SD = 13.70 years old). None of them were younger than 18 years old. Twentyfour of the participants were born in Chonburi and had lived in the province up to the time of
recording. The other two participants, aged 24 and 28, were born in Chachoengsao and Trat but
moved to Chonburi at the age of 15 and 11 respectively. None reported speaking other Thai
dialects or languages of Thailand. One male (aged 50) reported having passive knowledge of the
Chaozhou dialect of Chinese. Five reported having studied English in primary and/or secondary
school but were not fluent in the language. One female (aged 61) reported having used English
while being a foreign university student in India in her twenties and while visiting her family in
the US especially starting from her early forties. She, however, was not fluent in English. One
18-year-old female reported having taken Japanese courses.
Stimuli
The stimuli, presented in Table 1, were monosyllabic words having /b/, /p/, /pʰ/, or /f/ as
the onset consonant, /aː/ as the vowel, /m/, /n/, /ŋ/, or nothing as the coda consonant, depending
on whether it formed a real word, and the falling (51), mid (32), or low (21) tone (Abramson,
1962; Gandour, 1979) as the tone. However, data with the low tone were only included in the
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final analysis of maximum f0 values because this tone could not be combined with /pʰ/ and /f/ to
form real words.
Table 1. Words used as the stimuli. Tone values are based on Gandour (1979)
Number
1
2
3

Onset consonant
/b/

Tone
falling
low
mid

IPA
/bâːn51/
/bàːŋ21/
/bāː32/

Gloss
house
Sunda flying lemur
bar

/pâː51/
/pàː21/
/pāːn32/

aunt
jungle
birthmark

4
5
6

/p/

falling
low
mid

7
8

/pʰ/

falling
mid

/pʰâː51/
/pʰāːn32/

cloth
tray

9
10

/f/

falling
mid

/fâː51/
/fāːm32/

ceiling
farm

To elicit words in IPi and Wi positions which served as domain-initial and domainmedial positions, respectively, the stimuli were placed in two carrier sentences, as shown in
Table 2. The carrier sentence used to elicit words in the IPi position was modelled after the one
used in the Taiwanese study of Hayashi et al. (1999). In this carrier sentence, the target words
followed a boundary placed after a vocative expression containing the personal name, Bun Mi
(/būn32.mīː32/). The boundary was often accompanied by or realized as a pause. The target words
served as the subject of the sentence in the rest of the carrier sentence. In the carrier sentence
used to elicit words in the Wi position, in contrast, the target words were placed after the verb
/mīː32/ (“has”), which was preceded by a personal name, Bun (/būn32/), that served as the subject
of the whole sentence. The target words in this position served as the objects of the verbs. To
minimize length effects, both carrier sentences had six syllables, and to avoid tonal
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coarticulatory effects with the target words, the syllables adjacent to the target words of both
carrier sentences had the mid tone.
Table 2. Carrier sentences used to elicit intonational phrase-initial (IPi) and word-initial (Wi) or
the domain-initial position and the domain-medial position respectively
Position
Intonational
phrase-initial
(IPi)
Word-initial
(Wi)

Carrier sentence
/būn32.mīː32, _____ ʔāː32 jùː21 tʰîː51 nîː51/
/būn32 mīː32 _____ māː32 nāːn32 lɛ́ːw45 náʔ45/

Meaning
Bun Mi, (my/your/our)
uncle/aunt’s _____ is over
here.
Bun has had (this) _____ for a
while now.

Procedure
The recordings were completed in a sound-attenuated room designed for musical
purposes in Amphoe Mueang Chonburi, which is the capital district of Chonburi, Thailand. Only
one participant and the author, also a native speaker of Thai, were present in the room. The
participants signed a consent form and completed a demographic questionnaire, asking about
their age, gender, city of birth in Thailand, city where they grew up, and whether they spoke
other languages. The participants sat in a chair facing a laptop computer screen controlled by the
author and wore a Shure SM10A-CN headset microphone connected to a Marantz PMD660/U3B
hand-held recorder sampled at 44.1 kHz. They were asked to read 10 warm-up sentences that did
not contain any of the target words used in the stimuli (cf. Kirby, 2018a). To ensure that their
recordings sounded natural, the participants were asked to read as naturally as possible and read
as if they were speaking to their families.
After the warm-up sentences, the participants were first presented with six blocks of
target words embedded in two carrier sentences presented in Table 2. Thus, each block
comprised 20 randomized sentences, so that each block contained two instances of each target
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word, and both carrier sentences containing the target words were randomly presented in the
same block. After the sixth block, the participants were presented with the target words in
isolation repeated eight times in a randomized order and in blocks (e.g., the randomized words
were blocked by each repetition). They were instructed to repeat their reading if the author had
detected unnaturalness in their production. The recordings resulted in 5 200 items (10 words ✕ 2
carrier phrases ✕ 6 repetitions ✕ 26 speakers) + (10 words ✕ 1 isolation ✕ 8 repetitions ✕ 26
speakers). The data based on words in isolation were excluded from the final analysis because
these were for a separate study.
Data Analysis
The author analyzed the data largely using the methods outlined in Silpachai (2020).
Using Praat version 6.1.16 (Boersma & Weenink, 2020), the segments of the target words were
manually labeled except for the onset of /f/. The release of all stops was identified and marked on
Praat’s point tier TextGrids, and the onset of prevoicing of /b/ was identified and marked. As for
/f/, whereas the offset of the frication was manually identified and marked, the onset of the
frication was identified and marked using Montreal Forced Aligner (McAuliffe et al., 2017)
because the onset had proven too difficult to identify manually. Thus, the results based on the
frication duration of /f/ must be considered with caution.
After the identification and marking, 49 points that were 5 ms apart were added to each
TextGrid using MATLAB (The MathWorks, 2019). The first of these points started 5 ms after
the manually marked release of closure. The onset of voicing in the vowels was defined as the
first glottal pulsing which was detected with a Praat script that used the autocorrelation method, a
5 ms frame duration, a minimum pitch of 50 Hz, and a maximum pitch of 500 Hz. However, to
ensure better pitch detection, the voicing threshold setting was lowered to 0.01 for /f/, /b/, and
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/p/. The default threshold (0.45) was used for /pʰ/. Francis et al. (2006) suggested that prominent
f0 changes in a tone language likely appeared in the first 30-50 ms of the vowel, and timepoints
later than this range allowed for an examination of the temporal extent of CF0. Thus, the
timepoints at which the f0 was measured, except for 0 ms into the vowel (the onset of voicing) in
their study, were the same as those in the present study. These timepoints were and 10, 20, 40,
70, and 100 ms into the vowel. The exclusion of 0 timepoint was because the release burst of
nonaspirated stops (unaspirated and voiced stops) may have obscured the pitch. However, this
timepoint was used to detect incorrect measurements.
To detect incorrect measurements from the Praat scripts, the following methods were
used. The f0 measured at 0, 10, 20, 40, 70, and 100 ms into the vowel by the Praat scripts were
separately examined using R’s boxplot function (R Core Team, 2020). It was assumed that
outliers detected by the function were potentially incorrect measurements. Given individual
variation in pitch production, the data for each timepoint were further separated by speaker
during the examination. If outliers were detected, manual corrections were made using Praat.
Then, still using the boxplot function, in the next rounds of examination, the data of each
timepoint were separated by speaker and onset consonant type (/b/, /p/, /pʰ/, /f/), speaker and tone
(falling, mid, low), and speaker and carrier sentence type (IPi, Wi) to find outliers to manually
correct. In every round of examination, the boxplot function was used repeatedly until no other
outliers were found and no further manual corrections were required. The next method computed
the standard deviation for the first two timepoints and then for all six timepoints in each file. The
outliers of these standard deviations were then detected using R’s boxplot function, and the files
corresponding to detected outliers were manually inspected and corrected if needed. Like the
previous method, the boxplot function was used repeatedly until no other outliers were found.
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Another method was used to manually inspect files with a 0 timepoint in unlikely places, and
those that deviated from the 0 timepoint of files with the same onset consonant type, e.g., a 0
timepoint that began unusually late for nonaspirated consonants was inspected. This method also
relied on R’s boxplot function to find such 0 timepoint with unusual beginning places. To ensure
the effectiveness of these methods, a small sample of each onset consonant type that was not
detected as outliers using these methods, that is, the “good” data, was spot-checked for manual
inspection. No other incorrect measurements were found in this inspection. Manually corrected
data accounted for 19.81% of the dataset. Timepoints with excessive creakiness, that is, points at
which f0 could not be measured, were excluded from the final analysis. Twelve files showing
excessive creakiness at all six timepoints were removed; these accounted for 0.23% of the
dataset. To make cross-subject comparisons possible, accounting especially for gender
differences, the f0 measurements were converted to semitones relative to speaker-specific means,
an approach used in Kirby (2018a).
Results
Linear mixed-effects models were used to analyze the data using primarily the packages
lme4 (Bates et al., 2015), car (Fox & Weisberg, 2019), and emmeans (Lenth, 2020) in R (R
Core Team, 2020). The effects were estimated using restricted maximum likelihood (REML).
However, to select the best model, different models were refitted with maximum likelihood
(ML) and compared with each other at a .05 level of significance using Akai’s information
criterion (AIC). For post-hoc pairwise comparisons, emmeans (Lenth, 2020) was used with the
models. Adjusted p-values were computed using the Tukey method, and degrees of freedom
were approximated with the Satterthwaite method. All figures displaying the VOT, frication
duration, and CF0 results were modified from the R code found in Kirby (2018b).
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For brevity, this section only reports the results that were significant and/or relevant to
the hypotheses tested in this study.
Postboundary − Preboundary Maximum f0 (The Height of Tones)
Figure 1 summarizes the results of the difference between the maximum f0 value of the
tone of the target word which was the postboundary syllable and the maximum f0 value of the
preboundary syllable /mīː³²/ (henceforth postboundary − preboundary maximum f0) in the IPi and
Wi positions. The results suggested that the postboundary − preboundary maximum f0 values in
the IPi position were lower than their counterparts in the Wi position regardless of the tone of the
target words, with the mid and low tones showing more negative postboundary − preboundary
maximum f0 values.
A mixed-effects model that had the best fit was one in which the fixed effects were
position (IPi, Wi) and postboundary tone (falling, mid, low) and in which the random effects
were intercepts for speaker and by-speaker random slopes for the effect of tone. The results of
the model are presented in Table 3. The results suggested that position significantly interacted
with postboundary tone, χ²(2) = 51.56, p < .001.
This interaction was further analyzed using post-hoc (Tukey) tests with adjusted p-values.
The results suggested that in both the IPi position and the Wi position, the postboundary −
preboundary maximum f0 of one postboundary tone was significantly different from the
postboundary − preboundary maximum f0 of the other postboundary tones (ps < .001), with the
value of the postboundary falling tone being higher compared to that of the postboundary mid,
which was, in turn, higher compared to that of the postboundary low tone. The results also
indicated that in every postboundary tone, the postboundary − preboundary maximum f0 in the
IPi position was significantly lower compared to its counterpart in the Wi position (ps < .001),
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suggesting that the height of maximum f0 of each tone was lower in the IPi position compared to
the Wi position.

Figure 1. The difference between the maximum f0 value of the falling, mid, or low tone of the
target word (i.e., postboundary syllable) and the maximum f0 value of the preboundary syllable
/mīː³²/ (in semitones) averaged over all speakers in the IPi position (left panel) and the Wi
position (right panel). Error bars indicate standard errors.
Table 3. Linear mixed effect model for the difference between the maximum f0 value of the
falling, mid, or low tone of the target word (i.e., postboundary syllable) and the maximum f0
value of the preboundary syllable /mīː³²/ (in semitones) in each domain-initial position
Overall model fit: R² = .85
Fixed effect
position
postboundary tone
position × postboundary tone

χ²
278.95
1175.45
51.56

df
1
2
2

p
< .001
< .001
< .001
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VOT
The VOT distributions in each domain-initial position are presented in Figure 2, and the
descriptive statistics for VOT distributions (in ms) pooled over all tokens from all speakers are
shown in Table 4. A mixed-effects model was fitted for the stops. The fixed effects were onset
consonant (/b/, /p/, /pʰ/) and position (IPi, Wi), and the random effects were intercepts for
speaker and by-speaker random slopes for the effect of onset consonant. This model was chosen
because a model with the same effects but had an interaction term between onset consonant and
domain-initial position was not a better fit.
The results of the mixed-effects model predicting VOT (in ms) for each of the fixed
effects are presented in Table 5. The results showed a significant effect of onset consonant, χ²(2)
= 1453.37, p < .001. Thus, the VOTs of the voicing categories were different from each other
regardless of the domain-initial positions in which they occurred. The results, however, showed
that the VOTs in the IPi position were not different from those in the Wi position.
Post-hoc (Tukey) comparisons with adjusted p-values showed that the VOT value of /b/
was significantly lower (having more negative values) compared to the VOT of the /p/ (β = 80.9, p < .001) and /pʰ/ (β = -117.90, p < .001), and the VOT of /p/ was significantly shorter
compared to the VOT of the /pʰ/ (β = -37.00, p < 0.001).
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Figure 2. VOT distributions for /b/, /p/, and /pʰ/ averaged over all speakers in the IPi position
(top row) and the Wi position (bottom row)

Table 4. Descriptive statistics for VOT distributions (in ms) pooled over all tokens from all
speakers
Onset consonant Position
IPi
/b/
Wi

Mean
-79.92
-71.02

SD
29.39
12.60

SE
1.66
0.71

/p/

IPi
Wi

4.87
6.03

3.96
4.23

0.22
0.24

/pʰ/

IPi
Wi

49.02
35.91

22.32
24.32

1.26
1.38
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Table 5. Linear mixed effect model for /b/, /p/, and /pʰ/
Overall model fit: R² = .90
Fixed effect
χ²
onset consonant
1453.37
position
1.77

df
2
1

p
< .001
.184

Frication Duration
The frication duration of /f/ in each domain-initial position is presented in Figure 3, and
the corresponding descriptive statistics (in ms) pooling over all tokens from all speakers are
shown in Table 6. A mixed-effects model was fitted. The fixed effect was position (IPi, Wi), and
the random effects were intercepts for speaker and by-speaker random slopes for the effect of
position.
The results of the mixed-effects model predicting the frication duration of /f/ (in ms) are
presented in Table 7. The results showed a significant effect of position, suggesting that the
frication of /f/ in the IPi position is significantly longer compared to in the Wi position.
However, the low overall model fit (R² = .46), compared to that of the model fit for VOT
distribution in the previous section (R² = .90), explained 46% of the changes in the frication
duration. Thus, the results must be considered with caution. The low R² value, to some extent,
might have emerged because the onset of frication duration was identified using Montreal Forced
Aligner (McAuliffe et al., 2017), as manual identification had proven too difficult. This forced
alignment tool, for example, may have overestimated the frication duration at the IP level, given
that a pause preceded the frication unlike its counterpart at the word level. Therefore, this factor
might have contributed to the unexplained variance of the frication duration.
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Figure 3. Frication duration for /f/ averaged over all speakers in the IPi position (top row) and the
Wi position (bottom row)
Table 6. Descriptive statistics for the frication duration of /f/ (in ms) in each domain-initial
position pooled over all tokens from all speakers
Position
IPi
Wi

Mean
132.15
105.26

SD
35.12
19.64

SE
1.99
1.11

df
1

p
< .001

Table 7. Linear mixed effect model for /f/
Overall model fit: R² = .46
Fixed effect
χ²
position
29.68
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CF0
A visual summary of the CF0 results is presented in Figure 4. CF0 effects were
determined by the extent to which the f0 (in semitones) following /b/, /p/, /pʰ/, or /f/ was
statistically different, comparing the f0 following one onset consonant type with the f0 following
the other onset consonant type at each measured timepoint.

