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ABSTRACT:
Voicing contrasts are lexically important for differentiating words in many languages (e.g., “bear” vs “pear”).

Temporal differences in the voice onset time (VOT) and closure duration (CD) contribute to the voicing contrast in

word-onset position. However, little is known about the acoustic realization of these voicing contrasts in Australian

English-speaking children. This is essential for understanding the challenges faced by those with language delay.

Therefore, the present study examined the VOT and CD values for word-initial stops as produced by 20 Australian

English-speaking 4–5-year-olds. As anticipated, these children produced a systematic distinction between voiced

and voiceless stops at all places of articulation (PoAs). However, although the children’s VOT values for voiced

stops were similar to those of adults, their VOTs for voiceless stops were longer. Like adults, the children also had

different CD values for voiced and voiceless categories; however, these were systematically longer than those of

adults. Even after adjusting for temporal differences by computing proportional ratios for the VOT and CD, child-

ren’s voicing contrasts were not yet adultlike. These results suggest that children of this age are still developing

appropriate timing and articulatory adjustments for voicing contrasts in the word-initial position.
VC 2021 Acoustical Society of America. https://doi.org/10.1121/10.0003060
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I. INTRODUCTION

In English, oral stops at all places of articulation

(PoAs) can be phonologically classified as either voiced or

voiceless [bilabials (/b, p/), alveolars (/d, t/), and velars (/g,

k/)]. As these distinctions are lexically important in

English (e.g., “bear” vs “pear”), learning to use the appro-

priate acoustic cues to these phonemic contrasts is critical

for language development. Although infants acquiring

English can perceive voicing distinctions at different PoAs

from the age of 4 months old (Eimas, 1974; Eimas et al.,
1971; Werker and Tees, 1999), production of these con-

trasts, which can be measured acoustically as differences in

the voice onset time (VOT) and closure duration (CD),

only appear in typically developing children between 2 and

4 years of age (Barton and Macken, 1980; Jakobson, 1968;

Macken and Barton, 1980). While 4-year-olds are able to

convey a systematic voicing distinction, studies disagree

on when the acoustic values of children’s voiced and voice-

less stops come to match those of adults, and different dia-

lects of English may realize the voicing contrast slightly

differently (Chodroff and Wilson, 2017; Scobbie, 2006;

Stuart-Smith et al., 2015). Previous research on the

acquisition of voicing contrasts has mostly focused on

American English; there has been little study of these

issues in Australian English and even fewer studies that

provide a systematic investigation at all PoAs. Therefore,

the goal of the present study was to examine the acoustic

realization of word-initial oral stop voicing contrasts at all

PoAs by Australian English-speaking 4–5-year-olds and to

compare these to those of adults. It was hoped that the

results would provide a much-needed benchmark for evalu-

ating the acquisition of voicing contrasts in populations for

whom voicing contrasts are a challenge, such as children

with hearing loss (e.g., Baudonck et al., 2011; Markides,

1970) and early second language learners of English (e.g.,

Broselow and Zheng, 2004).

Stops consist of two main production phases: a closing

and an opening phase. In English, the primary acoustic cue

to word-onset voicing contrasts is the VOT, while the CD

serves as a secondary cue. Voiced stops are typically pro-

duced with a short-lag VOT and long CD, whereas voiceless

stops are characterized by a long-lag VOT and short CD

(Abramson and Whalen, 2017; Cho and Ladefoged, 1999;

Cole et al., 2007; Lisker and Abramson, 1964; Smiljanic

and Bradlow, 2008).

Much of what is known about children’s phonological

development comes from phonemic transcriptions by adult

listeners (e.g., Dodd et al., 2003; Hua and Dodd, 2000;

Sander, 1972; Smit, 1986; Templin, 1957). However, per-

ceptual evaluations may not fully capture the phonemic dis-

tinctions a child makes because some contrasts may be
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perceptually unavailable to the adult listener (Macken and

Barton, 1980; Scobbie et al., 2000). Such “covert contras-

ts” may result in an underestimation of a child’s actual

phonological knowledge. Therefore, detailed acoustic

analyses are needed for determining how phonological

contrasts are established and when children’s productions

become acoustically similar to those of adults (Li et al.,
2009; Scobbie et al., 2000; Theodore et al., 2012).

