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ABSTRACT:
Vowel contrasts tend to be perceived independently of pitch modulation, but it is not known whether pitch can be

perceived independently of vowel quality. This issue was investigated in the context of a lexical tone language,

Mandarin Chinese, using a printed word version of the visual world paradigm. Eye movements to four printed words

were tracked while listeners heard target words that differed from competitors only in tone (test condition) or also in

onset consonant and vowel (control condition). Results showed that the timecourse of tone recognition is influenced

by vowel quality for high, low, and rising tones. For these tones, the time for the eyes to converge on the target word

in the test condition (relative to control) depended on the vowel with which the tone was coarticulated with /a/ and

/i/ supporting faster recognition of high, low, and rising tones than /u/. These patterns are consistent with the

hypothesis that tone-conditioned variation in the articulation of /a/ and /i/ facilitates rapid recognition of tones.

The one exception to this general pattern—no effect of vowel quality on falling tone perception—may be due to

fortuitous amplification of the harmonics relevant for pitch perception in this context.
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I. INTRODUCTION

A. Independence of tones and vowels in perception

In speech perception, vowel contrasts tend to be per-

ceived independently of pitch (e.g., Poeppel et al., 1997).
The formants that differentiate vowels in acoustics are

structured by articulatory gestures that condition changes in

vocal tract shape over time. Resonances of the vocal tract

characteristic of a particular vowel are, by definition, con-

stant across variations in the source of acoustic excitation.

In perceiving vowels across variation in pitch, listeners

would seem to be picking out aspects of the signal related to

vocal tract resonance. While listeners tend to experience

perceptual constancy for vowels across variation in pitch, it

is not known whether listeners also experience perceptual

constancy for pitch across variation in vowel quality.

We investigated this issue in the context of a lexical tone

language, Mandarin Chinese.

In lexical tone languages, pitch is often perceived cate-

gorically in terms of tone (Peng et al., 2010; Xu et al.,
2006), particularly for dynamic tones, i.e., those that change

in pitch over time (cf. Abramson, 1977; Sun and Huang,

2012). Moreover, vowels and tones are functionally equiva-

lent from a linguistic standpoint in that both are used to dif-

ferentiate word meanings. For example, changes in tone

from a rising tone /ti35/ to falling tone /ti51/ affect a change

in meaning in the same way as a change in vowel from, e.g.,

/ti35/ to /ta35/. Accordingly, changes to vowels and tones

resulting in semantic anomaly evoke comparable neural

responses (Schirmer et al., 2005). Cues to vowels and tones

are simultaneously (or near simultaneously) present in the

acoustic signal. This is because the acoustic energy that

typically excites vowel resonances in the vocal tract has its

source in vocal fold vibration, the fundamental frequency of

which cues pitch perception. At issue is whether listeners

perceive pitch independently of the vowels that shape vocal

tract resonance.

To the extent that fundamental frequency, f0, is lower

than F1, as is typical for adult speech, we may expect that

tone perception is entirely unaffected by the spectral quali-

ties of the vowel with which it is coproduced (and the asso-

ciated supralaryngeal resonances, fR).
1 While it is known

that spectral qualities associated with voice quality influence

pitch perception (e.g., Kuang and Liberman, 2018), listeners

may be able to compensate in perception for the spectral

qualities of vowels when they function as independent

linguistic units. Unlike voice quality and pitch perception,

which are known to covary (Kuang, 2017), there are few

cases of tone-vowel covariation, and putative cases may be

mediated by other factors such as syllable duration or voice

quality. For example, some languages have “register”

contrasts, which include aspects of pitch, voice quality, and

vowel quality (e.g., Edmondson and Gregerson, 1993;

Edmondson et al., 2001); acoustic analyses have, in some

cases, concluded that the observed differences in vowel

quality are small and unlikely to be robust perceptual cues
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(Brunelle, 2009). Nevertheless, these are not cases in which

contrastive tones and vowels overlap. Rather, in register lan-

guages, covariation in pitch, voice quality, and vowel qual-

ity cue a single contrast, possibly a constriction in the lower

pharynx between the tongue root and the upper valves of the

larynx (Edmondson et al., 2001). Putative tone-vowel

covariation may also arise from variation in duration.

Shorter syllables may have the effect of reducing pitch range

and also conditioning undershoot of vowel targets, leading

to the appearance of covariation between tone and vowel

quality (e.g., Jiang-King, 1999). Similarly, manipulation of

vowel duration is known to influence the perception of tone

(e.g., Greenberg and Zee, 1979), while a loss of vowel dura-

tion contrast can condition diachronic changes to tone sys-

tems (Gandour, 1977). These examples of tone-vowel

interactions are indirect. As Yip (2002, p. 32) observed:

“Direct and unequivocal interaction between vowel height

and tone is extremely rare, and the examples are controver-

sial. If a connection exists, one would expect higher vowels

to be found with higher tones since in many languages,

including English, studies have shown that higher vowels

have an intrinsically higher fundamental frequency.” In our

discussion below, we take up the possible effect suggested

by Yip (intrinsic f0), as well as some other ways in which

vowel quality could conceivably influence tone perception.

Phonetic descriptions of lexical tone are typically

expressed as f0 measurements over time and typically nor-

malized by speaker (Abramson, 1962; Howie, 1976; Rose,

1988). In these descriptions higher harmonics are redundant.

In pitch perception, however, higher harmonics are impor-

tant. Minimally, models of pitch perception (e.g., Meddis

and O’Mard, 1997) must account for results from the miss-

ing fundamental paradigm. Human listeners, as well as non-

human primates (Tomlinson and Schwarz, 1988), cats

(Heffner and Whitfield, 1976), and birds (Cynx and Shapiro,

1986), perceive pitch even when the fundamental frequency

has been excised from the signal. This indicates that pitch

perception involves integration of acoustic energy from

multiple harmonics distributed across frequency bands.

When perceiving speech, the structure of the harmonics that

are relevant for pitch perception is filtered by the vocal tract

in vowel-specific ways. This relationship raises the question

of whether vowel identity might influence pitch perception.

How might the spectral filtering of vowel-specific vocal

tract configurations impact pitch perception in speech? One

possibility is that human listeners perceptually compensate

for vowel quality, recovering harmonic structure from the

acoustic signal despite the influence of vocal tract resonance.