Figure 4. f0 trajectories (in semitones) for onset consonants produced with each tone and in each
domain-initial position averaged over speaker and repetition. Shading indicates standard errors.
A linear mixed-effects model was fitted. The fixed effects were onset consonant (/b/, /p/,
/pʰ/, /f/), position (IPi, Wi), tone (falling, mid), and time (10 ms, 20 ms, 40 ms, 70 ms, 100 ms),
along with their interactions. The random effects were intercepts for repetition, intercepts for
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speaker, by-speaker random slopes for the effect of onset consonant, by-speaker random slopes
for the effect of position, by-speaker random slopes for the effect of tone, and by-speaker
random slopes for the effect of time. The model was later refitted by removing nonsignificant
interaction terms. Table 8 presents the results of the model predicting f0 for each fixed effect and
significant and relevant interaction.
Table 8. Linear mixed effect model for the f0 following /b/, /p/, /pʰ/, and /f/. For brevity, only
significant and relevant interactions are shown
Overall model fit: R² = .83
Fixed effect
onset consonant
position
tone
time
onset consonant × position
onset consonant × tone
onset consonant × time
onset consonant × position × time
onset consonant × tone × time

χ²
118.07
29.53
1300.74
53.76
94.91
61.83
597.26
74.52
23.62

df
3
1
1
4
3
3
12
12
12

p
< .001
< .001
< .001
< .001
< .001
< .001
< .001
< .001
.023

The results showed significant effects of onset consonant, χ²(3) = 118.07, p < .001,
position, χ²(1) = 29.53, p < .001, tone, χ²(1) = 1300.74, p < .001, and time, χ²(4) = 53.76, p
< .001. The significant interactions were onset consonant × position, χ²(3) = 94.91, p < .001,
onset consonant × tone, χ²(3) = 61.83, p < .001, onset consonant × time, χ²(12) = 597.26, p
< .001, onset consonant × position × time, χ²(12) = 74.52, p < .001, and onset consonant × tone ×
time, χ²(12) = 23.62, p = .023.
Post-hoc (Tukey) tests with adjusted p-values were subsequently used to analyze the
interactions onset consonant × position × time and onset consonant × tone × time. The results,
presented in Appendix, suggested that CF0 effects were present in both IPi and Wi positions, as
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indicated by significant differences between the f0 following one onset consonant type and the f0
following the other onset consonant type. The results also showed that the CF0 effects were
generally minimized or disappeared from 70 ms to 100 ms into the vowel. The falling tone
showed a greater temporal extent compared to the mid tone, that is, the effects in the falling tone
were present at the 70 ms and 100 ms timepoints, but the effects in the mid tone were generally
absent at these timepoints.
The difference between IPi and Wi positions with respect to CF0 effects was present at
the 10 ms and 20 ms timepoints. In both domain-initial positions, the f0 following /b/, /p/, and /f/
showed the same pattern: /b/ < /p/ < /f/, where < means “having lower f0.” The f0 following /b/
was significantly lower than the f0 following /p/ (ps < .001), which, in turn, was significantly
lower than the f0 following /f/ (ps < .001). However, the height of the f0 following /pʰ/ relative to
the f0 following the other onset consonant types was different in the IPi position compared to in
the Wi position. In the IPi position, the f0 following /pʰ/ was significantly higher compared to the
f0 following /b/ (ps < .001) and /p/ (ps < .01), while it did not differ from the f0 following /f/. In
the Wi position, in contrast, the f0 following /pʰ/ was significantly lower than the f0 following /p/
at the 10 ms timepoint (p = .012), /b/ at the 20 ms timepoint (p = .025), and /f/ at both 10 and 20
ms timepoints (ps < .001). These results suggest that the f0 following /pʰ/ was raised relative to
the f0 following other stops as a function of DIS.
Discussion
This study aimed to determine whether DIS effects in a tone language are limited to the
initial segment of a prosodic domain. Limited studies have presented conflicting findings
regarding the domain of DIS in tone languages. Pan (2009) suggested that tones can be
strengthened in domain-initial positions, implying that DIS effects can extend beyond the first
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segment. However, Pan’s (2009) claim was not consistent with Li (2015) who stated that tones in
domain-initial positions are caused by declination reset. Limited support for Li’s (2015)
suggestion can be found in Cao and Zheng (2006). To achieve its goal, the present study tested a
hypothesis that DIS affects tones in domain-initial positions, that is, the tonal DIS hypothesis.
Specifically, this study tested the prediction that changes in a tone in a domain-initial position
would resemble changes in a consonant in a domain-initial position either when the initial
consonant gesture and the tautosyllabic tone gesture were assumed to be coupled antiphase (Gao,
2008; Zhang et al., 2019) or when the coupling relation was assumed to be inphase.
This study, therefore, examined the maximum f0 values of the falling, mid, and low tones,
the VOTs of /b/, /p/, /pʰ/, the frication duration of /f/, and the CF0 effects associated with these
four consonants in IPi and Wi positions in Thai. This study also compared the maximum f0
values to the VOT and frication duration values as well as the CF0 effects associated with the
consonants in both prosodic levels. The results did not support the tonal DIS hypothesis. The
maximum f0 at the IP level was lower compared to at the word level regardless of the type of the
tone from which the maximum f0 was taken. The VOTs at the IP level did not differ from their
counterparts at the word level, although the frication duration of /f/ in the IPi position was longer
compared to the Wi position. Lastly, the CF0 effects did not diminish later at the IP level
compared to the word level. The f0 following /pʰ/ was higher compared to other stops in the IPi
position, whereas it tended to be lower compared to the other consonants in the Wi position.
These results, therefore, did not match the prediction based on the assumption that the coupling
relation between the initial consonant gesture and the tautosyllabic tone gesture of a syllable in
Thai was antiphase or the prediction based on the assumption that the coupling relation was
inphase. Taken together, the results suggested that DIS effects in a tone language do not extend
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beyond the first segment of a prosodic domain. The results, therefore, were not consistent with
the claim about initial strengthening effects on tones in Pan (2009). The findings add to the
literature by providing a better understanding of the domain of DIS in a tone language. More
broadly, the findings contribute to the current understanding of the prosody-phonetics interface
and the universal and language-specific mechanisms of DIS and voicing contrasts.
Until support for the tonal DIS hypothesis is found, e.g., possibly with other more
phonetic measures, I use Occam’s Razor to argue that the boundary-induced modulation of
maximum f0 values was due to declination reset consistent with Li (2015). However, unlike in Li
(2015), the reset was likely partial reset, or declination within declination, which occurs when
declination is not fully reset, as seen in midsentence (O’Shaughnessy & Allen, 1983, elaborated
by Ladd, 1988). Given that DIS may play a role in word recognition (Cho et al., 2007; Fougeron
& Keating, 1997), the partial reset may have been chosen over full reset to signal the listener that
the phrase was not finished (cf. Delattre et al., 1965). Such signaling may have been especially
necessary to counter the effects of the pause before the reset, which, if the reset was absent, may
have signaled to the listener that the phrase was finished. Empirical support for these
speculations, however, is needed. Full reset may also not have been needed since the declination
slope before the reset, that is, that on the preboundary syllable, and the slope after the reset were
too short for the pitch to decline into nothing, that is, “decay away to nothing” (Ladd, 1984, p.
66).
A remaining puzzle is why boundary-induced partial reset was not found in the studies of
Mandarin by Cao and Zheng (2006) and Li (2015), which suggested that pitch restarts at a higher
level after reset. Instead, the boundary-induced partial reset resembled the results of the second
experiment of Pan (2009) on Taiwanese which appeared to suggest that pitch can restart at a
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lower level when it is at a higher prosodic level, at least when comparing the word level to the
(lower) syllable level. In addition to methodological differences, the inconsistency between these
studies’ results and those of the present study may have been due to language-specific
differences, that is, language-specific phonetic grammars. Thus, Thai and Taiwanese might not
show cumulative effects of DIS in their pitch reset, unlike Mandarin. This would be consistent
with a more general observation that not every language consistently shows cumulative effects of
DIS. For example, when comparing the IP level to lower levels, not the Utterance level to the
(lower) IP level, Cho and Keating (2001) and Fougeron and Keating (1997) found that the
acoustic duration of /n/ in Korean and American English tended to show cumulative DIS effects.
These studies found that the acoustic duration at the Utterance level was shorter compared to at
the IP level.
In gestural terms, the partial reset may be understood in terms of the slowing of the tone
gestures by the π-gesture at the IP boundary. This explanation assumes that the π-gesture was
active with the tone gestures and that the initial consonant and tone gestures were coupled
inphase, presumably due to the language-specific configurations of Thai. The full declination
reset in Cao and Zheng (2006) and Li (2015), in contrast, might have occurred because the initial
consonant and tautosyllabic tone gestures in Mandarin are coupled antiphase (Gao, 2008; Zhang
et al., 2019). Thus, in Mandarin, given that the antiphase relation prevents the tone gestures from
being adjacent to the prosodic boundary, the π-gesture cannot have a strong influence on the tone
gestures, and this allows declination reset to be fully executed.
Acoustic Measures of Consonants
In this section, although not central to the goal of this study, I explain the results of the
analyses of the VOTs, the frication duration, and the CF0 effects.
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VOT
The absence of DIS-induced changes in VOTs might be attributable to language-specific
effects. The results may be specific to Thai, not tone languages more generally, given the
inconsistency between the results and the VOT results in Hsu and Jun’s (1998) study on
Taiwanese. Thus, the VOTs may have reflected the phonetic grammar of Thai. This suggestion,
therefore, adds to the general notion that languages may show language-specific DIS patterns
(Keating, 2006). Nevertheless, this suggestion must be considered with caution because this
study did not compare Thai to another tone language.
However, if this suggestion is accurate, why such a phonetic grammar may arise in Thai
needs to be explained. One explanation might be that a ceiling effect was present; the VOTs of
/b/ and /pʰ/ could not be further lengthened at the IP level because they were already
substantially lengthened at the word level. If this explanation is accurate, the ceiling effect could
be comparable to that observed in prominence-induced strengthening (e.g., strengthening in a
syllable that receives an accent) where DIS-induced long VOTs for voiceless stops are present in
a low, not high, prominence condition presumably because prominence also lengthens VOT
which leaves no further room for DIS-induced lengthening (Cho, 2016; Kim et al., 2018).
An alternative explanation to the language-specific view might be that the lack of DISinduced modification of the VOTs reflected a language-general factor. The VOTs may have
reflected reduced acoustic redundancy (or reduced acoustic distinctiveness) in the sense of the
smooth signal hypothesis of Aylett and Turk (2004, 2006) because the distinctiveness was
present in the other cues of the phonological contrasts. Thus, it is possible that the speakers were
not required to enhance the difference between the VOT of a stop at the IP level and its
counterpart at the word level because the former was sufficiently marked by other cues that
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characterized the IP level, such as the pause preceding the VOT, the lengthening of the
preboundary syllable, and the declination reset at the postboundary syllable. Additionally, the
phonological contrasts may have already been enhanced via other cues such as CF0, particularly
the f0 following /pʰ/, and other measures not included in this study; thus, the VOT measure did
not need to be exploited to further signal these phonological contrasts. That said, future research
should investigate VOTs occurring at prosodic levels that are not greatly differentially marked
by phonetic cues. These levels may include the word level and the syllable level.
Lastly, it is possible that the oral gesture, not the glottal one, was lengthened domaininitially. Thus, future studies should examine the closure duration of each stop in addition to the
VOT. The closure durations of /p/ and /pʰ/ in this study could not be measured because the target
words in the IPi position often followed a pause, making such measurement too difficult.
Frication duration
Although the finding that the DIS modulated the frication duration of /f/ must be
considered with caution, the variance that the linear model did explain should not be ignored.
Attention should also be given to this finding because the CF0 results supported the general
notion that /f/ was different from /p/ and /pʰ/ given that the f0 following /f/ was higher compared
to the f0 following /p/ in both domain-initial and domain-medial positions, and unlike /pʰ/, DIS
did not change the f0 following /f/ so that the f0 was different from the f0 following other
consonants.
One reason is that unlike /f/, the VOT of /p/ could not be lengthened because the
lengthening would have reduced the phonemic distinction between /p/ and /pʰ/ at the IP level.
The frication of /f/ at the IP level, in contrast, could be lengthened because the phoneme did not
contrast with other homorganic fricatives such as /v/ or aspirated /f/ which do not exist in Thai.
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Alternatively, if /f/ is assumed to be similar to /pʰ/, a possibility grounded in tonogenesis as
mentioned above, one reason for the dissimilarity between /f/ and /pʰ/ might be the lack of other
homorganic fricatives in the language combined with a ceiling effect. Unlike /f/, the VOT of /pʰ/
at the word level may have been required to be longer to be sufficiently different from /p/.
Following this view, given that the language lacks a phonemic distinction between /f/ and
unaspirated /f/, the frication duration of /f/ did not need to be long at the word level. Thus, at the
IP level, whereas the VOT of /pʰ/ could not be further lengthened due to a ceiling effect, the
frication duration of /f/ could.
CF0
The factors that influenced the results of VOTs may have to some extent also influenced
the DIS-induced change in the f0 following /pʰ/. This suggestion is based on the premise that
although DIS modulated CF0, the modulation was overall limited to the aspirated stop. Another
premise is that although CF0 is influenced by tautosyllabic tones (Kirby, 2018a) unlike VOTs,
the cue is primarily influenced by the onset consonants (hence, the name “consonant-induced
fundamental frequency perturbations”) in a similar way in which VOTs are.
Thus, if factors related to a ceiling effect or reduced acoustic redundancy influenced the
VOTs, they may have also influenced the CF0 effects. Accordingly, the absence of DIS-induced
change in the f0 following consonants other than /pʰ/ might have occurred because the f0
following these consonants could not be further enhanced in domain-initial positions. Further
enhancement may have been limited because further enhancement would have interfered with,
and hence reduced, the contrasts of the tones, as lexical tones are important in Thai.
Alternatively, although both VOTs and CF0 are measures of onset consonants, they are
ultimately different measures because tones influence the latter, not the former. Thus, the CF0
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results may have been influenced by factors other than or in addition to those related to a ceiling
effect or reduced acoustic redundancy. If true, the mechanisms underlying CF0 themselves may
have influenced the modulation of CF0 by DIS. Kingston and Diehl (1994) suggested that
controlled phonetics can underlie CF0 effects, while Hombert et al. (1979) suggested that
laryngeal factors underlie the effects (see also Erickson & Abramson, 2013, who suggested that
aerodynamics drive CF0 effects in Thai). Thus, these premises, together with the premise that
phonetic parameters, such as VOT and preboundary lengthening that are under the speaker’s
control and are specified in the language-specific phonetic grammar (Cho, 2016; Cho et al.,
2019), can be taken to argue that the CF0 effects in the present study may have been driven by
physiological constraints and may have been under the speaker’s control and thus controlled by
the phonetic grammar of a given language. If true, physiological constraints may have driven the
DIS-induced change in the f0 following /pʰ/, whereas the phonetic grammar of Thai may have
influenced the control of the f0 following the other stops. This suggestion may account for the
boundary-induced difference between the f0 value following /pʰ/ and those f0 values following the
other stops.
Regarding the increase in the f0 following /pʰ/ compared to the other stops in a domaininitial position, during the production of /pʰ/, like that of /p/, the vocal folds may have been stiff
which increased the following f0 (Halle & Stevens, 1971). However, the stiffening of the
production of /pʰ/ in domain-initial positions might have been more strengthened compared to
the production of /p/ presumably because the abduction gesture required for the aspiration had to
be maintained longer to allow more airflow before changing to an adduction gesture, and such
requirement did not apply to /p/.
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As for nonphysiological factors, assuming that the speaker can control CF0 (Cho et al.,
2019; Francis et al., 2006; Kingston & Diehl, 1994) and language-specific CF0 effects are
specified in the phonetic grammar of a given language (Cho et al., 2019), the f0 values following
the consonants other than /pʰ/ in the domain-initial position might have also been controlled so
that these f0 values would not differ from their counterparts in the domain-medial position. Such
control may have ensured that the perceptual cues for these consonants remained robust,
assuming that CF0 may perceptually be exploited to assist listeners in consonant identification
(Francis et al., 2006). This control may have occurred together with the temporal control of the
CF0 effects of these consonants in domain-initial and domain-medial positions so that they
would not be prolonged and interfere with the perceptual cues of tones in both prosodic positions
(cf. Francis et al., 2006).
If these explanations for the boundary-induced difference between the CF0 of /pʰ/ and
that of the other consonants are accepted, a remaining puzzle is why the phonetic grammar of
Thai did not allow the f0 following /pʰ/ to be controlled in the same manner as the f0 following
the other consonants in the first place. Although future research is needed to solve this puzzle,
speculations can be made. The prohibition of the controllability of CF0 may have reflected a
physiologically driven process in the previous state of the language assuming that a phonetic
grammar may reveal processes that previously had a physiological basis (Cho et al., 2019).
Alternatively, the abduction gesture during aspiration may not have been a controllable
parameter in the phonetic grammar of Thai because such controllability could interfere with the
perceptual cues of the aspirated stop. Such restriction on the abduction gesture, in turn, may have
extended to the f0 following aspirated stops, allowing physiological factors to modulate it
instead. The prevention of perceptual interference may have maximized the distinction between
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the aspirated stop and homorganic nonaspirated stops. Additionally, given that DIS plays a role
in word recognition (Cho et al., 2007), the f0 following aspirated stops may also play a role in
recognizing words with aspirated onset consonants. If true, such linguistic function may have
prevented the f0 following /pʰ/ from being controlled.
The suggestion that the DIS-induced change in CF0 of /pʰ/ has a physiological basis has
implications for the current understanding of the universal and language-specific mechanisms of
the modulation of CF0 by DIS. One implication is that unlike the CF0 of the other consonants,
the DIS-induced change in the f0 following /pʰ/ in this study may have reflected a universal
tendency.
More broadly, the finding that DIS modulated the f0 following /pʰ/ does not only provide
a better understanding of the prosody-phonetics interface but also has implications for the
mechanisms that underlie CF0 in a tone language, which in turn has implications for tonogenesis
(e.g., Erickson, 1975; Erickson & Abramson, 2013; Hombert et al., 1979). One implication is
that given that prosodic structure can modify CF0 effects, these effects are not completely local.
This suggests that DIS should be incorporated into tonogenesis models (e.g., Haudricourt, 1954).
Conclusion
This study evaluated whether the domain of DIS in a tone language extends beyond the
first segment of a prosodic domain by examining whether tones can be strengthened in a domaininitial position, a suggestion previously reported in limited studies. The study found no evidence
of DIS effects on tones.
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Appendix. CF0 Results from Post-Hoc (Tukey) Tests
Table 9. Comparisons between the f0 values following different onset consonant types by
position and time. The p-values were adjusted using the Tukey method for comparing a family of
4 estimates. The p-values that are below .05 are highlighted in bold
position = IPi
Contrast
time = 10
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