Some studies have identified three different stages in

the development of onset voicing contrasts (Ganser, 2016;

Hitchcock and Koenig, 2013; Imbrie, 2005; Macken and

Barton, 1980; Scobbie et al., 2000). In the first stage, the

VOT distribution is not yet bi-modal, and all stops are

produced with the VOT in the short-lag range. In the sec-

ond stage, children start to produce a bi-modal VOT dis-

tribution, making a distinction between voiced and

voiceless stops. However, the VOT boundary between the

two may not coincide with that of adults and, therefore,

the voicing distinction may remain imperceptible to adult

listeners (i.e., a covert’ contrast, Li et al., 2009; Scobbie

et al., 2000; Theodore et al., 2012). During this stage,

American English-speaking children between 29 and 39

months old remain variable in their realisation of voicing,

with some children producing a clear VOT separation

between voiced and voiceless stops while others exhibit

overlap between categories, sometimes leading to percep-

tual ambiguity (Imbrie, 2005; Ganser, 2016). By the age

of 4 years old, some studies report that VOTs for voiced

stops have reached values similar to those of adults

(Hitchcock and Koenig, 2015; Kewley-Port and Preston,

1974; Nittrouer, 1993), although VOTs for voiceless stops

still appear to be longer than those of adults (e.g., Barton

and Macken, 1980; Gilbert, 1977; Koenig, 2000; Macken

and Barton, 1980, Nittrouer, 1993; see Table I). In con-

trast, other studies suggest that children between 2 and 4

years, 5 months years have shorter VOTs for voiceless

stops than adults (e.g., Kewley-Port and Preston, 1974;

Zlatin and Koenigsknecht, 1976).

Much less is known about children’s production of the

CD as a cue to voicing contrasts in English word-initial

stops. Gierut and Dinnsen (1986) examined two children

with developmental language disorder, reporting that only

one child used the CD as a cue to voicing contrasts with a

longer CD for voiceless stops than for voiced stops.

However, these findings may not generalize to typically

developing children.

Overall, by 4 years of age, English-speaking children

appear to use the VOT contrastively in the onset position,

although they are still refining their realization of these con-

trasts. However, these previous studies have differed in the

methods used, the subsets of PoAs investigated, and the

number of participants tested, therefore, it is hard to draw

clear conclusions about children’s use of the VOT, and little

is known about their use of the CD. In addition, the above

observations from American English may not hold for

Australian English given that the VOT can be sensitive to

dialectal variation. Finally, there have been very few studies

examining both children’s and adult’s use of the durational

cues to voicing contrasts using the same methods. Thus, the

goal of the present study was to provide a systematic investi-

gation of the acquisition of durational cues to voicing con-

trasts by children learning Australian English, comparing

their acoustic realizations at all PoAs with those of adults,

using the same methods.

Based on previous findings from American English-

speaking children and adult speakers of Australian English,

we first hypothesized that children would use both the VOT

and CD as cues to voicing with a shorter VOT and a longer

CD for voiced stops than for voiceless stops. Given observa-

tions in the literature of some pre-voicing in Australian

English (Antoniou et al., 2010; Clothier and Loakes, 2018),

it was also expected that both children and adults might pro-

duce pre-voicing for some voiced stops. Finally, we

expected that children would have VOT durations similar to

those of adults for voiced stops but longer durations than

those of adults for voiceless stops.

II. METHOD

A. Participants

Twenty Australian English-speaking preschoolers (aged

4 years and 1 month to 5 years and 8 months, M¼ 4 years

and 10 months; 12 females, 8 males) were recruited from

various participant pools at Macquarie University, Sydney.

A total of 20 adult speakers of Australian English (aged

20–35 years old, M¼ 28; 15 females, 5 males) served as

controls. (One additional adult participant was excluded

from the analysis—see Sec. IV, Discussion.) All participants

TABLE I. Mean VOT (ms) for word-initial oral stops produced by English-speaking children aged 1–5 years old (organised by age).