In this case, we would expect vowel quality to have negligi-

ble effects on tone perception. Possible evidence against this

comes from an interference task (Garner paradigm), showing

that vowel variation interferes with tone identification to a

greater degree than tone variation interferes with vowel iden-

tification (Tong et al., 2008). Another possibility is that

listeners rely less on the second and higher harmonics in

tone perception than in the perception of pitch more gener-

ally (i.e., non-speech). Kuang and Liberman (2018) showed

that for English listeners spectral properties had a stronger

influence on pitch perception for non-speech stimuli than for

speech stimuli. Developmentally, one aspect of acquiring

language-specific speech perception involves tuning in to the

particular aspects of the signal that reliably cue phonological

contrast. For lexical tone languages, this could mean

enhanced perceptual attunement to f0 to the exclusion of

higher level harmonics since the amplitude of the harmonics

will be perturbed by voice quality and vowel-specific reso-

nances even as the linguistic identity of the tone remains

constant. In this case, we would also expect vowel quality to

have little effect on tone perception. Cross-linguistic compar-

isons have revealed that sensitivity to spectral shape is lan-

guage specific. For example, Kreiman et al. (2010) showed
that listeners who are native speakers of Gujarati, a language

for which voice quality is contrastive, show heightened

sensitivity to differences in harmonic amplitude relative to

listeners from English and Thai, a language with lexical tone

but no phonation contrast, language backgrounds. Mandarin

listeners also show greater sensitivity to harmonic amplitude

differences than English listeners, which could also be

related to the role that voice quality plays in Mandarin, i.e.,

the tendency for creaky voice to cue the low tone (Kreiman

and Garratt, 2010). These results indicate that perceptual

attunement to spectral properties might depend both on the

function of pitch and voice quality in cueing phonological

contrast. While Mandarin listeners show heightened

language-specific sensitivity to spectral shape, there are, in

the general case, at least two possible reasons why vowel

quality might not have any effect on tone perception in spite

of the relationship between harmonic structure and pitch per-

ception. As we review below, there is a general lack of con-

cern about potential effects of vowels on tone perception in

the existing literature. Much of the focus on spectral shape as

related to pitch perception is on voice quality, acoustic mea-

sures of which typically attempt to correct for the influence

of vocal tract resonance (e.g., Iseli et al., 2007). We gather

from this that one of the two possible explanations given

above is (implicitly) assumed by researchers investigating

tone perception.

It is also possible that due to coarticulation vowel qual-

ity might systematically influence tone perception. In the

general case of coarticulation, coproduced speech gestures,

such as those actuating distinct vowels, involve only a par-

tial overlap in time. For example, in a sequence of vowels,

V1CV2, where V represents vowels and C represents a con-

sonant, there is anticipatory coarticulation such that the

identity of V2 influences the formant transition of V1 into C

(Ohman, 1966); there is also carryover articulation whereby

V1 influences the formant values at the onset of V2. The

direction and degree of coarticulation varies from language

to language, and listeners have language-specific perceptual

abilities that allow them to partially compensate in percep-

tion for the effect that one gesture has on another (Beddor

et al., 2002). Sequential articulation of tones also shows

coarticulatory effects, which are similarly compensated for

in perception (Xu, 1994). The coproduction of tones with
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vowels constitutes a special case in that it does not involve

sequential transitions in the same way—tones and vowels

are either completely simultaneous or very nearly so (Gao,

2009; Xu, 2009). Tones are always coproduced with some

other phonologically contrastive segment and are most

acoustically salient when coproduced with a vowel or sonor-

ant consonant (Zhang, 2002). This means that listeners in

lexical tone languages do not typically experience a tone in

the absence of a vowel or some other supralaryngeal con-

striction influencing vocal tract resonance. Although tone-

vowel coproduction is a somewhat special case, there are

two types of coarticulatory influences that could lead to

vowel-specific tone perception.

One way that vowels could influence tone perception is

through intrinsic f0. Vowel quality has small (�11–15Hz)

but systematic effects on f0—in general, high vowels (e.g.,

/i/, /u/) have higher f0 than low vowels (e.g., /a/), an effect

referred to as intrinsic f0 (Whalen and Levitt, 1995).

Intrinsic f0 has a plausible physiological basis in shared

musculature involved in modulation of tongue body position

and vocal fold tension (Whalen et al., 1999), which may

account for its wide prevalence across languages and its sup-

pression at the low end of the pitch range, although it seems

that it can also be suppressed altogether in at least some lan-

guages (Connell, 2002). Mandarin is a typical language with

respect to intrinsic f0 in that the effect is observed outside of

the low end of the pitch range (Shi and Zhang, 1987). With

regard to how vowel quality might influence tone percep-

tion, the higher intrinsic f0 for high vowels relative to low

vowels could potentially bias listeners toward perceiving

high tones when they are coproduced with high vowels. An

assumption associated with this hypothesis is that listeners

are unable to entirely compensate in perception for the

effect of intrinsic f0 on pitch modulation associated with

tone. Whereas there is evidence that variation in f0 can be

interpreted as information about vowel quality (Hirahara

and Kato, 1992), compensation for intrinsic f0 may be

incomplete, leading to residual effects of vowel quality on

tone perception. The prediction is that tones that start high

would be recognized faster on high vowels while tones that

start low would be recognized faster when coproduced with

low vowels.

There is another way in which physiological (mechani-

cal) linkages between tongue body positioning and pitch

modulation could induce an effect of vowel quality on tone

perception. In Mandarin, tongue body height has been

shown to vary systematically with tone (Erickson et al.,
2004; Hoole and Hu, 2004; Shaw et al., 2016). Shaw et al.
(2016) reported small but reliable effects of tone on tongue

body height, some of which are consistent with the physio-

logical explanation given for intrinsic f0. For /a/, the position
of the tongue body at the vowel target was lower when cop-

roduced with tones that begin low (the low tone and the

rising tone) than when coproduced with tones that begin

high (the high tone and the falling tone). For /i/, the effects

of tone on tongue body height went in the opposite direc-

tion—the tongue body was higher for tones that begin low

than for tones that begin high. The effects of tone on /a/ are

consistent with the “tongue-pull” hypothesis, whereby low-

ering of the larynx to slacken the vocal folds for low tones

exerts a downward force on the jaw through the tissue con-

necting the laryngeal complex to the hyoid bone (Honda,

1995). In contrast, the effect of tone on /i/ may be physio-

logically arbitrary—it is in the opposite direction of the

tongue pull hypothesis and also inconsistent with alternative

laryngeal mechanisms for lowering pitch (e.g., Moisik et al.,
2014). For /u/, there were no significant effects of tone on

tongue position at all. Together, these results indicate that

there could be information about Mandarin tone contrasts in

vocal tract resonances (in addition to pitch) at least for some

vowels. Additionally, information about tone conveyed

through tone-conditioned vocal tract shapes could be avail-

able to listeners earlier in time than other cues to dynamic

tones such as f0 turning point or creaky voice. The predic-

tion is that tones will be recognized faster when coproduced

with /a/ or /i/ than when coproduced with /u/.

To summarize, the effect that vowel quality has on tone

perception is not currently known, but we have formulated a

number of competing theoretical hypotheses, including

some that predict no effect and some that predict specific

conditions under which vowel quality influences tone per-

ception. Table I summarizes the predictions.

B. Past work on the timecourse of tone perception in
Mandarin

There has been a substantial body of work on human

pitch perception by native speakers of tone languages and

by speakers of non-tone languages, including on the

TABLE I. A summary of hypotheses and associated predictions for how vowel quality might influence the timecourse of tone perception.