β

p

-1.06
-0.58
-0.87
0.48
0.18
-0.29

< .001
< .001
< .001
< .001
.082
.006

position = Wi
Contrast
time = 10
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

β

p

-0.82
-0.42
-0.15
0.40
0.67
0.27

< .001
< .001
.363
< .001
< .001
.012

-0.65
-0.29
-0.25
0.36
0.39
0.03

< .001
< .001
.025
< .001
< .001
.98

time = 20
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

-0.83
-0.39
-0.73
0.44
0.09
-0.34

< .001
< .001
< .001
< .001
.625
.001

time = 20
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

time = 40
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

-0.49
-0.19
-0.62
0.30
-0.12
-0.42

< .001
.006
< .001
< .001
.377
< .001

time = 40
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

-0.36
-0.12
-0.43
0.23
-0.08
-0.31

< .001
.154
< .001
.001
.736
.003

.455
.434
.001
1.000
.004
.014

time = 70
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

0.005
0.01
-0.26
0.005
-0.26
-0.27

1
.999
.021
1
.003
.013

time = 70
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

-0.09
-0.09
-0.36
0.004
-0.26
-0.27
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Table 9. Continued
position = IPi
Contrast
time = 100
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

β

p

-0.03
-0.06
-0.22
-0.03
-0.19
-0.16

.958
.753
.069
.971
.066
.258

position = Wi
Contrast
time = 100
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

β

p

0.09
0.09
-0.12
-0.005
-0.21
-0.21

.464
.452
.543
1
.030
.091

Table 10. Comparisons between the f0 values following different onset consonant types by tone
and time. The p-values were adjusted using the Tukey method for comparing a family of 4
estimates. The p-values that are below .05 are highlighted in bold
tone = falling
Contrast
time = 10
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

β

p

-0.99
-0.59
-0.53
0.40
0.46
0.06

< .001
< .001
< .001
< .001
< .001
.906

tone = mid
Contrast
time = 10
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

time = 20
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

-0.82
-0.44
-0.56
0.39
0.26
-0.12

< .001
< .001
< .001
< .001
.004
.497

time = 20
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

time = 40
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

-0.56
-0.28
-0.67
0.28
-0.11
-0.39

< .001
< .001
< .001
< .001
.511
< .001

time = 40
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

β

p

-0.88
-0.41
-0.49
0.47
0.39
-0.08

< .001
< .001
< .001
< .001
< .001
.815

-0.65
-0.24
-0.43
0.40
0.22
-0.18

< .001
< .001
< .001
< .001
.022
.166

-0.29
-0.04
-0.38
0.25
-0.10
-0.35

< .001
.908
< .001
< .001
.599
.001
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Table 10. Continued
tone = falling
Contrast
time = 70
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/
time = 100
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

β

p

-0.20
-0.16
-0.50
0.04
-0.30
-0.34

.007
.029
< .001
.903
.001
.001

tone = mid
Contrast
time = 70
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

-0.05
-0.02
-0.32
0.03
-0.27
-0.30

.872
.982
.002
.974
.003
.005

time = 100
/b/ - /f/
/b/ - /p/
/b/ - /pʰ/
/f/ - /p/
/f/ - /pʰ/
/p/ - /pʰ/

β

p

0.12
0.08
-0.11
-0.03
-0.23
-0.20

.257
.492
.585
.950
.015
.118

0.11
0.05
-0.02
-0.06
-0.13
-0.07

.317
.829
.994
.777
.322
.842
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CHAPTER 4.

THE ROLE OF THE ABILITY TO COPE WITH TRIAL-BY-TRIAL

VARIABILITY IN WORD LEARNING SUCCESS IN A TONE LANGUAGE

Alif Silpachai
Department of English, Iowa State University, Ames, Iowa 50011, USA

Modified from a manuscript to be submitted to JASA Express Letters or a similar journal.

Executive Summary
What This Research Was About and Why It Is Important
This study was about factors that predict success in learning words in a tone language (tonewords). The factors under investigation were the ability to identify pitch patterns and the ability
to cope with trial-by-trial variability which is the ability to perceive sounds produced by multiple
talkers who are randomly presented to the listener. Research on the relationship between the
ability to cope with trial-by-trial variability and success in learning tone-words allows for a better
understanding of abilities that may be important for learning tone-words. One main problem in
this area of research is that previous research has not separated the ability to identify pitch
patterns from the ability to cope with trial-by-trial variability when using the ability to identify
pitch patterns to predict success in tone-word learning. To address this problem, I examined the
extent to which the ability to cope with trial-by-trial variability predicts success in tone-word
learning.
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What The Researcher Did
•

I analyzed the performance of 30 native speakers of American English who had
participated in this study as learners of Mandarin words.

•

The participants took two versions of the Pitch-Contour Perception Test (PCPT) which
was a test that assessed their ability to identify pitch patterns. The two versions of the test
were the mixed-talker PCPT and the blocked-talker PCPT. The mixed-talker PCPT
presented stimuli that were not blocked by talker, whereas the blocked-talker PCPT
presented stimuli that were blocked by talker.

•

After taking the two versions of the test, the participants underwent six sessions of
training in which they learned Mandarin words.

•

Three tests measured the participants’ success in learning the words. These tests were a
quiz given after the final training session (the last daily quiz), a test that assessed the
ability to recall the English glosses of the Mandarin words (the meaning recall test), and a
test that assessed the ability to identify the Chinese characters that represented the
Mandarin words (the character ID test).

What The Researcher Found
•

I found that the scores on the mixed-talker PCPT were a slightly better predictor of the
scores on the last daily quiz, the meaning recall test, and the character ID test compared
to the scores on the blocked-talker PCPT.