Study N Participant age (years;months) Dialect /b/ /d/ /g/ /p/ /t/ /k/

Lowenstein and Nittrouer (2008) 7 1;11–2;4 American Voiced¼ 15 Voiceless¼ 65

Macken and Barton (1980) 3 1;6–2;6 American 2 10 32 59 80 107

Hitchcock and Koenig (2013) 10 2 American 14 17 — 63 59 —

Zlatin and Koenigsknecht (1976) 10 2 American �2 11 21 66 69 80

Ganser (2016) 96 2;6–3;3 American — 22 — 78

Bailey and Haggard (1980) 41 3;3 Irish 20 39 37 78 93 95

Nittrouer (1993) 20 3–5 American — �25 — — �87 �100

Barton and Macken (1980) 4 4 American 4 17 20 75 79 86

Yu et al. (2015) 12 4;1–5;7 Canadian — — — 77 — —
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were born in Australia from Australian-born parents and

were exposed to only Australian English at home. Children

received stickers and $20 for their participation; adults

received course credit. No participants reported any speech,

hearing, or cognitive impairment. The study was approved

by the Macquarie University’s Human Ethics Panel.

B. Stimuli

The stimuli consisted of 18 Consonant Vowel

Consonant (CVC) picturable words (16 nouns and 2 verbs;

see Table II). Three PoAs (bilabial, alveolar, and velar)

were fully crossed with two voicing categories (voiced and

voiceless), resulting in the six oral stop consonants of

English (/b/, /d/, /g/, /p/, /t/, /k/). Each word-initial stop was

crossed with three short/lax vowels (i.e., /I/, / Æ /, and / O /;

Cox and Palethorpe, 2007).

All targets were high-frequency words with a mean fre-

quency of 4.5 Zipf in the Subtlex-UK CBeebies preschooler

corpus (van Heuven et al., 2014). Word frequencies in this

corpus were derived from subtitles from broadcasts on the

CBeebies channel, a British Broadcasting Corporation

(BBC) channel aimed at preschool-aged children. All target

words occurred in the utterance final position of the carrier

sentences “See this XXX” (for nouns) and “These mice

XXX” (for verbs). The segment preceding the target stop

was always the voiceless fricative /s/. This allowed for accu-

rate measurement of the CD and ensured that no residual

voicing from the preceding segment was present during clo-

sure, which could obscure potential instances of pre-

voicing. All sentences were recorded by a 25-year-old

female native speaker of Australian English in a sound-

attenuated room at a sampling rate of 44.1 kHz with 16-bit

quantization. The audio prompts were then paired with

cartoon-like pictures and presented in Keynote on an iPad

Air (Apple Inc., Cupertino, CA). An additional three senten-

ces with nontarget CVC words were recorded to be used as

practice trials.

C. Procedure

Participants were tested in a sound-attenuated booth at

the Child Language Laboratory, Macquarie University.

Adults were always seated alone, whereas child participants

were always accompanied by their caregiver and the experi-

menter, who provided encouragement when needed.

Participants sat in front of an iPad (Apple, Cupertino, CA)

and an AKG C535 EB microphone (AKG, Vienna, Austria)

that were placed on a table. The microphone was set at

approximately 30 cm from the participant’s mouth and

connected by an External Line Return (XLR) cable to a

computer in the control room via a pre-amplifier (Sound

Devices, Parramatta, NSW). Recordings were captured and

encoded with Audacity (http://www.audacityteam.org/) as

mono .wav files with a 44.1 kHz sampling rate and 16-bit

quantization. One picture at a time was displayed on the

iPad. When participants touched the screen, the associated

sentence was played. Participants then repeated the sen-

tence, tapped on the iPad to move on to the next picture,

touched the screen again to hear the associated sentence,

and repeated it, and so on until they had gone through all the

stimuli. Before the experiment, participants were shown

how to advance from one picture to the next and how to

play the associated sound. The experiment started with three

practice trials. Then, participants completed 5 blocks that

each contained all 18 target words in a different pseudo-

randomized order for a total of 90 tokens (18 words� 5 rep-

etitions) per participant. In case of whispering or muffled

productions (e.g., due to the participant putting their hand in

front of their mouth), another attempt was permitted with

the acoustically clearest production selected for analysis. It

took children about 30 minutes to complete the task,

whereas adults took about 10 minutes.