Hypothesis Prediction

H0a Listeners effectively compensate for the effect of vowel quality on all

harmonics

No effect of vowel quality on tone perception

H0b Listeners ignore higher harmonics that may interact with vowel reso-

nance, focusing instead on (0)f0 to perceive linguistic tone
No effect of vowel quality on tone perception; listeners are better

at perceiving pitch in non-speech materials than in speech

H1 Listeners fail to compensate for the effect of vowel on f0 Tones that start high are recognized earlier on high vowels (than

on low vowels); tones that start low are recognized earlier when

coproduced with low vowels (than with high vowels)

H2 Coarticulatory effects of tone on tongue body height enhance tone

perception

Tones will be recognized earlier when coproduced with /a/ and /i/

than when coproduced with /u/
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timecourse of tone recognition by Mandarin listeners, the

group of participants relevant for this study. Some of this

research has compared vowel and tone perception. For

example, in a lexical decision task, vowel mismatches were

more disruptive than tone mismatches in a neutral context,

while this vowel-advantage was reversed by embedding

words in a more predictive context (Liu and Samuel, 2007;

Ye and Connine, 1999). This suggests that the relative

importance of tone information can interact with context.

Research on event related potentials (ERP) has revealed

dissociations in neural responses to vowels and tones (Hu

et al., 2012).
Another key methodology for investigating the time-

course of tone recognition has been the visual world para-

digm. In this paradigm, listeners hear a word and select a

matching picture or orthographic representation on a com-

puter monitor. The listeners’ eye movements are tracked as

they complete the task to measure the timecourse of word

recognition as they select between the displayed options.

This paradigm was used by Malins and Joanisse (2010),

who found that looks toward the target picture diverged

from competitor pictures when disambiguating acoustic

information became available in the signal regardless of

whether it was attributable to a vowel or a tone. This demon-

strated that vowels and tones mutually constrained lexical

access. In that study, results were averaged across stimulus

items containing different vowels and tones. Shen et al.
(2013) reported similar results in two experiments using the

visual world paradigm, one with pictures and another with

characters. Their stimuli manipulated the f0 of target items

while holding constant all other acoustic aspects of the

materials, including (presumably) higher level harmonics.

Manipulations of f0 height, particularly at the syllable onset

and offset had significant effects on looks to target, indicat-

ing that lexical tone perception by Mandarin listeners is an

incremental process sensitive to pitch heights at critical

points in the syllable. This conclusion meshes well with the

theoretical proposal of House (1996) that listeners in tone

languages are more sensitive to f0 at the beginning and ends

of vowels as this is where disambiguating information tends

to be concentrated. In another study using the visual world

paradigm with characters as visual stimuli, Wiener and Ito

(2015) showed that the probability of the tone given the seg-

ments influenced the timecourse of tone recognition for low

frequency words. This result reveals another way, in addi-

tion to our hypotheses presented in Table I, that a vowel can

influence tone perception. Wiener and Ito (2015) also

reported that there was no effect of tone probability on tone

recognition in the reaction time of the mouse clicks, indicat-

ing the sensitivity of eye movements as a measure of online

perception of tones.2

The studies described above provide important insights

into the timecourse of tone processing by Mandarin speakers,

including that processing is incremental across the syllable

(Shen et al., 2013), word recognition is mutually (and simul-

taneously) constrained by tones and vowels (Malins and

Joanisse, 2010), and non-equiprobability of tones in the

lexicon also shapes recognition (Wiener and Ito, 2015).

These results have since been incorporated into models of

spoken word recognition that include tone (Shuai and

Malins, 2017). They leave open, however, the possibility that

vowel identity conditions tone recognition. For this question,

it is crucial to have stimuli that bear the coarticulatory signa-

ture of naturally produced words and systematically vary

tone-vowel combinations, design considerations that we

have factored into the current study.

C. This study

To test our hypotheses, we require a task that will allow

us to measure the time it takes to recognize a word when

tone is the only discriminating feature. The visual world

paradigm provides fine-grained information about the time-

course of recognition, but there are many factors related to

the word itself that could affect recognition of the auditory

stimulus. Word frequency, neighbourhood density, and

onset density all have an effect on the timecourse of recog-

nition (Magnuson et al., 2007). In the case of Mandarin

Chinese, pitch shape (i.e., static vs dynamic; Wu and

Ortega-Llebaria, 2017), syllable frequency, and tonal proba-

bility (Wiener and Ito, 2015, 2016) have an influence on

spoken word recognition, and stroke complexity affects

visual word recognition (Liversedge et al., 2014). These

potential confounds make it difficult to choose minimally

contrasting stimuli that are controlled for lexical statistics.

To isolate the effect of tone identity on word recogni-

tion in Mandarin Chinese and to counteract the effects of

lexical statistics, we compared participants’ fixations to the

target word in two conditions. In a control condition, the tar-

get word was presented on the screen with three distractors

that were distinguishable from the target on the basis of the

initial consonant (e.g., /ta55/ vs /thu214/, /pa35/, and /thi35/).

This provides a baseline of the timecourse of recognition for

each target token in conditions where the listener is not

required to make a decision based only on tonal identity. In

the experimental condition, the visual target was presented

with competitors having the same onset consonant and the

same vowel but different tones (e.g., /ta55/ vs /ta35/, /ta214/,

and /ta51/). In that case, the only information that the listen-

ers could use to decide on the correct visually presented

word is the tone. Since the time taken to recognize each

word may vary due to extraneous factors, such as lexical sta-

tistics, the measure of interest is the difference between looks

to target in the baseline condition and looks to target in the

experimental condition. We expect word recognition to be

slower in the experimental condition than in the control con-

dition, but the question of interest is whether the difference

varies as a function of vowel within each tonal category.

To further mitigate against confounding effects of

stroke order and lexical statistics on recognition of the

orthographically presented response options, we provided

listeners with a preview of the visual stimuli before the trial

began and enforced a neutral gaze requirement. At the

beginning of each trial before hearing the auditory stimulus,
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listeners first looked at the four response options and clicked

the mouse when they were ready to proceed. This was the

preview phase of the trial. The neutral gaze requirement

forced the eyes to fixate on a crosshair in the center of the

screen. Fixation on the crosshair triggered presentation of

the auditory stimulus. Besides allowing time to process all

items on the screen before auditory stimulus presentation,

the preview window may have further focused listener atten-

tion on relevant phonetic aspects of the signal. In control

conditions, the preview window revealed to participants that

the initial consonant differentiates competitors. In test con-

ditions, the preview window revealed that only tone differ-

entiates competitors.

Finally, our design featured the re-use of the same audi-

tory and visual stimuli in both target and control trials. The

auditory stimulus tokens were repeated four times across the

course of the experiment (twice in the control condition and

twice in the experimental condition), and the visual stimuli

were repeated 96 times (24 as target and 72 as distractor/

competitor). Repetition of items, together with the preview

window, plays into our general strategy of minimizing lexi-

cal effects so that we can focus on the role that vowel quality

may play in the uptake of acoustic information about tone.

II. METHODS

A. Subjects

The sample of listeners consisted of 16 native speakers

of Mandarin Chinese (2 male; mean age¼ 24 yr; standard

deviation¼ 6 yr; age range, 19–47 yr) from the Western

Sydney University community. The speakers grew up in

Northern China as far south as Wuhan and moved to

Australia as adults after the age of 18. Two additional partic-

ipants were tested, but their data were discarded due to tech-

nical problems with data acquisition.

