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Abstract

Voice onset time (VOT) data for the plosivesb t d k g/ in two vowel contexts {/ a/)

for 5 groups of 46 boys and girls aged 5;8 to }&&rs were investigated examine patterns of
sex differences. Results indicdtéhat there was some evidence of females displaying longer
VOT values than the males. In addition, these vi@nad to be most marked for the data of the
13;2-year olds. Furthermore, the sex differenngle VOT values displayed phonetic context
effects. For example, the greatest sex differem@se observed for the voiceless plosives, and

within the context of the vowel/.

PACS numbers: 43.70.Ep, 43.70.Gr
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[.INTRODUCTION

There are relatively few studies documentsey differences in VOT, and some report sex
differences in VOT for both adults and chhéd (Koenig, 2000; Ryallst al., 1997; Swartz,

1992; Whiteside and Marshall, 2001). Furthermtire,general pattern suggests that women
produce longer VOT values than men (e.g. KgeBD0O; Ryalls et all997; Swartz, 1992). The
factors which contribute to thesex differences have not beetyfiestablished but suggestions
have included aerodynamic, physiological andtamical factors (e.g. Koenig, 2000; Swartz,
1992). It has also been suggested that sociailwfactors could go some way in explaining
sex differences in VOT in one particularcant of British English (e.g. in Sheffield, South
Yorkshire) (see Whiteside and Marshall, 2001 for a discussion).

Given the evidence for emerging sex diffaxes during preadolescence, adolescence and
postadolescence in the frequency componentseafcp(e.g. Lee et al., 1999), it is conceivable
that VOT patterns may also continue to depeaduring adolescence. Therefore, sex differences
in spectral components that may be emerginthisytime, may also be present in temporal
components of speech such as VOT. There is some evidence to support the emergence of sex

differences in VOT in the plosivep /b t d/ within a single vowel contexti/) of a group of

30 preadolescent children betwdbka ages of 6;9 and 10;7 (Wdside and Marshall, 2001). The
sex differences which emergedneeharacterised by the girlsuirag longer VOT values for the
voiceless plosives /p t/ compared to the boyeget10;7. Furthermore, the net effect of these
sex differences resulted in tgels' VOT patterns displaying a meomarked 'voiced'/'voiceless'

contrast at age 10;7 for the cognate paird/ and £ d/.

One aim of the current study was to supplement the results of the aforementioned study in
a number of different ways. iStly, new participants represting a wider age range were
recruited to the study. In addih, speech data representingcher phonetic inventory were

gathered to explore sex and atjgerences in VOT patterns further. The VOT data of the full
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set of English plosivesif/ b t d k g/ were examined in two peripheral vowel contexts
(/i aof) to gather additional datan the extent to which age and sex differences in VOT patterns

may be influenced by phonetic context. Agel @ex differences, andetin interaction with

different phonetic contexts are more well bthed in the frequency domain of speech
parameters such as vowel formant frequenciesufimuller, 1988). However, there is a lack of
published data on how the interactiof factors such as agexsand phonetic context affect the
development of temporal speech parameters such as VOT. By investigating the effects of sex,
age and phonetic context on VOTtgeans, this study aims to add to the body of published data
on individual differences in VOT (e.g. Kogni2000, 2001; Whiteside and Marshall, 2001), and

how this temporal parameter develops inarteih between the ages of 5;8 and 13;2 years.

1. METHODOLOGY
A. Participants

Five groups of participants from two schoolsSheffield were recruited to the study: i)
mean age 5;8 years; n=6); ii) mean age 7;10syearl0); iii) mean ag9;10 years; n=10); iv)
mean age 11;10 years; n=10); and v) meanlay2 years; n=10). Equal numbers of boy and
girls participated in each ageogip. All subjects: i) spoke witha similar regional accent ii) had
lived in Sheffield all their livesind within 3 to 5 miles of thschool; iii) had age-appropriate
intelligence levels as judged by the class tegaahewere monolingual speakers of English; v)
had no speech, language or hearing problentsyg volunteered to participate in the study

with parental consent.