D. Acoustic coding and analysis

A total of 3600 recorded tokens (1800 from children,

1800 from adults) were inspected in Praat (Boersma and

Weenink, 2019) by the first author. Seventy target words

produced by children were excluded due to noise during the

recording or because the child did not cooperate. When

utterances were perceived as being produced with disfluency

(e.g., pauses between each word of an utterance), partici-

pants were asked to try again. No exclusions were necessary

for the adult data. The 1730 remaining tokens for children

and 1800 for adults were then manually annotated in Praat.

Three acoustic landmarks were identified by visual inspec-

tion of the waveform and the spectrogram (see Fig. 1). The

TABLE II. List of target words.

/b/ /d/ /g/ /p/ /t/ /k/

/I/ bib dig give pig tip kid

/Æ/ bug duck gut puff tub cup

/O/ bomb dog god pot top cob

FIG. 1. (Color online) Waveform and spectrogram for the target word “pot”

as produced by a child at the end of the carrier sentence, “See this pot.” (1)

corresponds to the end of the preceding segment /s/, (2) matches the first

peak of the release burst, and (3) marks the beginning of the following

vowel. (a) corresponds to CD and (b) corresponds to VOT.
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end of the voiceless fricative (1) was identified by a drop in

high-frequency energy in the spectrogram, matching with a

flat waveform. The first peak of the stop release (2) was

located at the rise of energy, following the closure and a

sudden spike in the amplitude of the waveform. Then, the

start of the following vowel (3) was identified by the begin-

ning of a strong F2 in the spectrogram, aligned with the

beginning of the complex periodicity on the waveform.

Landmarks 1 and 2 were used to measure the CD [(2)–(1)]

while landmarks 2 and 3 served to calculate the VOT

[(3)–(2)]. Pre-voicing was identified by the presence of a

voice bar (low amplitude periodicity) during the CD. No

pre-voicing was observed in any of the children, and only

one adult had systematic pre-voicing for voiced stops

(prompting exclusion from the main analysis). A phoneti-

cally trained research assistant remeasured 10% of the

tokens produced by both children (N¼ 173) and adults

(N¼ 180) to validate the placement of acoustic landmarks,

assessed by means of an inter-rater reliability check.

Pearson’s correlations between the two raters’ measure-

ments were high for both voicing categories and speaker

groups: voiced children (VOT, r¼ 0.89, p< 0.001; CD,

r¼ 0.88, p< 0.001), voiceless children (VOT, r¼ 0.85,

p< 0.001; CD, r¼ 0.83, p< 0.001), voiced adults (VOT,

r¼ 0.90, p< 0.001; CD, r¼ 0.85, p< 0.001), and voiceless

adults (VOT, r¼ 0.85, p< 0.001; CD, r¼ 0.89, p< 0.001),

suggesting that landmark placement was consistent and tem-

poral measures were reliable.

E. Statistical analysis

After acoustic coding, outliers falling beyond two stan-

dard deviations (SDs) from the mean of a durational mea-

sure were excluded within each group (see Tables IV and VI

for means and SDs). For children, a total of 1653 tokens

were, thus, analysed for the VOT (77 outliers excluded,

4.5% of the VOT data) and 1677 tokens for the CD (55 out-

liers excluded, 3% of the CD data). For adults, 1710 tokens

were analysed for the VOT (90 outliers excluded, 5% of the

VOT data) and 1733 tokens for the CD (67 outliers

excluded, 3.7% of the CD data). For each durational mea-

sure, a linear mixed-effects model was fitted to the data in R
(R Core Team, 2016) with the lme4 package (Bates et al.,
2015). The fixed structure of both models included all main

effects of and interactions between voicing (voiced vs voice-

less), PoA (bilabial vs alveolar vs velar) and speaker group

(children vs adults). The random structure included by-

subject and by-item intercepts as well as random slopes by-

subject for the effects of voicing and PoA. Voicing and

speaker group were coded using simple-effect coding;

voiced stops were coded as 1, voiceless stops were coded as

�1, children were coded as �1, and adults were coded as 1.