B. Materials

The stimuli consisted of 28 syllables from Mandarin

(see Table II). The syllables were all of the shape CV, where

C indicates an onset consonant and V indicates a monoph-

thong vowel. The vowels were drawn from the set /a/, /i/, /u/.

These three vowels were combined with all four Mandarin

lexical tones and three onset consonants: /p/, /t/, and /th/.

Like English, Mandarin consonants contrast in aspiration; /t/

is differentiated from /th/ by voice onset time (VOT), which

is short for /t/ and long for /th/ (Chen et al., 2007; Lisker and
Abramson, 1964). The stimulus recordings were sourced

from an existing corpus at the MARCS Institute for Brain,

Behavior and Development, Western Sydney University, and

are reported in Xu Rattanasone et al. (2014). The full set of

tone � vowel combinations was only available for the /tV/

context; the /pV/ and /thV/ contexts were included as filler

items only. The stimuli are presented in Table II.

The syllables were recorded by three female native

speakers of Mandarin Chinese from northern China. A total

of 6 tokens of each syllable were included in the experiment

with one to three tokens per speaker, yielding a total of 168

sound files. The individual sound files were excised from

100ms before the onset of speech until the end of the utter-

ance and a 20ms onset and offset ramp was applied. Tokens

were normalized to 90% of the peak amplitude (across all

tokens), and a 10Hz sixth-order elliptical high-pass filter

was applied to remove the direct current (DC) component of

the signal.

For each sound file, acoustic measurements for f0, F1, F2,

and F3 were sampled every 16.67ms using Praat software

(Boersma and Weenink, 2013). The formants were calculated

using linear predictive coding (LPC), the Burg method. The

window length was 25ms, pre-emphasis was applied from

50Hz, and the parameters for maximum number of formants

and the maximum formant frequency were optimized on a

token-by-token basis by visual inspection of the spectrogram.

Here, we report the mean acoustic measurements for the criti-

cal /tV/ syllables only. The f0 contours for each tone � vowel

are presented in Fig. 1. To calculate mean formant values, we

used the method of sampling the formants by Zee (1980) and

then averaged them across the vowel. The mean F1, F2, and

F3 values are presented in Table III.

C. Procedure

Participants were seated in front of a computer monitor

in a quiet room. They positioned their chin and forehead on

TABLE II. The 28 Chinese characters used as stimuli in the experiment,

together with IPA transcriptions for the segments, grouped by vowel and

tone. The tone numbers provided in the left column are the standard

descriptors for Mandarin tones—correspondence to IPA tone numbers and

labels is as follows: tone 1¼ 55 high, tone 2¼ 35 rising, tone 3¼ 21(4) low

(falling rising), and tone 4¼ 51 falling.

Tone Vowel

/a/ /i/ /u/

Tone 1 搭 /ta/八 /pa/ 低 /ti/逼 /pi/梯 /thi/ 嘟 /tu/突 /thu/

Tone 2 达 /ta/拔 /pa/ 敌 /ti/鼻 /pi/提 /thi/ 读 /tu/图 /thu/

Tone 3 打 /ta/把 /pa/ 底 /ti/比 /pi/体 /thi/ 赌 /tu/土 /thu/

Tone 4 大 /ta/爸 /pa/ 地 /ti/必 /pi/替 /thi/ 度 /tu/兔 /thu/ FIG. 1. (Color online) Mean f0 contours for target stimuli (/t/ context only)

in each tonal context, split by vowel.
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a chin rest located 50 cm from the monitor. Auditory stimuli

were played over loudspeakers located next to the monitor. A

Tobii-x120 eye tracker (Danderyd, Sweden) sampled eye-

movements at 60Hz. Before beginning the practice section,

the eye-tracker was calibrated to the gaze of each participant.

Figure 2 shows the trial procedure. Participants were first

shown a preview of four words on the screen (Fig. 2, left).

They were instructed to read the words, click on the crosshair

in the center of the screen, and then click on the word that they

heard over the loudspeaker. After clicking on the crosshair, a

red rectangle appeared around the crosshair (Fig. 2, middle).

When continuous gaze duration to the crosshair reached

200ms, the crosshair and red rectangle disappeared and the

auditory stimulus played (Fig. 2, right). This procedure

allowed participants to preview words in the four quadrants of

the screen and ensured that they were fixating on the center of

the screen at the start of the auditory stimulus.

The auditory and visual stimuli were organized into two

within-subjects conditions, a test condition and a control

condition. In the test condition, the target word was shown

on the screen (in one of the four quadrants) along with

competitor words differing only in tone (see Fig. 3 for an

example). In the control condition, the target word appeared

on the screen with competitors that differed on the onset con-

sonant as well as on the vowel and/or tone. The purpose of the

control condition was to provide baseline word-recognition

data for each token in the experiment. Deviations from the

baseline word-recognition time in the test condition could

then be attributed to the role of tone in word recognition. The

presentation of all stimuli, including control and test condi-

tions, was fully randomized for each participant.

Trials containing each auditory token occurred twice in

the test condition and twice in the control condition. The

visual stimuli were counterbalanced so that each character

appeared as the target three times in each screen quadrant for

control trials and three times in each quadrant for test trials.

The visual stimuli also appeared as distractors 9 times in each

quadrant for test trials and between 4 and 12 times per quad-

rant for control trials. Each sound file was played 4 times for a

total of 672 trials (28 syllables� 6 tokens � 4 repetitions),

which were presented in random order. Participants were

given a break halfway through the experiment.

D. Data preparation and analysis

The dependent variable in the analysis was participant

looks to the target word or target fixation. Since the same

auditory stimuli were presented in both control and test con-

ditions, differences in target fixation across conditions can

only be attributable to the role of tone in picking out the tar-

get in the test condition (cf. onset differences in the control).

To compute target fixation, we coded eye fixations for the

area of interest, either a fixation to target, 1, or a fixation

elsewhere, 0, for each sample of data (16.67ms intervals).

To correct for eye-movement-based dependencies, the

binary data were aggregated into 50ms bins (three samples

per interval). The empirical logit (elogit) and associated

weights were calculated over trials within bin, condition,

subject, and item, following Barr (2008). The elogit trans-

formation converts fixation proportions to a continuous scale

without upper or lower bounds. Since our design includes

multiple repetitions of stimulus items, we were able to com-

pute the elogit within subjects and items and retain the pos-

sibility of computing crossed random effects in a regression

model (see Sec. III, Results).

We determined the time window for analysis by plot-

ting the elogit across all conditions as a function of time and

TABLE III. Formant measurements, in Hz, averaged across the vowel and

across the three speakers, for each vowel � tone combination. Standard

deviations are in parentheses.