Things to Consider
•

The ability to cope with trial-by-trial variability is not a strong predictor of success in
tone-word learning.
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•

Real words that are not easily depictable should be used in future experiments in this area
of research. This study used real words that were not depicted, but much research in this
area relied on depicted pseudowords that were concrete words. It is, therefore, unclear the
extent to which findings from many previous experiments can be applied to real-world
settings which often involve the learning of undepicted concrete and abstract words.
External validity should be taken seriously.
Abstract
Previous research has suggested that learners’ ability to perceive pitch patterns is a good

predictor of their success in learning words in a tone language (tone-words) even if they are not
speakers of a tone language. Previous studies, however, have not measured the ability to perceive
pitch patterns well. This ability has often been measured with the ability to cope with trial-bytrial variability. Thus, the extent to which pitch perception and coping with trial-by-trial
variability predict success in tone-word learning is unclear. The present study examined the
relationship between two versions of the Pitch-Contour Perception Test (PCPT) which assessed
one’s ability to identify pitch patterns and success in tone-word learning. The mixed-talker PCPT
had stimuli that were not blocked by talker, whereas the blocked-talker PCPT had stimuli that
were blocked by talker. Native speakers of English with no prior experience with a tone language
took these two versions of the test before undergoing six sessions in which they were trained to
learn 16 Mandarin words represented by Chinese characters. The results showed that the scores
on the mixed-talker PCPT were a slightly better predictor of success in learning the Mandarin
words compared to the scores on the blocked-talker PCPT. The results suggested that although
the ability to cope with trial-by-trial variability can predict success in learning tone-words, it is
not a strong predictor.
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Introduction
Learning words in a nonnative language can be difficult, especially when the phonology
of the language is radically different from that of the learner’s first language. An example is a
nontonal language speaker learning a tone language. In a tone language, consonants, vowels, and
pitch are used lexically; they are used to distinguish words. Standard Thai, for instance, has high,
mid, low, falling, and rising tones (e.g., /kʰáː/ “trade,” /kʰāː/ “stuck,” /kʰàː/ “galangal,” /kʰâː/
“kill,” and /kʰǎː/ “leg,” respectively, Abramson, 1962). Words with tones such as these are often
referred to as tone-words (e.g., Cooper & Wang, 2012; Van Lancker & Fromkin, 1973).
Research on tone-word learning is important to second language (L2) acquisition because
L2 learners must be able to distinguish nonnative sound contrasts in words and in larger
communicative contexts (Cooper & Wang, 2012). Understanding the bridge between phonemes
and words may also shed light on language processing and instruction because phonemes are
often assumed to be the building blocks of spoken language (Wong & Perrachione, 2007).
Nontonal language speakers have been shown to be able to learn tone-words, a process
which involves mapping sounds to word meanings in a tone language, or learning to use pitch
patterns in a lexical context. Previous research has shown that English-speaking listeners who
were briefly trained to identify Mandarin-like pseudowords improved their identification of the
pseudowords (Chandrasekaran et al., 2010; Ingvalson et al., 2013; Lee et al., 2007; Perrachione
et al., 2011; Wong & Perrachione, 2007). Cooper and Wang (2011, 2012, 2013) showed that
English-speaking listeners who were trained to identify Cantonese pseudowords also improved
their identification of the pseudowords. Note that although the words in these studies were not
real, they were tone-words because they were distinguished by pitch. They also obeyed the
phonotactics of the target languages, and, thus, they could hypothetically have existed in these
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languages.
Successful tone-word learning is largely determined by the learner’s tone awareness
(metalinguistic awareness of tones), musical experience, tone language background (experience
as a tone language user), and/or variability coping ability (the ability to perceive variations of a
sound or a combination of sounds). Of these factors, tone awareness might be the most
important. Previous studies have found that such awareness may predict tone-word learning
success and that participants with enhanced tone awareness as a result of training are more
successful at learning tone-words compared to participants whose awareness is unenhanced (e.g.,
Cooper & Wang, 2013; Wong & Perrachione, 2007).
Given its potential importance, further research on tone awareness is needed. However,
this area remains largely unexplored. Tone awareness has not been measured adequately because
it has often been measured together with the ability to cope with trial-by-trial variability, that is,
the ability to perceive sounds through variations in the productions of multiple talkers that are
intermixed within and between sets of stimuli (Cooper & Wang, 2012, 2013; Perrachione et al.,
2011; Wong & Perrachione, 2007). Consequently, the extent to which tone awareness plays a
role in tone-word learning remains unclear. This study therefore examined how the ability to
navigate trial-by-trial variability modulates tone-word learning and determined the extent to
which this ability in nonlearners of a tone language predicts their success in learning tone-words.
An experiment in which Mandarin was used as the target language and American English
as the native language of the participants was conducted. This experiment examined the extent to
which the ability to perceive pitch with trial-by-trial variability predicts success in tone-word
learning.
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Background
The phonetic–phonological–lexical continuity (PPLC), originally proposed by Wong and
Perrachione (2007), has been used by studies to explain speech learning. According to the PPLC,
tone-word learning must occur primarily in a bottom-up manner, as illustrated in Figure 1 as a
possible representation. Therefore, learning at the phonetic level must occur before learning at
the higher levels (e.g., phonological and lexical levels): Tone language learners must perceive
pitch accurately before using this ability to construct robust phonological categories. The
phonological development in turn will be used to learn word categories. This view thus assumes
that lower-level skills will be used in the next higher level, not vice versa. Because of this
assumption, learners with poor low-level skills (e.g., pitch perception) are predicted to perform
poorly in high-level tasks (e.g., tone-word learning).

Figure 1. A possible representation of the phonetic–phonological–lexical continuity (PPLC) in
which learning at the phonetic level occurs before learning at the phonological and lexical
levels. Original work by the author
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Support for the PPLC can be found in studies that have investigated the role of individual
variability in tone-word learning (Chandrasekaran et al., 2010; Lee et al., 2007; Perrachione et
al., 2011; Wong et al., 2007). Wong and Perrachione (2007) reported that English listeners who
were naturally good at pitch identification learned tone-words more successfully compared to
listeners with poorer ability in pitch identification. The authors used this finding to argue that
speech learning relies on a PPLC in which basic auditory abilities (e.g., phoneme discrimination)
mediate performance on higher level auditory tasks (e.g., word learning). The difference between
natural perceptual abilities was further investigated by Chandrasekaran et al. (2010), who found
that learners with good perception of pitch contours attended more to the pitch direction
dimension compared to learners with poor perception of pitch contours, and this attentional
difference existed before the learners underwent tone-word training.
Further support for the PPLC can be found in studies whose findings suggested that
individual variability at the lower levels interacts with stimulus variability at the higher level.
Lee et al. (2007) showed that English speakers with naturally good perception of pitch contours
benefited more from learning words with Mandarin-like tones when the words were produced by
multiple talkers compared to when the words were produced by one talker. Learners with poor
perception of pitch contours, in contrast, were shown to learn the words produced by one talker
more successfully compared to when the words were produced by multiple talkers; that is, they
performed poorly when they had to learn the words produced by multiple talkers. The
researchers concluded that the relationship between stimulus variability and word learning
success is mediated by pretraining pitch perception ability. They explained this interaction by
suggesting that poor learners may need to construct robust phonetic categories before the
phonetic details can be used phonologically (i.e., used in lexical tasks), implying that good