The three-level factor PoA was coded using Helmert con-

trasts (see Table III). The mean of the bilabial stops was

compared to the mean of the non-bilabials (alveolars and

velars) in the first comparison (PoA-1) because bilabials

tend to have a shorter VOT and a longer CD than non-

bilabials (Lisker and Abramson, 1964; Cole et al., 2007).

The second comparison (PoA-2) was then made between the

mean of the alveolars and the mean of the velars.

Post hoc Tukey-tests were then performed using the

least-squares means method available in the lsmeans R
package (Kuznetsova et al., 2017). Inspection of the histo-

grams of the model residuals revealed no deviation from

normality or homoscedasticity.

III. RESULTS

A. VOT

Table IV shows the mean VOTs by voicing category,

PoA, and speaker group (Fig. 2 shows the VOT distribu-

tion). The model fitted on the VOT (see Table V) revealed

significant effects of voicing (Cohen’s d¼ 1.57), PoA-1

(mean of bilabials vs mean of non-bilabials; Cohen’s

d¼�0.49), PoA-2 (the mean of the alveolars vs the mean

of the velars; Cohen’s d¼�0.14), and speaker group

(Cohen’s d¼ 0.28), as well as a two-way interaction

between voicing and speaker group (Cohen’s d¼ 0.28). It

also showed two three-way interactions between voicing,

TABLE III. Helmert contrast coding for the PoA as used in the linear

mixed-effects analyses for both VOT and CD.

Bilabial vs non-bilabials Alveolars vs velars

Bilabial 2/3 0

Alveolar �1/3 1/2

Velar �1/3 �1/2

TABLE IV. Mean VOT in milliseconds [standard deviation (SD)] by voic-

ing category, PoA, and speaker group.

a) VOT

Children Adults

Bilabial Alveolar Velar Bilabial Alveolar Velar

Voiced 10 (7) 21 (10) 24 (10) 11 (5) 19 (6) 25 (6)

Voiceless 93 (37) 97 (35) 101 (36) 66 (17) 77 (19) 77 (17)

FIG. 2. Absolute values for the VOT (in ms) by voicing category, PoA, and

speaker group. The dotted line (0 ms) indicates the release of the burst.
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PoA-1, and speaker group (Cohen’s d¼ 0.06) and voicing,

PoA-2, and speaker group (Cohen’s d¼�0.07).

As predicted, these results show that children and adults

exhibited shorter VOTs for voiced than for voiceless stops

and children’s VOTs for voiced stops did not differ from

those of adults. However, children had longer VOTs for

voiceless stops compared to adults, suggesting that children

have acquired adultlike VOT values for voiced stops but not

for voiceless stops. In addition, children had a larger differ-

ence between voiced and voiceless bilabials and between

voiced and voiceless velars than adults did.

B. CD

Participants’ CDs are displayed in Fig. 3 by voicing cat-

egory, PoA, and speaker group (means are shown in Table

VI). The model fitted on the CD (see Table VII) revealed

significant effects of voicing (Cohen’s d¼�0.31), PoA-1

(Cohen’s d¼�0.67), and speaker group (Cohen’s d¼ 0.79),

as well as two-way interactions between voicing and

speaker group (Cohen’s d¼�0.08), voicing and PoA-1

(Cohen’s d¼�0.12), and speaker group and PoA-2

(Cohen’s d¼ 0.15). It also showed a three-way interaction

between voicing, PoA-1, and speaker group (Cohen’s

d¼�0.07).

As predicted, these results show that children and adults

exhibited a longer CD for voiced than they do for voiceless

stops. The children also had a larger difference between

voiced and voiceless categories than the adults did, and this

voicing difference was greater for the bilabials than for the

non-bilabials. However, the fact that the above absolute

durations (i.e., VOT and CD) were longer in children than in

adults might be due to children speaking more slowly than

adults. Therefore, we calculated a proportional ratio to fur-

ther examine whether the above observations on voicing

contrasts continue to hold.