Vowel Tone F1 (Hz) F2 (Hz) F3 (Hz)

/a/ 1 (high) 903 (103) 1635 (99) 2971 (22)

2 (rising) 972 (34) 1646 (90) 3084 (246)

3 (low) 984 (26) 1588 (31) 2997 (346)

4 (falling) 1012 (19) 1617 (72) 2932 (68)

/i/ 1 (high) 481 (9) 2723 (190) 3523 (110)

2 (rising) 472 (17) 2723 (305) 3567 (191)

3 (low) 497 (20) 2715 (202) 3578 (216)

4 (falling) 537 (49) 2710 (190) 3436 (147)

/u/ 1 (high) 452 (24) 1017 (68) 2550 (273)

2 (rising) 505 (33) 892 (66) 2741 (106)

3 (low) 445 (14) 948 (23) 2713 (196)

4 (falling) 495 (60) 952 (125) 2619 (311)

FIG. 2. (Color online) Schematic depiction of an experimental trial (test

condition). Participants clicked on the crosshair (left), fixated on the cross

hair (middle), and clicked on the word that they heard (right).

FIG. 3. Examples of test (left) and control (right) conditions. In these

examples,搭 /ta1/ is the target. In the test condition, competitors differ only

in tone. In the control condition, competitors differ in both the onset conso-

nant and either vowel or tone. The Romanized transcriptions are included

for illustrative purposes only. They were not presented to participants. The

numbers in slashes refer to the Mandarin tones using standard descriptors—

correspondence to International Phonetic Alphabet (IPA) tone numbers and

labels is as follows: tone 1¼ 55 “high,” tone 2¼ 35 “rising,” tone 3¼ 21(4)

“low (falling rising),” and tone 4¼ 51 “falling.”
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identifying (1) a sharp increase in looks toward the target

and (2) a plateau in looks toward the target. This was done

across conditions to eliminate hypothesis-based bias in win-

dow selection (Barr, 2008). The selected analysis window

begins at 300ms and ends at 800ms. Within this analysis

window, looks to the target increase linearly as a function of

time. The onset of 300ms is reasonable since there was

100ms of silence before each sound file, and 200ms is

roughly the time required to plan an eye movement (Matin

et al., 1993). The duration of the window is greater than the

duration of the stimuli, which ranged between 250 and

500ms, and therefore can reflect looks driven by phonologi-

cally relevant information distributed across the word.

III. RESULTS

A. Visualization

Figure 4 shows target fixation (elogit transformed)

across conditions (separate lines) for each combination of

tone and vowel for items following the consonant /t/. For

all tones, there were fewer target fixations in the test condi-

tion than in the control condition, indicating that, as

expected, the timecourse of syllable recognition is slowed

when there are only lexical tone competitors. The degree to

which tone competitors impact word recognition beyond

dissimilar competitors is represented in the differences

between the lines (control vs test) in each panel of Fig. 4.

The closer the lines the faster the tone is recognized. Figure

5 collapses across time to show the mean difference

(between target and control conditions) in target fixation for

each tone and vowel combination. Shorter bars indicate

faster tone recognition.

It is clear, first, that the timecourse of tone recognition

is not uniform across vowels. Most tones tend to be recog-

nized faster when they are coproduced with /a/ or /i/ than

when coproduced with /u/. This difference is particularly

robust for the high and rising tones. Across tones, the differ-

ence between the lines tends to be larger for /u/ than for /a/

or /i/.

FIG. 4. Target fixation (y axis) by time (x axis) for each tone (columns) and vowel (rows) combination. The lines show different conditions: black lines

show the control condition, in which competitors differed from targets in the onset consonant (as well as the vowel or tone); gray lines show test trials, in

which competitors differed from targets only in tone. The difference between lines is the effect of tone perception on word recognition. When control and

test lines are close together, tone perception is fast; greater separation between control and test indicates slower tone recognition.
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B. Statistical models

To evaluate the statistical significance of differences in

target fixation observed across tones and vowels, we fit a

series of nested linear mixed effects regression models to

the elogit-transformed data with crossed random effects for

subject and item. Our choice of a linear model was moti-

vated both by the linear increase in our dependent variable

across the analysis window and the categorical nature of our

predictors, cf. analysis of visual world data using continuous

predictors (e.g., Porretta et al., 2016).
Our baseline model contained the fixed factor of time,

expressed in ms, random intercepts for both subjects and

items and by subject and by item random slopes for time.

The random slopes were included to capture subject and

item differences in how quickly gaze converged on the tar-

get. To the baseline model, we added condition (control,

test), tone (high, rising, low, falling), and vowel (a, i, u), as

well as the interactions between tone and condition, between

vowel and condition, and the three-way interaction between

tone, vowel, and condition. Vowel was treatment coded

with /u/ as the intercept. We chose /u/ for the intercept

because of work in speech production indicating that the

position of the tongue varies across tones for /a/ and /i/ but

remains stable for /u/ (Shaw et al., 2016). Tone was also

treatment coded with the high tone as the intercept.

Condition was coded numerically with the control as 0.5

and the test condition as �0.5. This dictates that the control

condition will be rendered as the intercept. We also explored

models including the log character frequency of target

items, but this was eliminated from the final models because

its inclusion did not significantly improve model fit or

interact with other factors. Models were coded in R (R
Development Core Team, 2006) using the lme4 package

(Bates et al., 2015).
Table IV summarizes the comparison of nested models.

Relative to the baseline model with only time as a fixed

factor, adding condition led to substantial improvement as

reflected in the large increase in the log likelihood (logLik)

of the data. Adding the tone * condition interaction term3

also resulted in a statistically significant improvement to the

model. This improvement also comes with a substantial

increase in model complexity—the degrees of freedom

increase from 10 to 17 because of the added coefficients for

each combination of tone and condition. The increase in

model complexity is justified by improved performance as

indicated by the decrease in the Akaike information criterion

(AIC) from 8862 to 8833. The addition of the main effect of

vowel to the model yields modest additional improvement—

the Chi-squared v2 test is significant (p< 0.01), and there is a

decrease in AIC. A much larger improvement is achieved by

adding the full three-way interaction between vowel and

tone and condition. Although the degrees of freedom

increase to 32, this comes with a substantial decrease in AIC.

To explore the interaction between vowel * tone * con-

dition, we fit another set of models to each tone separately.

For each tone, we explored whether the interaction term

between vowel and condition led to significant improvement

over a model containing only the main effects. The tone-

specific models had the same random effects structure as the

models summarized in Table IV.

Tone-specific model comparisons are summarized in

Table V. The interaction between vowel and condition is

significant for three out of the four tones—high, rising, and

low but not the falling tone. The direction of the effects is

indicated by the coefficients in the regression models. Since

the control condition defines the intercept, a negative b coef-

ficient is expected for all tones and indicates that there were

fewer looks to the target in the test condition (i.e., when

there were tone competitors) than in the control condition.

FIG. 5. Mean difference in participants’ target fixation (y axis) between

test and control conditions in the 300–800ms time window by tone (x axis)

and vowel (separate bars) combinations. Error bars represent standard error

of the mean. Shorter bars indicate faster tone recognition.

TABLE IV. Comparison of the models fit to target fixations (elogit).