121
learners may already have such categories before learning words. This explanation was used to
support the PPLC. The interaction was similarly reported in Perrachione et al. (2011), who
showed that English-speaking listeners with poor pitch direction ability did not benefit from
tone-word training that used stimuli produced with trial-by-trial variability and talker variability
(variations in the productions of multiple talkers). The poor listeners instead benefitted more
from lower variability (one talker and blocked variability). Their performance differed from the
performance of good learners who benefitted from high variability training. The results in this
study, like those in Lee et al. (2007), suggested that learners’ pitch direction ability predicts
which word training paradigm is most suitable for them.
The notion that lower level learning must occur before higher level learning also has
limited support. Chandrasekaran et al. (2010), for example, found that tone-word training only
minimally affects the ability to discriminate different pitch directions. They found that listeners
did not improve their discriminatory ability after receiving tone-word training even though they
were quicker at the discrimination and attended more to the direction dimension of pitch. The
quicker discrimination may have been due to practice effects, but the change in attentional
dimension may have been due to the training. Nevertheless, the high-level learning did not
transfer to the lower level unlike the opposite direction.
The PPLC has also been supported in training studies that showed that phonetic
perceptual training led to successful word learning (e.g., Cooper & Wang, 2011, 2013; Ingvalson
et al., 2013). Cooper and Wang (2011, 2013) showed that English-speaking nonmusicians who
had been trained to perceive Cantonese tones were more successful at learning Cantonese
pseudowords compared to nonmusicians who did not receive such training. These trainees
however did not learn the words better than musicians who did not receive the tone training.
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Ingvalson et al. (2013) have also reported similar effects of lower-level perceptual training. The
authors showed that English-speaking listeners who had received perceptual training learned
words with Mandarin-like tones more successfully compared to nontrainees.
Factors in Tone-Word Learning
Successful tone-word learning is determined by many factors including musical
experience, tone language background, tone awareness, and variability coping ability. These are
each discussed below.
Musical experience
Studies have shown that musical experience enhances pitch perception (e.g., Delogu et
al., 2006, 2010; Gottfried, 2007; Lee & Hung, 2008). However, fewer studies have shown that
such enhancement leads to better tone-word learning. Training studies have suggested that
musicians with no tonal background tend to outperform their nonmusician counterparts in toneword learning tasks. Wong and Perrachione (2007) reported that English speakers who had
reported having at least 6 years of formal private music lessons in an instrument starting before
the age of 10 tended to be more successful at learning Mandarin pseudowords compared to
English speakers with no more than 3 years of lessons in any combination of instruments. The
more musically experienced tended to attain greater than 95% accuracy for two consecutive
training sessions, whereas the less experienced tended to exhibit less than a 5% improvement for
four consecutive sessions. Cooper and Wang (2012) showed that English-speaking musicians
correctly identified 75% of trained Cantonese pseudowords during the last training session,
whereas their nonmusician counterparts only identified 54% of the words. The musicians had at
least 7 years of continuous instrumental music training and had the ability to play an instrument
at the time of the experiment, whereas the nonmusicians had no musical training within the
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previous 5 years and less than 2 years of musical training before that. Li and DeKeyser (2017)
reported that after training, English speakers with high levels of musical ability were better at
mapping Mandarin tones to words in addition to being able to produce Mandarin words more
natively compared to English speakers with low levels of such abilities. Chord perception ability,
receptive tonal memory ability, and productive tonal memory ability were found to correlate
positively with the ability to map sound-to-meaning in Mandarin.
Wong and Perrachione (2007) suggested that the enhanced ability of the musicians may
have been because musical experience neuroanatomically and neurophysiologically altered the
musicians (Keenan et al., 2001; Pantev et al., 1998; Schlaug et al., 1995), which improved the
musicians’ language ability in general. The researchers indicated that the change especially in the
auditory cortex may have improved the musician’s verbal memory (Brandler & Rammsayer,
2003; Chan et al., 1998), a faculty which may correlate with L2 learning (Miyake & Friedman,
1998). Cooper and Wang (2012), on the other hand, have suggested that the enhanced learning
ability may have been because of the musicians’ acute perception of pitch due to their long-term
musical experience, and the acuity in turn may have aided the tone-word learning process. The
authors suggested that the finding that musical pitch expertise may have improved the ability to
use pitch in such a higher-level linguistic context was consistent with the claim made by Kraus
and Chandrasekaran (2010) that musical training consists of “active engagement with musical
sounds and the connection of ‘sound’ to ‘meaning’” (p. 600).
Tone language background
A tone language background does not necessarily enhance nonnative tone perception (e.g.,
Francis et al., 2008), but it may facilitate higher-level learning such as tone-word learning, as
limited studies have suggested. Cooper and Wang (2012) reported that Thai-speaking
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nonmusicians learned Cantonese pseudowords after training more successfully compared to
English-speaking nonmusicians. The Thai-speaking learners identified the words 21% more than
the English-speaking learners during the last training session. The authors suggested that the
better performance might have been because the Thai-speaking learners used their experience in
using tones to aid their nonnative tone-word acquisition. The authors argued that their suggestion
was in line with Curtin et al. (1998), who posited that learners first use native contrasts to
construct lexical representations of nonnative words before using noncontrastive features in their
language. This assumption implies that the better perfomance was because the Thai-speaking
learners were faster at constructing accurate representations of Cantonese pseudowords
compared to the English learners, given that pitch is used lexically in Thai.
The eye-tracking study of Poltrock et al. (2018) suggested that after a learning phase,
Mandarin speakers were more successful at mapping Cantonese sounds that differed only by a
tone to objects compared to French speakers, although both groups did not differ in their ability
to map sounds that differed only by a consonant or vowel, to objects. Specifically, after the
learning phase, the Mandarin group looked at the correct objects more frequently compared to
the French group. The authors suggested that the better performance was likely because the
Mandarin speakers were experienced tone language users who were better at processing
nonnative pitch information at the lexical level compared to the French speakers.
Tone awareness
The most important factor in tone-word learning is metalinguistic awareness of tones
(tone awareness), which itself may contribute to tone language learning in general (Wong &
Perrachione, 2007). Such awareness may facilitate the mapping of tone categories to lexical
representations during tone-word training (e.g., Cooper & Wang, 2012, 2013; Wong &
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Perrachione, 2007) and during generalization of learning to the voices of novel talkers (e.g.,
Ingvalson et al., 2013; Perrachione et al., 2011). This is presumably because learners with poor
tone awareness must simultaneously construct tone categories and map the categories to lexical
representations, making the task cognitively demanding (Cooper & Wang, 2013).
Tone awareness has often been operationalized as the ability to identify pitch patterns
(tones in a nonlexical context). This ability may be naturally present in some individuals (Wong
& Perrachione, 2007), improved via training (e.g., Cooper & Wang, 2013; Logan et al., 1991), or
enhanced via musical training (e.g., Delogu et al., 2010; Lee & Hung, 2008), although musical
experience itself may facilitate L2 learning (Lee et al., 2007). English listeners naturally good at
pitch identification have been found to learn tone-words more successfully compared to English
listeners naturally poor at pitch identification (Cooper & Wang, 2012; Perrachione et al., 2011;
Wong & Perrachione, 2007). The relationship between pitch identification ability and tone-word
learning might be causal. English listeners trained to identify pitch patterns have been reported to
show more success in learning tone-words compared to listeners lacking such training,
suggesting that such nonlexical training improves tone-word learning ability (Cooper & Wang,
2013; Ingvalson et al., 2013). English-speaking musicians have also been found to be good at
pitch identification and more successful at tone-word learning compared to their nonmusician
counterparts (Cooper & Wang, 2012; Wong & Perrachione, 2007).
Variability coping ability
Pitch identification ability has also been found to interact with talker variability and trialby-trial variability during tone-word learning (Lee et al., 2007; Perrachione et al., 2011). Thus, to
eliminate trial-by-trial variability, the productions must be blocked by talker. Learners with poor
pitch identification ability have been found to be less successful at learning tone-words when the
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words were produced by multiple talkers compared to when the words were produced by one
talker (Lee et al., 2007; Perrachione et al., 2011). Learners were even less successful at learning
when the words were not blocked by talker (Perrachione et al., 2011). In contrast, learners with
good pitch identification ability were found to not be affected by talker variability or trial-by-trial
variability (Lee et al., 2007; Perrachione et al., 2011).
Issues in Previous Tone-Word Learning Studies
The measurement of pitch identification ability
When measuring pitch identification ability, previous studies often used the same pitch
patterns across tasks, but the types of responses differed among studies. The pitch patterns used
in previous identification tasks have often been the same as the pitch patterns used in the toneword learning task of the same study, although the talkers who produced the pitch were different
between the tasks. For example, the Mandarin-based tones (level, rising, and falling) in the pitch
identification task in Chandrasekaran et al. (2010), Ingvalson et al. (2013), Lee et al. (2007),
Perrachione et al. (2011), and Wong and Perrachione (2007) were also the tones of the target
words in the word learning task, although Chandrasekaran et al. (2010) also had a falling-rising
tone during the word learning task. Similarly, five Cantonese tones in the pitch identification task
in Cooper and Wang (2011, 2012, 2013) were also used in tone-word learning. However, the
buttons in the identification tasks have been used differently in previous studies. The buttons in
Chandrasekaran et al. (2010), Ingvalson et al. (2013), Lee et al. (2007), Perrachione et al. (2011),
and Wong and Perrachione (2007) were arrows representing three pitch directions (level, rising,
and falling), whereas the buttons in Cooper and Wang (2011, 2012, 2013) were diagrams (visual
representations) of the Cantonese tones. Using arrows may have been better than using tone
diagrams. The arrows may have encouraged the participants to pay attention to the different pitch
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directions in general than the specific shapes of the pitch patterns, whereas the tone diagrams
may have encouraged the participants to pay attention to the specific shapes of Cantonese tones.
It is therefore unclear whether Cooper and Wang’s (2011, 2012, 2013) participants were
successful at learning tone-words because they had good awareness of pitch patterns in general,
or because they had good awareness of the Cantonese tones.
The pitch patterns used in previous identification tasks have also been produced with
talker variability. For example, the pitch patterns in Chandrasekaran et al. (2010), Ingvalson et
al. (2013), Lee et al. (2007), Perrachione et al. (2011), and Wong and Perrachione (2007) were
produced by four Mandarin speakers (two females and two males), whereas the pitch patterns in
Cooper and Wang (2011, 2012, 2013) were produced by two Cantonese speakers (one male and
one female). The talker variability allowed the participants to ignore speaker-specific cues while
focusing on the general shapes of the pitch patterns (Lively et al., 1993; Logan et al., 1991).
However, given that the participants had to identify not only the general shapes of pitch patterns
but also of the general shapes of different pitch directions, using only talker variability may not
have been sufficient. Previous research has suggested that successful perceivers of tones pay
attention to different pitch directions more than pitch heights (e.g., Chandrasekaran et al., 2010;
Francis et al., 2008; Gandour, 1981). Thus, an identification task that measures the perception of
different pitch directions should assess the extent to which the participants can ignore pitch
heights to pay attention to different pitch directions.
Previous studies have also measured the ability to identify pitch patterns using trial-bytrial variability without explicitly testing the effects of the variability. For example, in
Chandrasekaran et al. (2010), Ingvalson et al. (2013), Lee et al. (2007), Perrachione et al. (2011),
Wong and Perrachione (2007), and Cooper and Wang (2011, 2012, confirmed by Cooper
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through personal communication, 2013), the stimuli of the pitch identification test were produced
by multiple voices presented randomly. These studies therefore measured not only the ability to
identify pitch patterns but also the ability to cope with trial-by-trial variability. As stated above,
stimuli presented with trial-by-trial variability have been shown to be more difficult to identify
than stimuli that were blocked by talker, and participants who were able to cope with trial-bytrial variability showed greater learning of tone-words compared to participants lacking such
ability (Perrachione et al., 2011). This suggests that the ability to cope with such variability may
be a predictor of tone-word learning success, in addition to tone awareness. Previous studies
have not investigated this possibility, and thus it is unclear what role this ability plays in toneword learning.
The operationalization of tone-word learning
Tone-word learning has often been operationalized as the degree to which auditory
stimuli are correctly mapped to images of lexical items using an identification task after a
training phase (e.g., Cooper & Wang, 2012; Perrachione et al., 2011; Wong & Perrachione,
2007). The lexical items have often been concrete nouns. Cooper and Wang (2012) have argued
that concrete nouns were easier to remember than abstract nouns. Because these nouns were
concrete, they were also easier to depict, and such depictions may have helped their participants
to visualize the meanings of the target words. Using concrete nouns therefore helped control for
task difficulty. However, this is but one way to operationalize word learning, which, as stated
above, involves mapping sounds to meaning. Learning to map sounds to meanings in the real
world also involves abstract words that are not easy to depict. Undepicted, abstract words have
been shown to be learnable by L2 learners. For example, some English words that the Japanese
participants learned in a study by Nakata (2017) were “apparition,” “dally,” and “jibe,” and these
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were written on a computer screen and paired with Japanese translations. Despite their
learnability, abstract words have rarely been used in tone-word learning studies. Thus, the
learnability of undepicted abstract nouns and their relationship with tone awareness remain
unclear.
This Study
To investigate the relationship between the ability to cope with trial-by-trial variability
and success in learning tone-words, this study compared scores on two versions of a test that
measured the ability to identify pitch patterns. This was to determine the extent to which the
scores of one version of the test better predicted success in learning tone-words compared to the
scores of the other version of the test. The two versions of the test were modeled after the PitchContour Perception Test (PCPT) developed by Wong and Perrachione (2007) although the name
of the test appeared in later studies (e.g., Ingvalson et al., 2013, and Perrachione et al., 2011).
The two versions of the test were the mixed-talker PCPT which used stimuli that were not
blocked by talker, as has been done in previous studies, and the blocked-talker PCPT which used
stimuli blocked by talker. If the ability to cope with trial-by-trial variability is an important
predictor of tone-word learning success, there might be an opportunity to test whether the
relationship between these variables is causal. If the relationship is causal, it may be possible to
train learners to cope with such variability to increase success in tone-word learning.
To address the issues with measurement of pitch identification ability discussed above,
this study used arrows as responses and a variety of pitch patterns as stimuli. This study used
arrows to represent different pitch directions to encourage the participants to pay attention to
different pitch directions rather than specific shapes of pitch patterns. The study also used three
buttons to represent the same pitch direction that have been used in the aforementioned studies,
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but variability in pitch height for each pitch direction was added. Furthermore, level, rising, and
falling pitch patterns were used as well as their variants including mid-level, low-rising, and lowfalling pitch patterns respectively. These pitch patterns were based on real tones. The level,
rising, and falling pitch patterns were based on Mandarin Tones 1, 2, and 3 respectively, as in the
aforementioned studies, whereas the mid-level, low-rising, and low-falling pitch patterns are
based on the mid, rising, and low tones in Thai respectively. The addition of Thai-like pitch
contours was to increase the variability in the stimuli, so that the test better assessed one’s
general ability to perceive pitch contours, not only Mandarin-like pitch contours.
This study also used a mixture of undepicted concrete and abstract words. Mandarin
Chinese served as the target language, but the results have implications for the learning of other
tone languages. Chinese characters, which are logographic symbols, corresponding to these
meanings were also provided. The learners were expected to pay more attention to word
meanings than the Chinese characters that represented the words. This was based on the
assumptions that (a) tone-word learning involves the mapping of sounds to meanings, at least
more so than the mapping of sounds to logographic symbols, and (b) Chinese characters are
difficult for native speakers of alphabetic languages such as English to learn given that these
speakers and native speakers of Chinese process Chinese characters using different brain regions
(Tian et al., 2019).
Research question and hypothesis
This study aimed to answer the following research question: “To what extent does the
ability to cope with trial-by-trial variability during pitch perception predict tone-word learning
success?” To answer this question, this study tested the hypothesis that the ability to perceive
pitch and the ability to cope with trial-by-trial variability are important indicators of success in
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tone-word learning. Based on the hypothesis, it was predicted that the scores on the mixed-talker
PCPT would be a better predictor of the ability to learn tone-words compared to the scores on the
blocked-talker PCPT for participants with American English as their first language who were
trained to learn Mandarin words.
Methodology
The methodology was largely based on those of Wong and Perrachione (2007) and
Perrachione et al. (2011).
Participants
Thirty native speakers of American English attending a Midwestern university
participated in the study. Their mean age was 19.88 (SD = 4.29) years old. None of them were
younger than 18 years old. Seventeen of them were female, and 13 were male. All of them were
not from a country in which a tone language was the dominant language, and they had never
lived in such a country before their participation in this study. Twenty-nine of the participants
were from US states, whereas one participant, who was 19 years old, was from Puerto Rico but
moved to Florida when he was 5 years old.
Twenty-six of the participants were undergraduate students, whereas the remaining four
were graduate students. Twenty-one of the undergraduate students were freshmen, four were
sophomores, and one was a junior. Two of the graduate students were pursuing a master’s
degree, and the other two were PhD students. With regard to their academic disciplines, the
participants were pursuing a degree from colleges that had as part of their names the following
words: “Engineering” (n = 9), “Business” (5), “Design” (5), “Liberal Arts” (5), “Agriculture”
(4), and “Human Sciences” (1). One undergraduate student, however, had not declared a major,
that is, she was an “undecided” major.
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The study took place in which it was difficult to find participants who were monolingual
English speakers and who did not have any musical experience. All participants reported having
learned at least one nontonal language besides English. All have reported having learned a
second language mostly to meet language requirements in high school or university. However,
five of the participants reported having learned a third language, and one of these five
participants reported having learned a fourth language. As a second language, 23 participants
reported having learned Spanish, three had learned French, two had learned German, one had
learned Korean, and one had learned Latin. Based on their self-ratings on a scale of 1 to 5, with 5
being very fluent, the mean fluency score for the second language was 2.1 (SD = 1.2). As a third
language, two participants had learned American Sign Language, one had learned Polish, one
had learned Spanish, and one had learned French. Based on their self-ratings, the mean fluency
score for the third language was 1.6 (SD = 0.9). Lastly, the participant who had learned a fourth
language had learned Polish, and her fluency score was 1.
Twenty-two of the participants were considered nonmusicians, and eight participants
were considered individuals with significant musical experience using the criterion of Cooper
and Wang (2012) for who was not a musician. According to this criterion, nonmusicians were
individuals who “had no musical training within the last five years and less than two years of
musical experience prior to that” (Cooper & Wang, 2012, p. 4759, although see their criterion for
musicians as well). The information from the nonmusicians regarding their musical experience
was not considered, that is, the durations of their musical experience were assumed to be zero
years. A summary of the characteristics of those with significant musical experience is presented
in Table 1. None of the participants reported having a history of speech or hearing disorders. All
participants were paid for their participation.
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Table 1. Summary of the characteristics of the participants with significant musical experience
Participant
with
considerable
musical
experience
1
2
3

Duration of
musical
experience (yr)

Age of onset (yr)

Instrument(s)

7
13
5

10
6
10

4

5

10.5

5

8

8

6

12

6.6

7
8
Mean

5
10
8.13 (SD = 3.23)

10
9
8.76 (SD = 1.72)

guitar, viola, trumpet
piano
flute, violin
percussion instruments, drums,
vibrophone, marimba, tympany,
bass drum
viola, piano, saxophone
guitar, bass guitar, French horn,
trumpet
bass guitar
flute, saxophone