Two proportional ratios were calculated, one for the

VOT [VOT / (CD þ VOT)] and one for the CD [CD / (CD

þ VOT)]. This is shown in Fig. 4. Since the two ratios are

the complements of one another, only the ratio of theVOT—

as the primary cue to voicing—was analysed statistically

using a linear mixed-effects model that contained the same

fixed and random structures as described in Sec. II E.

This model (see Table VIII) revealed significant effects

of voicing (Cohen’s d¼ 0.1), PoA-1 (the mean of the bila-

bials vs the mean of the non-bilabials; Cohen’s d¼�0.06)

TABLE V. Results of the linear mixed-effects model for VOT.

*¼ p< 0.05; **¼ p< 0.01; ***¼ p< 0.001.

Estimate Standard error t value

Effect

size

(Cohen’s d)

(Intercept) 51.99 1.53 33.93*** —

Voicing 33.59 1.38 24.32*** 1.57

Speaker group 5.94 1.48 4.00** 0.28

PoA-1 (bilabial

vs non-bilabials)

�10.41 1.18 �8.84*** �0.49

PoA-2 (alveolars vs velars) �3.09 1.32 �2.34* �0.14

Voicing * speaker group 5.98 1.32 4.52** 0.28

Voicing * PoA-1 1.41 1.02 1.39 0.07

Voicing * PoA-2 1.18 1.18 1.00 0.05

Speaker group * PoA-1 0.83 0.84 0.98 0.04

Speaker group * PoA-2 �0.19 0.91 �0.21 �0.01

Voicing * speaker

group * PoA-1

1.26 0.60 2.09* 0.06

Voicing * speaker

group * PoA-2

�1.54 0.71 �2.18* �0.07

FIG. 3. Absolute values for the CD (in ms) by voicing category, PoA, and

speaker group. The dotted line (0 ms) indicates the onset of the closure.

TABLE VI. Mean CD in milliseconds (SD) by voicing category, PoA, and

speaker group.

CD

Children Adults

Bilabial Alveolar Velar Bilabial Alveolar Velar

Voiced 181 (54) 144 (57) 144 (52) 106 (22) 76 (26) 83 (27)

Voiceless 139 (44) 122 (52) 116 (36) 85 (13) 56 (14) 67 (14)

TABLE VII. Results of the linear mixed-effects model for CD.

*¼ p< 0.05; **¼ p< 0.01; ***¼ p< 0.001.

Estimate Standard error t value

Effect

size

(Cohen’s d)

(Intercept) 109.9 3.87 28.37*** —

Voicing �12.39 1.20 �10.30*** �0.31

Speaker group 31.85 1.20 8.36*** 0.79

PoA-1 (bilabial

vs non-bilabials)

27.04 2.34 11.53*** �0.67

PoA-2 (alveolars vs velars) �3.00 2.97 �1.01 �0.07

Voicing * speaker group �3.17 0.98 �3.23*** �0.08

Voicing * PoA-1 �4.82 1.78 �2.70* �0.12

Voicing * PoA-2 0.03 2.05 0.02 0.00

Speaker group * PoA-1 2.39 1.81 1.31 0.06

Speaker group * PoA-2 6.21 2.43 2.55* 0.15

Voicing * speaker

group * PoA-1

�2.88 0.99 �2.89** �0.07

Voicing * speaker

group * PoA-2

2.05 1.15 1.79 0.05
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and speaker group (Cohen’s d¼�0.02), as well as two-way

interactions between voicing and speaker group (Cohen’s

d¼�0.03), voicing and PoA-2 (the mean of the alveolars vs

the mean of the velars; Cohen’s d¼ 0.01), speaker group

and PoA-1 (Cohen’s d¼ 0.01), and speaker group and PoA-

2 (Cohen’s d¼�0.01). It also showed two three-way inter-

actions between voicing, PoA-1, and speaker group

(Cohen’s d¼ 0) and voicing, PoA-2, and speaker group

(Cohen’s d¼�0.01). The VOT ratio was smaller for voiced

than for voiceless categories and was smaller in children

than in adults for all PoAs. These results suggest that, after

adjusting the VOT to the temporal structure of stops in each

population, children still differ from adults in their phonetic

implementation of voicing contrasts, having shorter VOTs

and longer CDs than adults have.