Model of looks to target (elogit)

Degrees of

freedom (df)

Akaike information

criterion (AIC)

Log likelihood

(logLik)

Chi squared

statistic (Chisq) Pr(<Chisq)

Time + (1 + timejsubject) + (1 + timejitem) 9 9473 �4728

Condition + time + (1 + timejsubject) + (1 + timejitem) 10 8862 �4421 612.79 <0.0001

Tone * condition + time + (1 + timejsubject) + (1 + timejitem) 17 8833 �4399 43.66 <0.0001

Vowel + tone * condition + time + (1 + timejsubject) + (1 + timejitem) 19 8827 �4394 9.88 <0.01

Vowel * tone * condition + time + (1 + timejsubject) + (1 + timejitem) 32 8711 �4323 142.22 <0.0001
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A positive condition * vowel interaction term for /a/ or /i/

indicates that for these vowels the effect of condition was

not as great as for the intercept vowel /u/. In other words,

vowel modulates (and more specifically in this example,

attenuates) the effect of condition. Certain vowels bring

tone perception in the presence of tone competitors closer to

the recognition behavior in the control condition where tone

competitors are absent. Certain vowels facilitate tone per-

ception. For tone 1 (high), the interaction terms for both /a/

(b¼ 0.55; t¼ 5.68) and /i/ (b¼ 0.31; t¼ 3.29) were positive

and statistically significant with the effect for /a/ stronger

than /i/. This indicates that the vowel environments /a/ and

/i/ facilitate high tone perception. For tone 2 (rising), again,

both interaction terms for /a/ (b¼ 0.52; t¼ 5.60) and /i/

(b¼ 0.63; t¼ 7.03) were positive and significant, this time

with /i/ stronger than /a/. For tone 3 (low), the coefficients

for both /a/ and /i/ were positive, but only /i/ was statistically

significant (b¼ 0.46; t¼ 5.41, cf. for /a/, b¼ 0.14; t¼ 1.41).

As mentioned above, the interaction was not significant for

tone 4 (falling), indicating that the effect of condition is uni-

form across vowels for this tone.

IV. DISCUSSION

Using a novel variant of the printed word visual world

paradigm, we investigated how vowel coproduction influen-

ces the timecourse of tone perception in Mandarin Chinese.

We formulated multiple competing hypotheses, including

two versions of the null hypothesis which predict that there

will be no effect of vowel on tone recognition, as well as

two alternatives which predict specific vowel-tone interac-

tions. Our results indicated clear effects of vowel coproduc-

tion on the timecourse of tone recognition. For three of the

four lexical tones, tone recognition was conditioned by

vowel coproduction. In light of these results, we return to

the predictions made by our hypotheses.

Our first hypothesis followed from the observation that

some vowels condition a higher f0 than others. Specifically,

intrinsic f0 is higher for /i/ and /u/ than for /a/, and this is

true both within Mandarin, generally, and for the materials

used in this study. If listeners fail to completely compensate

for the effect of vowel quality on f0, then they may attribute

higher f0 in /u/ and /i/ to a high tone. This would result in

earlier looks to targets when tone 1 (high) and tone 4 (fall-

ing) are produced with /u/ and /i/ and earlier looks to targets

when tone 3 (low) and tone 2 (rising) are produced with /a/.

This is plausible since artificial manipulations of f0 of a sim-

ilar magnitude as intrinsic f0 have been shown to influence

tone perception in this type of paradigm (Shen et al., 2013).
However, our specific results did not corroborate these pre-

dictions. Tones that start high did not pattern together; there

was no effect of vowel on the falling tone; and for the high

tone, it was actually /a/, which has low intrinsic f0, that
facilitated speeded recognition. The tones that start low,

e.g., tone 2 (rising) and tone 3 (low), also did not pattern

together. The rising tone was recognized faster when pro-

duced with /a/ than when produced with /u/, which is the

one result that is partially consistent with this hypothesis,

but it was /i/ that best facilitated recognition of the rising

tone. For the low tone as well, /i/ facilitated faster recogni-

tion than /u/ or /a/. Overall, then, the specific pattern of

results does not support H1 very well. The effect of vowel

on tone recognition in Mandarin does not seem to follow

from a misattribution of intrinsic f0 to tone.

The alternative hypothesis was that coarticulatory

effects of tone on tongue body height could enhance tone

perception. Research on the articulation of vowels in differ-

ent contexts has shown tone influences tongue body height,

jaw height, and the resulting acoustics, particularly F1

(Erickson et al., 2004). However, these effects are not uni-

form across vowels. Shaw et al. (2016) found that only the

vowels /a/ and /i/ varied in articulation as a function of tone

coproduction; articulation of /u/ was entirely unaffected

by tone. One possible explanation for the stability of /u/

involves the role of the jaw in tone-vowel coproduction. Jaw

movement in speech involves both rotation around a hinge,

the temporomandibular joint, and vertical/horizontal transla-

tion (Edwards and Harris, 1990); notably, rotation can be

controlled independently of translation (Ostry and Munhall,

1994). The pattern of tone influence on tongue position for

vowels is potentially driven by the rotation component of

jaw movement. This could explain why, for example, tone

does not influence the posterior portion of the tongue; Shaw

et al. (2016) reported that tongue dorsum position was stable

across the four Mandarin tones. Since the tongue dorsum is

closer to the temporomandible joint than the tongue body or

tongue tip, rotation of the jaw around this hinge will have

less effect on tongue dorsum position than on more anterior

portions of the tongue. Similarly, the stability of the tongue

body and tongue tip across tone for /u/ could be related to

TABLE V. Comparison of tone-specific models fit to target fixations (elogit).

Model of looks to target (elogit) Df AIC logLik Chisq Pr(<Chisq)

Tone 1 (high) Vowel + condition 12 2190 �1083

Vowel * condition 14 2162 �1067 32.10 <0.0001

Tone 2 (rising) Vowel + condition 12 2145 �1060

Vowel * condition 14 2101 �1036 48.20 <0.0001

Tone 3 (low) Vowel + condition 12 2099 �1037

Vowel * condition 14 2073 �1022 29.94 <0.0001

Tone 4 (falling) Vowel + condition 12 2316 �1146

Vowel * condition 14 2319 �1146 0.21 0.9026
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the posterior vowel target. That is, for /u/ the whole tongue

moves toward the temporomandible joint, which could mini-

mize influences of jaw rotation on tongue position.

Consistent with this account, other vowels in the vicinity of

/u/, i.e., /ou/, /uo/, appear to be similarly resistant to influen-

ces of tone (Shaw and Chen, 2019). The resistance of /u/ to

tone-based coarticulatory effects has the consequence that

there is no information about tone contained in the vocal

tract resonance when tones are coproduced with /u/.

Consistent with this second hypothesis, we found that

there were perceptual advantages in tone recognition when

tones were coproduced with /a/ and /i/ as opposed to /u/.

Specifically, for three out of four tones, recognition was

faster when the tones were coproduced with /a/ and /i/, the

vowels that are also subject to tone-conditioned articulatory

variation. This result is largely consistent with the hypothe-

sis that the influence of tone on vocal tract resonance is per-

ceived as information about tone.