Based on the results from a pure-tone frequency threshold test, or a Just Noticeable
Difference (JND) test (McKetton et al., 2019), that the participants took, their mean threshold
was 1016.69 (SD = 11.42). A lower number meant a better ability to perceive the smallest
detectable difference between two pitch levels, an ability that musicians possess more compared
to nonmusicians (McKetton et al., 2019). This information was collected because self-reported
musical experience may not have been reliable. This test used an adaptive maximum likelihood
procedure implemented in the MLP MATLAB toolbox (Grassi & Soranzo, 2009). While wearing
Sennheiser HD280PRO headphones, the participants indicated which of the two pure tones
sounded higher by pressing 1, which indicated the first pure tone, or 2, which indicated the
second pure tone. The task consisted of 150 trials (from 5 blocks of 30 trials) and was self-paced.
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Procedure
Upon arrival at the lab, which was a quiet room, the participants signed a consent form.
With the help of the author, they then completed a questionnaire that elicited information about
factors that may modulate one’s ability to learn tone-words. In their questionnaire, the
participants indicated their ages, genders, academic disciplines, years in university, hometowns,
language experiences, musical experiences, whether they had a history of speech or hearing
disorder, and their self-perceptions of their abilities to hear tones and to learn new vocabulary in
an L2. The self-perceptions, however, were not considered in this study; they were used in
another study. After the questionnaire, the participants took the JND test, the results of which are
reported above.
Two versions of the Pitch-Contour Perception Test
After taking the JND test, the participants completed a familiarization task while wearing
Sennheiser HD280PRO headphones. This was to ensure that they understood the instructions
before taking two versions of the PCPT which were the mixed-talker PCPT and the blockedtalker PCPT. Both versions of the PCPT assessed their ability to identify pitch patterns using
stimuli produced by multiple speakers. The familiarization task had 12 trials containing
resynthesized stimuli modeled after those used in the mixed-talker PCPT and the blocked talker
PCPT (described below). However, the vowels used in this familiarization task were /a/ and /i/,
and the pitch patterns used were high-level, high-rising, high-falling, resembling Tone 1, Tone 2,
and Tone 4 respectively in Mandarin. Additionally, the resynthesis was based on Mandarin
words produced by one female native speaker and one male native speaker who did not produce
the stimuli for either version of the PCPT. Their voices were only used in this familiarization
task. The procedure in this task was identical to the procedure used in both versions of the PCPT
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(also described below) except that the order of the presentation of the stimuli was not
randomized, and the stimuli were blocked by talker, presenting the stimuli based on the female
speaker first. The participants’ responses to this familiarization task were excluded from the final
analysis.
After the familiarization task, half of the participants (n = 15) were randomly assigned to
take the mixed-talker PCPT before taking the blocked talker PCPT on a different day, whereas
the other half (n = 15) were randomly assigned to take the blocked talker PCPT before taking the
mixed-talker PCPT on a different day. Such counterbalancing was done to control for potential
effects of performance of one version of the PCPT on the other version of the PCPT, and
requiring that the participants take these tests on separate days was so that fatigue was
minimized.
The Mixed-talker PCPT
The mixed-talker PCPT was similar to the PCPT in Wong and Perrachione (2007).
However, the mixed-talker PCPT had six pitch contours, including high-level, high-rising, highfalling, mid-level, low-rising, and low-falling (henceforth H, HR, HF, M, LR, and LF pitch
contours respectively), whereas the PCPT in Wong and Perrachione (2007) had three contours,
which were high-level, high-rising, and high-falling. The pitch contours in Wong and
Perrachione (2007) resembled Tone 1 (Chao letters, 1930: 55), Tone 2 (35), and Tone 4 (51) in
Mandarin, whereas the pitch contours in the present study not only resembled these Mandarin
tones, but also three Thai tones, namely, the mid (33), rising (24), and low (21) tones. The Thailike pitch contours were added to increase the variability in the stimuli so that the test would
better assess one’s general ability to perceive pitch contours, not only Mandarin-like pitch
contours. Two male and two female speakers of Mandarin produced five Mandarin vowels
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containing Tone 1 in Mandarin, following Wong and Perrachione (2007), but, unlike in their
study, the vowels were /a/, /i/, /ei/, /ou/, and /u/. One of the male speakers and one of the female
speakers were from Tianjin, China. The other male speaker and the other female speaker were
from Shandong, China. Their mean age was 37.25 (SD = 8.06) years old. They produced the
stimuli using a Shure SM10A-CN headset in a sound-attenuated booth. Their voices were used
only in the PCPT.
The vowels were then resynthesized to include the six pitch contours. The resynthesis
was done using the pitch–synchronous overlap and add (PSOLA) method implemented in Praat
(Boersma & Weenink, 2018). The resulting synthesis produced different pitch values for each
speaker. The speakers’ naturally produced pitch for Tones 1 and 4 (in Mandarin) was used as
high and low references for resynthesizing the pitch contours. The high reference was based on
Tone 1, and the low reference was based on the lowest point of Tone 4 (the end of the fall). The
value of each token was based on the value of the mean fundamental frequency (f0) of the
speaker. For the H tone, the high reference was used to create both the starting and ending points.
For the HR tone, the starting point was 26% lower than the high reference, whereas the ending
point was equal to this reference (Wong & Perrachione, 2007). For the HF tone, the starting
point was 10% higher than the high reference (Wong & Perrachione, 2007), whereas the ending
point was equal to the low reference. For the M tone, the starting and ending points were 30%
lower than the high reference. For the LR tone, the starting point was equal to the low reference,
whereas the ending point was equal to the high reference. Lastly, for the LF tone, the starting
point was 20% higher than the low reference, whereas the ending point was equal to this
reference. The resynthesis of each pitch contour averaged over the productions of the four native
speakers of Mandarin is illustrated in Figure 2.
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Figure 2. H, HR, HF, M, LR, and LF pitch contours based on the mean values of the productions
by four native speakers of Mandarin (two females and two males)
The participants took the test wearing Sennheiser HD280PRO headphones. They
identified pitch contours in 120 trials (4 talkers × 5 vowels × 6 tones) in a self-paced task. The
order of the stimuli was randomized. During each trial, the participants clicked on a sound icon
on a computer screen to play the audio stimulus. As soon as the stimulus played, three buttons
that depicted arrows representing three pitch contours, including level, rising, and falling (see
Figure 3), appeared. The participants were instructed to click on a button that best matched the
audio they heard. They did not receive feedback on the correctness of their responses. They were
encouraged to guess when unsure. The intertrial interval was 3 seconds.
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Figure 3. The three arrows (→ = level, ↗ = rising, and ↘ = falling) that appeared as buttons
during both versions of the PCPT
The Blocked-talker PCPT
The blocked-talker PCPT was identical to the mixed-talker PCPT in every respect except
that its stimuli were blocked by talker.
Tone-word training
At least one day after taking both versions of the PCPT, the participants were trained to
learn tone-words. The stimuli consisted of 16 infrequent Mandarin monosyllabic words which
had been chosen by a native speaker of Mandarin (see Table 2). They were a combination of
nouns, verbs, and adjectives. Common words were not used because the participants might have
already known some of them from passive exposure to Chinese. The stimuli were divided into
four sets, and each set contained four words that differed only by a tone. They were recorded by
eight native speakers of Mandarin (four females and four males) using a Shure SM10A-CN
headset microphone in a sound-attenuated booth, sampled at 44.1 kHz. These speakers were
from Beijing, China. Their mean age was 23.50 (SD = 1.41) years old. They were different from
the speakers who produced the stimuli for the two versions of the PCPT. The speakers were
instructed to utter the words as naturally as possible. The stimuli produced by four speakers (two
females and two males) were used during the training phase, whereas those produced by the
other four speakers were used during the posttraining assessments.
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Table 2. Mandarin tone-words used as stimuli
Set
1

Number
1

toad

chàn

羼

to mix

3

chǎn

谄

to flatter

4

chān

觇

to spy on

kuí

魁

leader

kuì

聩

deaf

kuǐ

跬

half a step

kuī

岿

grand

qí

鳍

fin

qì

葺

repair

11

qǐ

绮

beautiful

12

qī

萋

abundant

yán

筵

feast

yàn

滟

overflowing

15

yǎn

魇

nightmare

16

yān

恹

sickly

5

7
8
9
10

4

English gloss

蟾

6

3

Chinese

chán

2

2

Pinyin

13
14

There were six training sessions in which the participants learned to map sounds of
Mandarin words to corresponding simplified Chinese characters and English glosses. Each
session was followed by a daily quiz which tracked the participants’ learning performances. Each
training session combined with the subsequent quiz did not last more than 1 hour, and after each
day of training, the participants tended to take less time to complete each training session and
quiz. The training and the quiz were self-paced and took place in a quiet room. The participants
wore Sennheiser HD280PRO headphones while completing the tasks.
In each training session, the participants completed 64 trials (16 words × 4 talkers). The
trials were blocked by talker, and the trials in each block were randomized. In each trial, the

140
participants first clicked on a sound icon to play the audio stimulus. As soon as the stimulus
played, they saw four buttons containing simplified Chinese characters and English glosses
among which only one button matched the stimulus (see Figure 4). The participants then clicked
on the button that matched the stimulus. If their response was correct, the clicked button was
highlighted in green. If the response was incorrect, the clicked button was highlighted in red,
while the correct button was highlighted in green. The highlighting did not obscure the character
and gloss. As soon as the incorrect and correct buttons were highlighted, a sound icon appeared.
The participants had to click on the sound icon to replay the stimulus while studying the
incorrect and correct answers. The intertrial interval was 8 seconds. Given that they lacked prior
knowledge of these words, the first few trials involved a lot of guessing. They were not trained
for more than one session per day, nor did they take a break for more than two consecutive days.

Figure 4. An example of one trial during tone-word training
As for the daily quiz which followed each training session, the stimuli that were used
during the training were also used in the quiz. However, in the quiz, the trials in each block were
randomized again. Also, in each trial, all 16 possible options appeared as buttons, and no
corrective feedback was provided; after clicking on each button, it was only highlighted in gray
before the next trial began. The intertrial interval was 3 seconds.
Posttraining assessments
Twenty-nine participants returned on the day after the day in which they took the last
daily quiz, and one participant returned 2 days after the day in which she took the last daily quiz
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to take posttraining assessments in a quiet room. These assessments included a meaning recall
test followed by a Chinese character identification test (henceforth character ID test). The reason
for having one test for recalling the English glosses and one for identifying the matching Chinese
characters was to determine the extent to which the training helped the participants to map the
audio stimuli to the English glosses and to the Chinese characters. Note that these two tests
measured receptive knowledge of the vocabulary. To assess their productive knowledge, a test
that made them produce Chinese words would have been needed. However, given that the
participants were not learners of Chinese, this test would have been too difficult.
The stimuli for both tests were the 16 trained words, but these were produced by four
novel talkers. Thus, each test consisted of 64 trials (16 words × 4 novel talkers). In the meaning
recall test, the participants heard the Chinese words produced by four novel talkers and were
asked to verbally provide the English gloss for each word through a Microsoft LifeChat LX-3000
headset before clicking on a button that said “Next.” The clicking of this button signified that a
verbal response had been provided and that a trial had been completed. The character ID test was
the same as the daily quiz, but the stimuli were produced by the same novel talkers used in the
meaning recall test, the buttons only had Chinese characters that matched the stimuli, not the
English glosses, and two additional buttons containing untrained characters were added as
options. In this test, the participants wore Sennheiser HD280PRO headphones. The stimuli in
both tests were blocked by talker, and the stimuli in each block were randomized. No corrective
feedback was provided for either test.
The participants took both versions of the PCPT, the daily quizzes, the meaning recall
test, and the character ID test and were trained to learn the target tone-words on a web
application that was created using HTML, CSS, and JavaScript.
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Data Analysis
The author was responsible for data analysis. The accuracy rates, that is, the scores, and
reaction times from both versions of the PCPT, the first and last daily quizzes, and posttraining
assessments were collected. The accuracy rates were calculated as the number of correct answers
divided by the total number of stimuli within a task. Unlike the other tests, the meaning recall
test was manually graded by the author. The participants received a full point if the exact English
glosses are provided. For example, if a participant said “sick” instead of “sickly” for the word
meaning “sickly,” no point was given. However, the omission of the infinitival to in verbs did
not affect the scoring. For example, if a participant said “flatter” or “to flatter,” a full point was
given. For all responses, no partial points were given.
Each reaction time was measured from the end of an audio stimulus to the beginning of
the mouse clicking to respond to the stimulus. In the case of the meaning recall test, each
reaction time was measured from the end of an audio stimulus to the beginning of the mouse
clicking of the “Next” button.
Whereas the accuracy rates were used as dependent variables, each participant’s reaction
times from both versions of the PCPT, daily quizzes, and posttraining assessments were used to
screen out his/her responses with reaction times that were longer than three standard deviations
above his/her mean reaction time. These screened out responses were considered outliers that
had to be removed. This was because responses associated with these outliers may have been a
result of unintentional clicks (e.g., in the case of impossibly fast responses) or inattention (e.g., in
the case of extremely delayed responses). On average, 1.89% (SD = 1.05%), 1.86% (SD =
0.84%), 1.35% (SD = 0.98%), 1.77% (SD = 1.14%), 1.56% (SD = 1.01%), and 1.25% (SD =
1.04%) of a participant’s responses to the mixed-talker PCPT, the blocked-talker PCPT, the first
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daily quiz, the last daily quiz, the meaning recall test, and the character ID test, respectively,
were considered outliers and were removed from the final analysis.
Statistical analyses were performed primarily using the packages stats (R Core Team,
2021), lmtest (Zeileis & Hothorn, 2002), car (Fox & Weisberg, 2019), and lme4 (Bates et al.,
2015) in R (R Core Team, 2021).
Results
The means and standard deviations of the participants’ scores on the mixed-talker PCPT,
the blocked-talker PCPT, the first daily quiz, the last daily quiz, the meaning recall test, and the
character ID test are presented in Table 3.
Table 3. Descriptive statistics for the scores on the mixed-talker PCPT, the blocked-talker PCPT,
the first daily quiz, the last daily quiz, the meaning recall test, and the character ID test
Test
Mixed-talker PCPT
Blocked-talker PCPT
First daily quiz
Last daily quiz
Meaning recall test
Character ID test

Mean
0.70
0.71
0.18
0.61
0.52
0.37

SD
0.17
0.19
0.13
0.25
0.25
0.22

The Effect of Training
The results from the comparison of the first and the last daily quizzes suggested that the
participants improved their ability to use their perception of Mandarin tones to identify words
after training. A mixed effects logistic regression model with daily quiz (the first daily quiz, the
last daily quiz) as a predictor of the scores on the first and the last daily quizzes along with a
random intercept for each participant showed that the scores on the last daily quiz were
significantly higher than those on the first daily quiz (β = 2.28, p < .001).