IV. DISCUSSION

The present study aimed to provide a systematic investi-

gation of the VOT and CD as cues to voicing at all PoAs in

4–5-year-old speakers of Australian English and assess how

their use of these temporal cues compares to those of adults.

Figure 5 summarises the main findings for the absolute val-

ues. For children, VOTs differed as a function of voicing at

all PoAs. Children produced adultlike VOT values for

voiced stops but longer VOTs than adults produced for

voiceless stops. Children’s CD durations also differed as a

function of voicing, although both voiced and voiceless

stops were produced with longer CDs than those of adults.

Figure 4 displays the main findings for the proportional

ratios of the VOT and CD. Children had shorter ratios than

adults had for both the voiced and voiceless categories.

Previous studies of American English-speaking chil-

dren, using various methods, fewer children, and/or only

some PoAs, have reported that 4-year-old children make a

systematic distinction between voiced and voiceless cate-

gories with VOT values for voiced stops similar to those of

adults, although values for voiceless stops were still vari-

ably realized and often with longer durations (e.g., Barton

and Macken, 1980; Ganser, 2016; Gilbert, 1977; Imbrie,

2005; Kewley-Port and Preston, 1974). The findings of the

present study are in line with these findings, extending the

results to all PoAs with a larger group of children speaking

Australian English. Our results also corroborate the obser-

vation of overshoot, where children around the age of

4 years old still exhibit longer VOTs for voiceless stops

than adults exhibit (e.g., Macken and Barton, 1980; Zlatin

and Koenigsknecht, 1976), suggesting that this is system-

atic across all PoAs.

The motivation for measuring the CD in the present

study was twofold. First, we wanted to determine if partici-

pants would produce any pre-voicing because previous stud-

ies of Australian English had reported some occurrences of

pre-voicing for some adults (Antoniou et al., 2010; Clothier

and Loakes, 2018; Jones and Meakins, 2013). None of the

child participants in the present study produced any pre-

voicing. However, 1 of the original 21 adult participants did

exhibit systematic pre-voicing for /b/ and occasional pre-

voicing for /g/. A closer examination of the language back-

ground questionnaire revealed that this male participant was

actually born and raised in Queensland, whereas all other

FIG. 4. Relative proportions of the CD ratio and VOT by voicing category,

PoA, and speaker group.

TABLE VIII. Results of the linear mixed-effects model for the VOT/(CD

þ VOT) ratio.

Estimate Standard error t value

Effect

size

(Cohen’s d)

(Intercept) 0.6846 0.00712 96.14*** —

Voicing 0.0099 0.00015 64.82*** 0.1

Speaker group �0.0022 0.00043 �5.29*** �0.02

PoA-1 (bilabial

vs non-bilabials)

�0.0065 0.00043 �15.24*** �0.06

PoA-2 (alveolars vs velars) 0.0001 0.00049 0.03 0

Voicing * speaker group �0.0004 0.00009 �4.80*** �0.003

Voicing * PoA-1 �0.0001 0.00033 �0.45 0

Voicing * PoA-2 0.0014 0.00038 3.69** 0.01

Speaker group * PoA-1 0.0019 0.00034 5.69*** 0.01

Speaker group * PoA-2 �0.0009 0.00039 �2.32* �0.01

Voicing * speaker

group * PoA-1

0.0007 0.00019 3.79*** 0

Voicing * speaker

group * PoA-2

�0.0012 0.00022 �5.80*** �0.01

FIG. 5. Absolute stop duration (CD þ VOT) by voicing category, PoA, and

speaker group.
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participants were born and raised in Sydney, New South

Wales; this participant was, therefore, excluded from the

analysis. This raises the possibility that, as in American

English (Herd, 2020; Hunnicutt and Morris, 2016; Jacewicz

et al., 2009), pre-voicing may be a regional feature in

Australian English as some of the studies reporting some

pre-voicing were conducted with participants from the

Katherine region in the Northern Territory (Jones and

Meakins, 2013) and the Melbourne region in Victoria

(Clothier and Loakes, 2018). The second motivation for

examining children’s use of the CD was that previous stud-

ies had suggested that it may be used as a secondary cue to

the voicing distinction in the word-initial position, at least,

in adult-speech (e.g., Cole et al., 2007). We, therefore,

hypothesized that children might also produce longer CDs

for voiced than for voiceless stops at all PoAs, and this was

indeed the case. This shows that children are aware of the

role of the timing of the closure phase to contrastively mark

voicing in the onset position.