In speech production, the Mandarin tones that start high,

the high (tone 1) and the falling (tone 4) tones, and tones that

start low, the low (tone 3) and rising (tone 2) tones, pattern

together in their influence on tongue body height. If coarticu-

latory influences of tone production on tongue body height

serve as cues to tone identity, then we would expect facilita-

tory effects of vowel coproduction to pattern together across

the two tones that begin low and across the two tones that

begin high. Consistent with this expectation, the low and the

rising tones patterned together in perception. Recognition of

these tones was speeded by coproduction with /a/ and /i/ rela-

tive to /u/. In contrast, however, tones that begin high did not

pattern together. The expected advantages of vowel copro-

duction were observed for the high tone with /a/ and /i/ rec-

ognized faster than /u/ but were not observed in the falling

tone condition. For the falling tone, there was no effect of

vowel on the timecourse of tone recognition.

It is not entirely clear why differences in vowel copro-

duction on tone recognition were not observed for the falling

tone. One possibility involves the way that vocal tract reso-

nance selectively amplifies harmonics. To the extent that

harmonics cue pitch in speech perception (cf. the hypothesis

from the introduction that they do not). the amplitude of var-

ious harmonics will be relevant. Naturally, the amplitude of

harmonics will be conditioned in part by vowel quality.

Harmonics that happen to coincide in frequency with a

vowel resonance will be amplified while others will be

damped. Amplification of individual harmonics may

increase the acuity of pitch perception, effectively increas-

ing the relative amplitude of aspects of the signal relevant

for recovering pitch. The resonant properties of the vocal

tract and the harmonics of vocal fold vibration are both

dynamic as both change over time with the movement of the

articulators, but they are largely independent. For example,

it is possible to observe falling pitch, characterized by a

decrease in all harmonics over time concurrently with rising

F2, as the tongue body moves forward in the vocal tract

decreasing resonant frequencies of the front cavity that con-

tribute to F2. In a case such as this, the dynamics of harmon-

ics and resonances can be poorly aligned, resulting in low

amplitude harmonics. In contrast, they could also be aligned

more closely such that changes in vocal tract resonance over

time function to enhance rather than dampen particular har-

monics relevant to the perception of tone. This type of

acoustical interaction between vocal tract resonance and

source harmonics could potentially influence tone percep-

tion in a way that is orthogonal to our main hypotheses,

causing our predictions to go astray in particular acoustical

situations.

We now examine in greater detail the possibility of

overlap between harmonics and vowel resonance in the

specific case of tone 4 (falling tone) where we did not see

the anticipated effect of vowel on tone recognition. Figure 6

plots the estimated harmonics for the falling tone in

Mandarin as coproduced with three vowels, /a/ (top), /i/

(middle), and /u/ (bottom), for each of the stimulus tokens in

FIG. 6. (Color online) f0 and estimated harmonics for the falling tone over time in the three vowel contexts. The thick red lines show F1, F2, and F3, which

overlap with harmonics, particularly (2)f0, just in the /u/ vowel context.
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the experiment. These include two repetitions of each item

from each of three speakers, labelled S01, S02, S03. Figure 6
shows the first 250ms of each token, which includes a period

of silence for the initial stop consonants. The harmonics,

1f0–11f0, were estimated to be integer multiples of (0)f0. As a
proxy for vowel resonance for the sake of illustration, we

have overlaid the first three formants, F1, F2, F3, of each

vowel as a red line, including LPC interpolation across the

initial consonants (for methods, see Sec. II B). The thickness

of the red lines is related to formant bandwidth.4 For this

illustration we abstract away from the important issue of

how harmonics impact formant estimation (see, e.g., Shadle

et al., 2016). The key observation is that the degree to which

the formants overlap harmonics varies with vowel quality.

For /a/ (Fig. 6, top), there is some overlap at the start of the

vowel between F2 and 5f0. After 150ms, however, 5f0 and

F2 diverge as 5f0 lowers at a faster rate than F2. The other

formants show less consistent patterns. Early in the vowel F1

changes in the opposite direction of the harmonics, rising as

the harmonics fall. For /i/, there is even less overlap (than for

/a/) between F2 and any harmonic— F2 rises as the harmon-

ics fall. The situation is similar for F3. F1 shows a sharp

initial fall and then a plateau but overlaps early in the vowel

with 1f0, particularly for the two tokens of S02. The vowel

with the greatest overlap between lower formants and the

harmonics is /u/. Early in the vowel, both F1 and F2 fall. The

harmonics fall as well, and for many tokens there are periods

of substantial overlap between the decrease in formant fre-

quencies and the decrease in harmonics. In this scenario, by

virtue of overlap with a vowel resonance, lower harmonics,

e.g., 2f0, will have increased amplitude in /u/ relative to /a/

and particularly /i/. All else equal, increased amplitude of a

particular harmonic can be expected to improve pitch per-

ception. We speculate that harmonic amplification may have

made it easier to perceive the falling tone with /u/ and thus

balanced out the other advantages that coproduction with /a/

and /i/ were expected to have, according to our second

hypothesis, H2 (Table I). If our speculation is correct, then

the null effect of vowel on the falling tone (tone 4) could be

due to two factors related to vowel coproduction that cancel

each other out in this particular environment.

With respect to our main hypotheses, we found that

much of the data are consistent with the idea that vocal tract

resonances themselves contain information relevant to iden-

tifying lexical tones. In this way, tone-conditioned coarticu-

lation provides a cue to tone identity much in the way that

coarticulation is known to cue perception of consonants and

vowels (Beddor et al., 2002; Beddor et al., 2013; Benguerel
and McFadden, 1989; Mills, 1980; Nittrouer and Studdert-

Kennedy, 1987). This is likely because the physiology of

lexical tone production in Mandarin exerts a coarticulatory

influence on tongue body height at least for some vowels.

Listeners appear to be sensitive to this variation and use it as

information about lexical tone.

This main result adds to the large number of factors

already known to influence tone perception, including pho-

netic dimensions of the stimuli beyond pitch (e.g., duration,

intensity, and voice quality), lexical factors, and the lan-

guage experience of the listener, which may interact with

both lexical and phonetic factors. Our study did not investi-

gate language experience. The stimuli were ostensibly

Standard Mandarin, produced by speakers from Beijing;

the listeners came from a slightly wider range of dialect

backgrounds in mainland China. Perception of Standard

Mandarin tones is known to be influenced by listener knowl-

edge of other language varieties, including both quite

distinct languages such as Cantonese (Zhang et al., 2012;
Wiener and Ito, 2016), as well as varieties that are more

similar to Standard Mandarin such as Jinan Mandarin (Wu

et al., 2019). The degree to which vowel-conditioned tone

processing generalizes across populations with differing

degrees of language experience is an interesting question for

future research. Some aspects of tone-conditioned vowel

variation, such as lower jaw and tongue body for /a/ pro-

duced with low tones, appear to follow from physiological

constraints on speech production while others, such as

higher tongue body for /i/ produced with low tones, may be

language specific. Although we observed vowel-conditioned

tone perception for both of these vowels in our sample of

listeners, it is possible that the facilitatory effects of /a/

would generalize across a wider range of listeners than the

facilitatory effects of /i/.