144
The Predictors of Tone-Word Learning
To determine whether the scores on the blocked-talker PCPT were a better predictor of
the scores on the last daily quiz, the meaning recall test, and the character ID test compared to
the scores on the mixed-talker PCPT, two simple linear regression models were used with the
scores on the blocked-talker PCPT or the mixed-talker PCPT as a predictor and the scores on the
last daily quiz, the meaning recall test, or the character ID test as a dependent variable. These
models were used because it was not possible to fit a multiple linear regression model with both
the scores on the blocked-talker PCPT and the scores on the mixed-talker PCPT as predictors, or
a model with the scores on either version of the PCPT as a predictor along with the scores on the
JND test and/or the duration of musical experience as additional predictors. First, likelihood ratio
tests suggested that a model with the scores on either version of the PCPT as a predictor and one
of the other independent variables as an additional predictor did not result in a significantly
better model fit.
Having these predictors in one model also resulted in multicollinearity. A model with the
scores on both versions of the PCPT as predictors resulted in the predictor variables having a
variance inflation factor (VIF) of 5.97. The scores on the blocked-talker PCPT were also highly
correlated with the scores on the mixed-talker PCPT (Pearson’s product moment correlation:
r(28) = .91, p < .001). Lastly, a model with the scores on either version of the PCPT as a
predictor in addition to the scores on the JND test and/or the duration of musical experience as
additional predictors resulted in the JND test and the duration of musical experience variables
having a VIF that ranged from 1.08 to 1.76. Nevertheless, the scores on either version of the
PCPT were significantly correlated with the scores on JND test (Pearson’s product moment
correlation: blocked-talker PCPT: r(28) = -.56, p = .001, mixed-talker PCPT: r(28) = -.48, p
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= .007), and the duration of musical experience (blocked-talker PCPT: r(28) = .48, p = .007,
mixed-talker PCPT: r(28) = .46, p = .012).
The Mixed-Talker PCPT as A Better Predictor
Given that a multiple linear regression model with the scores on both versions of the
PCPT as predictors could not be used, the adjusted R² values for the models with the scores on
the blocked-talker PCPT as a predictor were compared to the adjusted R² values for the models
with the scores on the mixed-talker PCPT as a predictor. These comparisons were appropriate
because the scales of both versions of the PCPT were the same.
The results of the simple linear regressions are visually summarized in Figure 5 – Figure
7 and presented in Table 4. The results showed that the scores on the mixed-talker PCPT were a
slightly better predictor of the scores on the last daily quiz, the meaning recall test, and the
character ID test compared to the scores on the blocked-talker PCPT. The scores on both
versions of the PCPT significantly predicted the dependent variables (ps < .05) as can be seen in
Table 4. The adjusted R² values were also higher when the dependent variable was the scores on
the meaning recall test compared to when the dependent variable was the scores on another test.
However, the scores on the mixed-talker PCPT had higher beta coefficients and adjusted R²
values compared to the scores on the blocked-talker PCPT (βmixed-talker PCPT = 0.73, 0.88, and 0.62,
adjusted R² =.20, .30, and .20 vs. βblocked-talker PCPT = 0.60, 0.69, and 0.46, adjusted R² =.18, .24,
and .13, in predicting the scores on the last daily quiz, the meaning recall test, and the character
ID test respectively). These results suggested that the scores on the mixed-talker PCPT could
explain the variance of the dependent variables slightly more compared to the scores on the
blocked-talker PCPT.
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Figure 5. The participants’ scores on both versions of the PCPT significantly predicted their
scores on the last daily quiz. However, their mixed-talker PCPT scores were a better predictor
compared to their blocked-talker PCPT scores

Figure 6. The participants’ scores on both versions of the PCPT significantly predicted their
scores on the meaning recall test. However, their mixed-talker PCPT scores were a better
predictor compared to their blocked-talker PCPT scores
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Figure 7. The participants’ scores on both versions of the PCPT significantly predicted their
scores on the character ID test. However, their mixed-talker PCPT scores were a better predictor
compared to their blocked-talker PCPT scores
Table 4. Results of six linear regression models with the scores on either version of the PCPT as
a predictor of the scores on either the last daily quiz, the meaning recall test, or the character ID
test
Predictor
Last daily quiz
Mixed-talker PCPT
β
0.73
SE
0.25
t
2.86
p
.008
95% CI
[0.21, 1.25]
Adjusted R²
.20
Blocked-talker PCPT
β
0.60
SE
0.22
t
2.69
p
.012
95% CI
[0.14, 1.06]
Adjusted R²
.18

Dependent variables
Meaning recall test

Character ID test

0.88
0.24
3.66
.001
[0.39, 1.37]
.30

0.62
0.22
2.87
.008
[0.18, 1.07]
.20

0.69
0.22
3.18
.004
[0.25, 1.14]
.24

0.46
0.20
2.32
.028
[0.05, 0.86]
.13
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Other Predictors
Given that the scores on the JND test and the duration of musical experience could not be
included as predictors in the same model with the scores on the mixed-talker PCPT or the
blocked-talker PCPT as a predictor, simple linear regression models and a multiple linear
regression model were used to understand the extent to which the scores on the JND test and the
duration of musical experience predicted the dependent variables. Based on likelihood-ratio tests
and a correlation analysis conducted to detect multicollinearity, a good model fit was obtained
when a simple linear regression model included either the scores on the JND test or the duration
of musical experience as a predictor of the scores on the last daily quiz or the character ID test
and when a multiple linear regression model included both the scores on the JND test and the
duration of musical experience as predictors of the scores on the meaning recall test.
The results of the simple linear regressions are in Table 5, and the results of the multiple
linear regression are in Table 6. As can be seen in these tables, the scores on the JND test
significantly predicted the scores on the last daily quiz (β = -0.83, p = .042, R² = .11) and the
meaning recall test (β = -0.90, p = .021, R² = .28), whereas the duration of musical experience
significantly predicted the scores on the last daily quiz (β = 2.37, p = .042, R² = .11) and the
character ID test (β = 2.04, p = .041, R² = .11).
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Table 5. Results of four simple linear regression models with either the scores on the JND test or
the duration of musical experience as a predictor of either the scores on the last daily quiz or the
character ID test
Predictor
Last daily quiz
JND test
β
-0.83
SE
0.39
t
-2.13
p
.042
95% CI
[-1.62, -0.03]
Adjusted R²
.11
Duration of musical experience
β
2.37
SE
1.11
t
2.13
p
.042
95% CI
[0.09, 4.65]
Adjusted R²
.11

Dependent variables
Character ID test
-0.53
0.34
-1.53
.137
[-1.23, 0.18]
.04
2.04
0.95
2.15
.041
[0.09, 3.99]
.11

Table 6. Results of a multiple linear regression model with the scores on JND test and the
duration of musical experience as predictors of the scores on the meaning recall test
Meaning recall test
p
95% CI

Predictor

β

SE

t

JND test

-0.90

0.37

-2.45

.021

[-1.65, -0.15]

Duration of musical
experience

2.01

1.05

1.92

.066

[-0.14, 4.16]

Adjusted R²
.28

Discussion
This study investigated the extent to which the ability to cope with trial-by-trial
variability during pitch perception predicts success in learning tone-words. Previous studies have
investigated the role of the ability to identify pitch patterns in tone-word learning success, but
they have often not distinguished such ability from the ability to cope with trial-by-trial
variability. The results from this study support the hypothesis that the ability to perceive pitch as
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well as the ability to cope with trial-by-trial variability are important predictors of success in
tone-word learning. Compared to their scores on the blocked-talker PCPT, which assessed their
ability to identify pitch patterns, the scores of native speakers of English on the mixed-talker
PCPT, which not only assessed their ability to identify pitch patterns but also their ability to cope
with trial-by-trial variability, were a slightly better predictor of their scores on a test that assessed
their success in learning Mandarin words, a test that assessed their ability to recall the meanings
of those Mandarin words, or a test that assessed their ability to identify the Chinese characters
that represented those words.
The results are consistent with previous findings that the ability to identify pitch patterns
predicts the success of tone-word learning (e.g., Perrachione et al., 2011; Wong & Perrachione,
2007). Although they were a better predictor of the dependent variables, the scores on the mixedtalker PCPT were a slightly better predictor compared to the scores on the blocked-talker PCPT.
This suggests that the ability to cope with trial-by-trial variability is not a very important
predictor of tone-word learning success. The ability to cope with such variability, therefore, may
not play a major role in tone-word learning. This has implications for previous studies that used a
test that measured the ability to identify pitch patterns without controlling for trial-by-trial
variability (Chandrasekaran et al., 2010; Cooper & Wang, 2011, 2012, 2013; Ingvalson et al.,
2013; Lee et al., 2007; Perrachione et al., 2011; Wong & Perrachione, 2007), that is, a test that
measured the ability to identify pitch patterns and indirectly measured the ability to cope with
trial-by-trial variability. Although the test measured both abilities, it still largely measured the
ability to identify pitch patterns. The results also have implications for the PPLC. Given that the
ability to cope with trial-by-trial variability does not predict success in learning tone-words to a
great extent, the assumptions of the PPLC do not need to be modified. Additionally, given the
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overall great role of the ability to perceive pitch patterns in predicting tone-word learning
success, this study provides further empirical support for the PPLC.
The results also suggested that the ability to identify pitch patterns and the ability to cope
with trial-by-trial variability are separate. This has implications for the design of future studies
that use a test that assesses one’s ability to identify pitch patterns. Such a test should strictly
assess the ability to identify pitch patterns, not the ability to cope with trial-by-trial variability.
The scores on the mixed-talker PCPT may have been a slightly better predictor of each
dependent variable compared to the scores on the blocked-talker PCPT because the mixed-talker
PCPT measured the learners’ ability to perform cognitively demanding tasks in addition to the
ability to cope with trial-by-trial variability during pitch perception. The learning of tone-words
in this study may have been cognitively demanding for the participants who were nontonal
language speakers and who had no prior experience using Chinese characters to represent words.
Thus, coping with trial-by-trial variability during pitch perception and learning tone-words may
both be cognitively demanding, and it is possible that the former predicts the latter. If true, a
learner who can perform one type of cognitively demanding task well might also perform
another type of cognitively demanding task well.
Support for the suggestion that coping with trial-by-trial variability during pitch
perception is cognitively demanding can be found in previous studies. Previous research has
suggested that coping with trial-by-trial variability is difficult even for native speakers. For
example, Abramson (1976) reported that many native speakers of Thai in his study could not
perceive the contrast between the mid tone and the low tone in Thai well when the voices of ten
speakers that produced these tones were randomly presented to them. The listeners perceived the
contrast better when the voices were blocked by talker. Previous research has also suggested that
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coping with trial-by-trial variability is more difficult for nontonal language speakers compared to
tone language speakers. For example, Chang et al. (2017) reported that the perception of the
three level tones in Cantonese produced by 24 randomly-presented voices by native speakers of
English was worse compared to the perception by native speakers of Cantonese and Mandarin.
It is unclear why the adjusted R² values of the regression models in the present study
were low, that is, why much of the variance in the dependent variables was not explained by the
scores on either version of the PCPT. Wong and Perrachione (2007) reported that the R² value of
their regression model with the scores on their version of the PCPT as a significant predictor of
“word learning attainment level” (measured using a posttraining word identification test)
was .487 (p. 576). Perrachione et al. (2011) also reported R² values that were higher than the
adjusted R² values in the present study. For example, in their first experiment, the results of a
multiple linear regression model with the scores on the PCPT of Wong and Perrachione (2007)
and the scores on three other tests as predictors of a test that assessed posttraining “mastery of
the vocabulary and phonological contrast, as well as the ability to generalize learning to novel
talkers” (p. 463) showed that the scores on the PCPT and one of the other three tests (the Sound
Blending cognitive test which assessed phonological awareness) significantly predicted the
dependent variable and that the R² value of this model was .686 (p. 466).
The lower adjusted R² values in this study may to some extent have been due to
methodological differences. Compared to the PCPT used in Wong and Perrachione (2007), both
versions of the PCPT used in this study had variability in pitch height, and unlike the PCPT used
in their study which had stimuli that were modeled after Mandarin tones, the two versions of the
PCPT in this study used stimuli that were based on Mandarin tones and Thai tones. The two
versions of the PCPT in this study also had 120 trials whereas the PCPT developed by Wong and
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Perrachione (2007) had 180 trials. Another difference, arguably a large one, was that the toneword learning in Wong and Perrachione (2007) and Perrachione et al. (2011) used Mandarin-like
pseudowords that were concrete nouns that were depicted, whereas the tone-word learning in this
study used real Mandarin words that were both abstract and concrete words represented by
Chinese characters. It is, therefore, possible that the higher R² values in Wong and Perrachione
(2007) and Perrachione et al. (2011) were partly because their version of the PCPT and toneword learning were both based on Mandarin tones. Future research should examine the extent to
which methodological differences contribute to differences in R² values.
More generally, future studies should examine the effects of using real words which can
be difficult to depict compared to depictable pseudowords which have often been used in
previous studies in this area, particularly, previous studies that are based on the study of Wong
and Perrachione (2007). If it is the case that the depictability of words is important when using
tone awareness to predict success in learning tone-words, future experiments, especially those
conducted by applied researchers, should use undepicted real words that can be abstract or
concrete words to simulate real-world word learning. Using such words may allow for a better
understanding of how tone awareness predicts success in learning tone-words in the real world.
External validity should be considered seriously (see Feest & Steinle, 2016, for philosophical
discussions about the roles of experiments in science).
This study had limitations. COVID-19 prevented the study from being conducted as
planned. Before the pandemic, for example, it was planned that the participants would return to
take tests that would have assessed their ability to retain their tone-word learning after 90 days
and 180 days. Their scores on these tests would have been used as dependent variables in a
regression model with the scores on both versions of the PCPT as the predictors. Such a
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regression analysis may have provided more insight into the relationship between the perception
of pitch patterns and tone-word learning success. Additionally, the pandemic prevented a followup, second experiment from being conducted. One goal of this second experiment was to answer
questions that arose from the results of the first experiment which had not been anticipated. If
there was no pandemic, for instance, the second experiment would have included variables that
could be predictors of tone-word learning that uses real words. Another goal of the second
experiment was to determine the extent to which the relationship between the perception of pitch
patterns, particularly with trial-by-trial variability, and tone-word learning success was causal.
This idea had been inspired by the observation that the relationship between tone perception and
tone-word learning is causal, as suggested by the observation that individuals who are not
musicians or are not naturally good at perceiving pitch become better at learning tone-words
after having been trained to perceive tones (Cooper & Wang, 2013; Ingvalson et al., 2013). The
participants in this second experiment would have been trained to cope with trial-by-trial
variability before being trained to learn tone-words. This idea was partly influenced by the study
by Ingvalson et al. (2015) which found that native speakers of Mandarin and English who were
trained to improve their working memory improved their ability to perceive speech in noise.
Future investigations may consider addressing these limitations.
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CHAPTER 5.