The finding that children’s VOTs and CDs are longer

than those of adults in absolute terms may be due to the fact

that child speech tends to be slow (e.g., Nip and Green,

2013), resulting in longer acoustic durational measures of

all kinds (Green et al., 2000; Green et al., 2002; Kowal

et al., 1975). This would then have implications for our

interpretation of children’s longer absolute VOT as

“overshoot.” The analysis of the VOT ratio revealed that the

VOT was actually proportionally shorter in children than in

adults across the board, which contrasts with the observed

longer absolute VOT in children. If overshoot had hap-

pened, the VOT ratio and absolute VOT would have been

the same. Therefore, the long absolute VOT durations may

not reflect the VOT overshoot.

Note that small VOT ratios necessarily imply large

CD ratios. This suggests that children may have

“exaggerated” the closure phase of oral stops. This pattern

occurs for both voiced and voiceless stops and at all PoAs,

which, in turn, suggests that children differ from adults in

the temporal relations of the closure and release phases of

oral stops. If there had been a trade-off between the CD

and VOT, a long absolute CD would have been associated

with a smaller VOT ratio and shorter absolute VOT.

Interestingly, however, in the present study, children’s

longer absolute CD duration is associated with a smaller
VOT ratio but a long absolute VOT, suggesting that the

CD and VOT might be acquired or controlled separately,

and the 4-year-olds are yet to master adultlike temporal

relations between the two phases of oral stops. These

observations corroborate previous findings regarding the

lack of precision of the articulation timing of speech seg-

ments in young children (Lowenstein and Nittrouer, 2008;

Nittrouer, 1993; Nittrouer et al., 1996).

Finally, to investigate the possibility that child par-

ticipants might have adapted their productions to match

the durations of the auditory prompts, we compared the

VOT ratio of the stimulus prompts to those of the child-

ren’s responses (see Table IX). The stimulus prompts and

participant responses had a significantly different ratio

for the voiceless but not for the voiced stops, suggesting

that it is unlikely that our observations are the result of

phonetic adaptation (where both voicing categories would

have matched the prompts). In addition, most studies of

phonetic adaptation use a highly repetitive procedure in

order to achieve phonetic adaptation (Nielsen, 2011,

2014; Shockley et al., 2004), unlike the current study.

Therefore, the sentence elicitation task in the current

study is more likely to tap into children’s phonological

representations (see Theodore et al., 2012, for similar

findings).

V. CONCLUSION

The present study provides the first comprehensive

investigation of Australian English-speaking children’s and

adults’ use of temporal cues to word-initial oral stop voicing

contrasts at all PoAs. It shows that 4–5-year-olds have a sys-

tematic voicing contrast at all PoAs and have acquired simi-

lar VOT values to those of adults for voiced stops but still

produce longer VOT values for voiceless stops. These chil-

dren also make a systematic distinction in the CD between

voiced and voiceless stops, although the absolute values are

still longer that those of adults at all PoAs. Moreover, even

after factoring out the durational differences between the

children’s and the adults’ productions, children still do not

have adultlike voicing contrasts. This suggests that children

this age are still fine-tuning the use of these two temporal

cues to voicing contrasts. These findings contribute to our

understanding of phonological development in typically

developing children speaking Australian English and pro-

vide a much-needed acoustic baseline for evaluating the

development of voicing contrasts in populations with lan-

guage delay.
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TABLE IX. Results of the linear mixed-effects model for the VOT/(CD þ
VOT) ratio, comparing each speaker group to the prompt.

Estimate Standard error t value

(Intercept) 0.3299 0.0202 16.26***

Voicing 0.1879 0.0139 13.44***

Speaker group-1 (adults vs prompt) 0.0441 0.0341 1.29
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