We have also raised the idea here that “fortuitous”

enhancement of harmonics by vocal tract resonances can

function as a possible additional factor relevant to explain-

ing variation in the timecourse of tone perception across

vowels. In natural speech, lexical tones are coproduced with

different vowels and consonants in line with the unique

speech anatomy and physiology of individual talkers. The

combination of these factors leads to scenarios in which the

change over time of particular harmonics may follow vocal

tract resonances to various degrees. While this could lead to

a fortuitous enhancement of tone perception when the vocal

tract resonances enhance harmonics, it may also slow tone

perception when harmonics are misaligned with vocal tract

resonances (and therefore dampened). The “fortuitous”

enhancement account assumes that listeners are attuned to

harmonics and use this information for pitch perception, cf.

the hypothesis raised in the introduction that they are not.

For the case of Mandarin listeners, this is plausible as past

research has established that Mandarin listeners show partic-

ular sensitivity to relative differences in the amplitude of

harmonics (Kreiman and Gerratt, 2010). In Mandarin,

creaky voice can occur during intervals of low pitch, includ-

ing at the end of the falling tone (tone 4), the beginning of

the rising tone (tone 2), and the middle of the low tone

(tone 3; Kuang, 2017) but only provides a perceptual cue to

the low tone (tone 3; Huang, 2019). In our own materials,

creaky voice occurred in 7 of the 72 target tokens, 6 times

on tone 3 and 1 time on tone 4. It is unlikely, given our

design, that this played any role in the vowel-conditioned

patterns of tone perception, but it is possible that the role of

creaky voice in Mandarin as a cue to tone 3 contributes to a

language-specific attunement to higher harmonics. If so, we
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might expect vowel-based enhancement effects—to the

extent that this account is on the right track—to be language

specific and more likely in languages that enhance pitch dif-

ferences for lexical tones with voice quality cues.

An idea related to our proposal has been put forward to

explain patterns in the cross-linguistic typology of tone sys-

tems (Gordon, 2001; Zhang, 2002). Zhang (2002) argues

convincingly that language-specific constraints on the distri-

bution of contour tones are related to how well particular

contexts support the perceptual recoverability of tone. The

survey by Gordon (2001) of 105 languages reveals a ten-

dency for contour tones (e.g., falling or rising tones) to be

restricted to certain syllable types. For each language in the

survey, Gordon tabulated which syllable types permitted

contour tones. A total of four syllable types were consid-

ered: open syllables with long vowels (i.e., CVV), syllables

closed with a sonorant consonant (i.e., CVR), syllables

closed with an obstruent (i.e., CVO), and open syllables

with a short vowel (i.e., CV). Some languages in the survey

(n¼ 12) did not allow any contour tones, and others allowed

contour tones on all syllable types (n¼ 36). The remaining

languages restricted contour tones to only CVV syllables

(n¼ 25), only CVV and CVR syllables (n¼ 29), or only

CVV, CVR, and CVO syllables (n¼ 4). This pattern of

tone restrictions constitutes an implicational hierarchy:

CVV � CVR � CVO � CV, such that contour tones are

not allowed at one level of the hierarchy unless they are also

allowed at higher levels. Gordon argues that the phonetic

basis for this cross-linguistic pattern resides in the degree to

which different syllable types amplify the harmonics rele-

vant to pitch perception. Vowels enhance harmonics to a

greater degree than sonorants, and sonorants enhance har-

monics to a greater degree than obstruents. The extension of

this idea that we have advanced in the discussion of our data

is that particular combinations of consonants and vowels

may also lead to changes of vocal tract shape over time,

which may amplify harmonics to varying degrees. If this is

on the right track for our data, the size of such effects would

be on the order of magnitude of those contributed by the

coarticulatory effects of tone on tone body height. At

this point, however, we do not have a method to rigorously

evaluate this possibility.

The main result of this study, the finding that vowels

influence the timecourse of tone perception, has a range of

consequences for how we understand the phonetics of tone

perception in natural language. There is by now a substantial

body of work on lexical tone perception, including the time-

course of tone perception; however, much of the research

ignores tone-vowel coarticulation. For example, Lee et al.
(2008) investigated the effect of degraded acoustic stimuli

on Mandarin tone perception, including one condition in

which listeners were asked to identify tone based only on

the first six pitch periods of the rime. Results in this condi-

tion demonstrated that recognition of tone 1 (high) and tone

2 (rise) is most impacted by truncating the syllable. This

would seem to indicate that early information is more

important for recognizing the high and rising tones of

Mandarin than for recognizing the low and falling tones.

However, our results on tone-vowel interactions cast doubt

on this conclusion and others based on materials that do not

control for vowel. In our data, tone 1 and tone 2 are indeed

recognized early in time for vowels /a/ and /i/ as indicated

by the closeness of the control and test lines in Fig. 4; but,

this is not the case for tone 1 and tone 2 when they are cop-

roduced with /u/. As it turns out, most of the tone 1 items in

the study by Lee et al. happened to be coproduced with /i/.

It is therefore not clear whether these and other results about

tone processing generalize beyond the specific vowel con-

texts in which they were tested.

In our own study, we used two strategies to control for

lexical, phonotactic, and orthographic factors that could

potentially influence our interpretation of the results.

Allowing participants to preview the visual stimuli mini-

mized the influence of differences between the times taken

to recognize individual characters. Factors relating to the

time taken to recognize each auditorily presented word were

minimized by comparing the results of our experimental

trials to a control condition where the word could be recog-

nized on the basis of the initial consonant. By isolating pho-

netic factors, our design complements studies investigating

lexical competition (e.g., Malins and Joanisse, 2010; Shuai

and Malins, 2017; Wiener and Ito, 2016). Since the design

of this study is novel, there are naturally aspects that should

continue to be explored. These include whether our attempts

to minimize lexical, phonotactic, and orthographic effects

with this paradigm were successful. Besides testing the gen-

eralization of our findings to a broader range of consonant

and vowel contexts in Mandarin Chinese, future research

should investigate interactions between phonetic factors, such

as vowel quality, and lexical factors, such as frequency, tonal

probability, and the distribution of competitors, which are also

known to influence the timecourse of tone recognition.

V. CONCLUSIONS

Using a printed character version of the visual world

paradigm, we investigated whether vowel quality influences

the timecourse of tone recognition in Mandarin Chinese.

Results indicate that vowel quality does indeed have a sig-

nificant effect. For three of the four lexical tones of

Mandarin, vowel quality facilitates tone recognition—tones

were recognized faster when coproduced with /a/ and /i/

than when coproduced with /u/. Past work has shown that

tones exert coarticulatory influences on the tongue body in

the production of /a/ and /i/ but not in the production of /u/

(Shaw et al., 2016). The direction of the facilitatory effects

of vowel quality on tone recognition is therefore consistent

with the hypothesis that tone-conditioned variation in the

articulation of /a/ and /i/ facilitates rapid recognition of

tones. We speculate that the one exception to this general

pattern—no effect of vowel quality on falling tone percep-

tion—is due to fortuitous amplification of falling tone har-

monics by the segment sequence /tu/. This explanation

offers another possible means through which resonances

2522 J. Acoust. Soc. Am. 147 (4), April 2020 Jason A. Shaw and Michael D. Tyler

https://doi.org/10.1121/10.0001103

https://doi.org/10.1121/10.0001103


associated with supralaryngeal constrictions for segments

can influence tone perception.
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