GENERAL CONCLUSION

In this dissertation, I have presented studies that can be considered theoretical research
and applied research. Chapters 2 and 3 were written primarily for phoneticians, not applied
researchers, whereas Chapter 4 was written for theoretical researchers and applied researchers.
Given that these studies were written for researchers from both approaches, I end this
dissertation with a discussion of the gap between theoretical research and applied research. I first
discuss the difference between both approaches. I then discuss why the gap should be bridged.
Lastly, I suggest ways in which the gap can be bridged.
The Gap Between Theoretical Research and Applied Research
What makes theoretical research different from applied research? For the purposes of this
chapter, I assume that the primary distinction between theoretical research and applied research
is that theoretical research aims to develop or refine theory that may provide general principles
and models to explain and predict observed phenomena, whereas applied research aims to solve
specific, real-world problems using concepts and principles from theoretical research and/or
prior applied research. This assumption is inspired by my experience as a researcher in
theoretical linguistics and applied linguistics, and it is also inspired by the discussions of
Eikeland (2007), Ericsson and Williams (2007), and Hoffman and Deffenbacher (1993),
although these authors may not hold the same views about the distinction between theoretical
research and applied research that are presented here. Another way to view the distinction that is
useful to a scholar with a background in theoretical and applied linguistics is that theoretical
researchers attempt to study how things work naturally (or normally, not artificially), whereas
applied researchers attempt to find ways to manipulate nature to solve practical problems often
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using the findings of theoretical research and/or prior applied research. My view of theoretical
researchers especially is inspired by the Aristotelian ways of knowing: “An Aristotelian
theorist … is interested in knowing and understanding things ‘in nature’ and ‘according to their
nature’, without artificially altering them” (Eikeland, 2012, p. 21). Additionally, besides
theoretical and applied researchers, there are people who apply applied research, or as Jones et
al. (2019) stated in the context of sports medicine:

Applied researchers (eg, [sic] academic researchers, PhD students) strive to undertake
research that can inform practice in sport, and evidence ‘impact.’ Conversely,
practitioners (eg, [sic] coaches, physiotherapists, clinicians, sports scientists) strive to
apply relevant up-to-date research findings to develop or optimise practice, adopting
‘evidence based practice.’ (p. 791, emphasis in the original)

In the case of pronunciation research, the equivalents of practitioners, that is, the end-users of
applied research, might be pronunciation teachers, language teachers more generally, artificial
intelligence developers, speech pathologists, and other people who apply current knowledge
drawn from phonological, phonetic, and/or pronunciation research to solve speech and hearing
problems.
Previous studies in different fields have often noted that there is a gap between theory
and practice, including in the fields of accounting education (Wells, 2018), supply chain
management (Benrqya, 2021), and ecology and conservation (Bormpoudakis & Tzanopoulos,
2019). This suggests that a gap between theoretical research and applied research exists in many
fields. My experience in both theoretical and applied linguistics programs suggests that there is
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also such a gap between phonetic and phonological research and pronunciation research. In this
chapter, I suggest ways in which this gap can be bridged borrowing ideas from sources from
areas outside of linguistics.
Why Should The Gap Be Bridged?
One argument for why the gap between theoretical research and applied research should
be bridged is that researcher from both approaches can benefit from each other. It is commonly
assumed that applied researchers use principles, ideas, methods, and/or frameworks generated by
theoretical or laboratory research to solve, analyze, evaluate, and/or to ask questions about
specific, empirical, and practical problems (e.g., Hoffman & Deffenbacher, 1993; Pacione,
1999). Applied researchers may also find results from laboratory research useful, or as Hoffman
and Deffenbacher (1993) stated, “although laboratory research may seem artificial and may have
little or no relevance when extrapolated to the real world, the control and isolation of effects by
means of experimental methods is useful in pinning down cause-effect relations” (p. 325). A
good example of researchers applying ideas from theoretical research in pronunciation research
is High Variability Phonetic Training (HVPT) (see a critical research synthesis by Thomson,
2018) which originates in the work of Logan et al. (1991) and subsequent studies.
As for how theoretical research can benefit from applied research, applied goals can lead
to the creation or refinement of theory (Brunsden, 1985; Hoffman & Deffenbacher, 1993). One
reason for this is that applied settings may serve as a productive testing ground for theory.
According to Hoffman and Deffenbacher (1993), “field research may be necessary to assess the
generality of theoretical principles to naturalistic conditions” (p. 325). Similarly, Brunsden
(1985) stated the following in the context of geomorphology:
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Applications of existing theory and technology are the best form of hypothesis testing
since a failure to solve a practical problem in the natural landscape laboratory will
quickly reveal deficiencies in the theory and stimulate new discoveries which model
more exactly the real situation. (pp. 236-237)

Additionally, despite having multiple uncontrolled variables, “observations in natural or
naturalistic settings are often a source of hypotheses and theoretical notions” (Hoffman &
Deffenbacher, 1993, p. 325). For example, hypotheses may need to be created to explain why
certain variables behave a certain way in a natural setting, and models may need to be developed
or existing models may need to be modified to account for certain variables that are present in a
natural setting.
Some examples of real-world problem-solving contributing to theory can be found in
geomorphology or hydrology. Canal and river engineers have contributed to the understanding of
regime theory or hydraulics, excavation has contributed to rock control theory, practice reasons
contributed to the “concepts of limiting equilibrium, loading, passive behaviour of earth
materials and slope stability,” and “the work of the Bahrain Surface Materials Resources
Survey … developed a theoretical basis for the development of saline ground and created a salt
hazard mapping system” (Brunsden, 1985, p. 237). Other examples include the following:

Research on prosopagnosia (or the inability to recognize familiar faces) has contributed
to theories of face perception[,] … studies of amnesia have contributed to theories of
implicit memory[,] … [and] studies of very-long-term recall of life events … have had
implications for theories of memory.” (Hoffman & Deffenbacher, 1993, p. 324)
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Theoretical research also has borrowed methods and principles from real-world problem
solving (Hoffman & Deffenbacher, 1993). Some examples compiled by Hoffman and
Deffenbacher (1993) are the following:

Reaction-time techniques stemmed from the problem of measuring human error in
astronomy[,] … much modern research in perception evolved from the question of what
happens when human operators have to detect infrequent and unpredictable signals (i.e.,
sonar and radar operators whose task requires “vigilance” and “selective attention”)[,] …
modern research on speech perception began, in part, because of the wartime need to
facilitate communication in noisy environments[,] … modern research on
multidimensional categorization can be traced, in part, to wartime interest in the design
and interpretation of radar displays[,] … [and] “active psychophysics” is a set of new
research methods necessitated by measurement problems encountered in avionics. (pp.
323-324)
How Should The Gap Be Bridged?
Authors in different fields have suggested that more collaboration is needed between
theoretical researchers, applied researchers, and the end-users of applied research when
conducting research. For example, Dragan et al. (2018) suggested that researchers, clinicians,
and educators in dentistry should have strong collaboration, and that researchers should conduct
“discovery-driven, translational and applied research” with clinicians (p. 19). Similarly, Jones et
al. (2019) suggested that applied researchers and practitioners in sports medicine work together
to “undertake and integrate research into practice and solve … problems” including the
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differences in how researchers and practitioners work which may “challenge the alignment of
their respective priorities within their roles” (p. 791). Jones et al. (2019) also suggested that
stakeholders should be involved “early in the research process” (p. 791). Lastly, Hedican (2020)
suggested that researchers in applied anthropology should develop a research focus jointly with
native leaders and “encourage the community to define its development objectives in the most
realistic manner possible” while examining their values “to assess the extent to which these
might be divergent from community goals” (p. 251).
Such collaboration between the groups is possible. Research is increasingly done by
teams rather than solo authors (Wuchty et al., 2007), and as the size of a team increases, the
division of labor may also increase, sometimes allowing nonauthor specialists such as
technicians to be part of a research team (Walsh & Lee, 2015). Such inter-group collaboration
especially when done in a well-managed team may also produce novel outputs. Division of labor
in large research teams with members from different knowledge domains has been associated
with greater novelty (Lee et al., 2015). However, the size of a team should not be too large
because large teams may not always have positive effects compared to smaller teams (Lee et al.,
2015; Milojević, 2015; Walsh et al., 2019; Wu et al., 2019). For example, greater division of
labor may contribute to scientific pathologies (e.g., falsification), leading to papers being
retracted (Walsh et al., 2019). Such pathologies, however, may be reduced if papers include
contribution statements which explains the responsibility of each team member because such
statements may hold authors accountable for their work (Larivière et al., 2016). Nevertheless, the
effectiveness of adding such statements remains unclear because it might lead to more
pathologies because it allows “authors to deny responsibility for some of the tasks in the project”
(Walsh et al., 2019, p. 450).
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In phonological, phonetic, and pronunciation research, my experience suggests that the
suggestion that having people from different approaches in a research team is plausible. If the
studies in this dissertation, for instance, were done by a team consisting of theorists, applied
researchers, and pronunciation teachers of a tone language, the theorists could use the findings to
refine the current explanations for consonant-induced fundamental frequency perturbations,
domain-initial strengthening, and factors that predict the ability to learn words in a tone
language. The applied researchers, such as researchers studying AI speech, could figure out how
the findings of the studies of consonant-induced fundamental frequency perturbations and
domain-initial strengthening can be used in future steps in AI speech development. And the
pronunciation teachers of a tone language could figure out a way to use a pitch perception test to
predict their students’ ability to learn words in a tone language so that the teachers could
anticipate which students need extra help with their pitch perception skills and skills needed in
learning words in a tone language.
When planning a study together, members of a research team consisting of the theorists,
the applied researchers, and the end-users of applied research should aim to provide each other
with information that each group specializes in. For example, the theoretical researchers and
applied researchers can do the following:

Theorists should try to provide new ideas for understanding or conceptualizing a
(problematic) situation, ideas which may suggest potentially fruitful new avenues of
dealing with that situation. Conversely, applied researchers should provide theorists with
key information and facts relevant to solving a practical problem, facts that need to be
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conceptualized in a detailed and coherent manner. (Vansteenkiste & Sheldon, 2006, p.
63).

Additionally, the applied researchers can provide the end-users of applied research with findings
that are not only interesting, but also useful (Jones et al., 2019), whereas the research end-users
can provide the applied researchers with problem-solving strategies that have been acquired
through first-hand experience but have not been documented as well as real-world problems they
encounter but the applied researchers have not known about (cf. Finch, 2017, in sports
medicine).
Furthermore, when jointly specifying the goals and target audience of a study, the
research team can also decide whether the focus of the study will have implications for theory,
practice, or both (see Hoffman & Deffenbacher, 1993, for examples of studies that have
implications for both theory and practice).
When planning the methodology of a study, the research team may also follow the four
epistemological dimensions and the four ecological dimensions of research proposed by
Hoffman and Deffenbacher (1993) to decide the extent to which the research will be considered
“basic science” and/or “applied science.” For example, in a study with high ecological validity,
the “materials, tasks, and settings present events in a way that preserves their natural forms and
the natural covariation of stimulus dimensions and cues” (p. 330), whereas in a study with high
epistemological validity, the “experimental design makes sense in terms of available theories and
accepted research methodology” (p. 331). Studies high on the epistemological dimensions may
be considered “basic science,” whereas studies high on the ecological dimensions may be
considered “applied science.”
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Previous authors in other fields have also suggested that researchers should share their
research findings with people outside of their circle. This facilitates the transfer of ideas between
groups. For example, Sherraden et al. (2019) suggested that applied researchers in social research
aiming for social change as its application should “share evidence with applied partners who
know how to use it” which goes beyond “sending a research report” (p. 546). Instead, as
suggested by Sherraden et al. (2019), researchers should “organiz[e] meetings and conferences,
writ[e] for applied audiences, draft … legislation, and work … directly with policymakers” (p.
546). In the case of applied anthropology, Hedican (2020) suggested that applied researchers
should disseminate their findings to benefit communities that struggle with problems similar to
those faced by the community the research was on and that the dissemination should be done
through “practical and policy-oriented means” (p. 251). My experience also suggests that even
an informal meeting either in person or online between people from different groups can be
beneficial for the members of all groups (cf. Jones et al., 2019, who suggested that applied
researchers and the end-users of applied research can jointly formulate research questions for a
study over coffee). Such an informal meeting is beneficial because I generally find it more
helpful when people from a different field guide me through their field, including telling me
which texts I should read, compared to when I have to learn about a different field without
receiving any guidance as I often do not know which text I should read first. One way to meet
people from a different field is to attend conferences that are organized for people outside of
one’s circle. I personally have met people from different fields and learned new ideas from
attending a conference that phoneticians and acousticians attend and a conference that
pronunciation researchers and teachers attend.
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Another way to learn about the work of researchers from a different approach is to have
researchers from a different approach take part in the creation of lesson plans for courses which
aim to introduce concepts from the different approach. Learning concepts and the principles they
are based on from a different approach helps one understand the different approach, and this may
help bridge the gap between people from different approaches. For a graduate-level course about
pronunciation research or pronunciation teaching in an applied linguistics program, for example,
a phonetician may help the instructor who is a pronunciation researcher create lesson plans for
the course. The phonetician, being familiar with up-to-date phonetic research or phonetic
research in general, can help the pronunciation researcher decide which concepts in phonetics
that are previously unknown to the pronunciation researcher are useful to teach to the students. In
addition to being able to provide a theoretical explanation to L2 learners for why certain
pronunciation problems occur, which helps bridge the gap between phonetic research and
pronunciation research, learning these concepts might inspire the students to think of ways to
apply them to solve real-world problems in pronunciation teaching. An example of a concept in
phonetics that I find useful when helping learners improve their L2 pronunciation is the concept
of gestural coordination in Articulatory Phonology (see Pouplier, 2020, for a recent review)
which I learned from phoneticians in my previous graduate program. Putting it simply, gestural
coordination is similar to the coordination of dance steps, but gestural coordination occurs
largely above the larynx. As far as I can tell, my peers who do pronunciation research in my PhD
program are not very familiar with gestural coordination. I find this concept useful because it has
helped learners of English whom I have helped improve their pronunciation of English visualize
the coordination of their speech organs when I compare such coordination to the coordination of
dance moves. Such a comparison has also helped these learners understand the importance of
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practice and patience given that it is easy to visualize dancers who patiently practice their dance
moves before becoming good at them and extend this visualization to learners who patiently
practice the coordination of their speech organs before becoming good at pronunciation.
It is my hope that the gap will be bridged if these recommendations are followed.
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