B. Speech stimuli

All subjects produced five repetihs of each of the plosiveép b t d k g/ina
syllable initial position within the phrase frame of "Spy /bi, ti, di, ki, gi, pat, bat,

tat, dat, kad, gad/ again”. The phrases and target plosiwese elicited from the children in
4
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a randomized order using a repetitiask via live presentation. A repetition task was chosen in
preference to either a reading task, or aupgchaming task for a number of reasons. Firstly,
because the study included very young childréh erange of reading abilities, this would

have more than likely, had an effect on thedreih's VOT values. Secondly, it would not have

been possible to elicit correctnditions of the word "ghee"dA/) in a reading paradigm, as the

lexical item in question is both borrowed (Hipend occurs infrequently in both spoken and
written English. Thirdly, it was ngiossible to represent all the target syllables pictorially to the

children.

C. Recording and analysis

The speech data were recorded in a qoietrr. Data was recorded directly onto a DAT
(Digital Audio Tape) recordgiSony, model TCD-D3). Subsequbmn speech samples from each
subject were digitized onto a Kay ElemesriComputerized Lab (CSL) model 4300 using a
sampling rate of 16 kHz. From this digital information, sound pressure waveforms and
wideband (146 Hz) FFT spectrograms were gatieel and displayed. A bandwidth of 146 Hz
provided adequate temporal resolution to k¥ measurements which were made directly
from the spectrograms by measuring the distéeteeen the release of the plosive to the onset
of voicing (marked by the first visible sign ofddrequency periodic aeistic activity in the
spectrograms). The point of the plosive's relegsetaken at the first transient burst for all
samples, including those which displayed multiple bursts. In the cases where measures of VOT
needed validation, sound pressure waveforms were used. In the cases where both the speech
waveform and the spectrogram were referreidtaalidation, the VOT measurement was taken
from the same data source. In the caseseW@T was unclear, e.g. plosives being released
with affrication or the presee of background noise, the spesample was discarded.

To ensure consistency in the VOT measurements, a test of inter-rater reliability was
carried out. The inter-reliabilityneasures were conductedrapdomly selecting one subject

5
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from each of the 5 age groups for reanalpgiss second rater. A Pearson’s product-moment
correlation was used to calculate the levehtdr-rater reliability. A significant correlation

coefficient £=0.978, p<0.0001) demonstrated a high lefénter-rater reliability.

[11.RESULTS

The median, mean and standard deviatidnesafor VOT measurements are given in
Table | by plosive 8, b, t, d, k, g/), vowel context @/ and &/) and sex for the five
age groups (i) 5;8 years; ii) 7;10ays; iii) 9;10 yearsiy) 11;10 years; and) 13;2 years). Table
| illustrates the comparability between the mediad mean values. In dition, the mean values
for the VOT measurements are depicted in fadu The VOT values across all age groups and
subjects displayed expected patterns by plaeetmiulation, and “voice@d’voiceless” status;
“voiced” plosives displayed shorter values thagirthvoiceless” cognates, and bilabial plosives
displayed the shortest valueadavelar plosives the longest. 8 brder of magnitude of mean

VOT values by plosive for all subjects was as follolw$18 ms) <d (25 ms) <g (38 ms) <p
(60 ms) <t (81 ms) <k (82 ms). In addition, the VOT values across all subjects and age

groups displayed longer values wiitlthe context of the vowel/ (see Fig. 2).

<PLACE TABLE I, FIGURES 1, 2 & 3 ABOUT HERE>

With respect to developmental trends, the Vdata for the 5;8 year olds displayed a
tendency for longer VOT values compared todlier age groups (see Table | and Fig. 1). In
addition, the data for the 5;8 yaads displayed incongisnt trends in mean and median values
with respect to sex differences. For examjaeger values were observed for the females for

some plosive and contexts (e.ga/, /di/, /ki/ and ka/), but not for others (e.gdé/ and
/gal) (see Table | and Fig. 1). There were dstesit trends of longer VOT values for the

females in the data of some of the older gugeips (e.g. the data ftve 7;10-, 9;10- and 13;2-
6
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year olds. See Table | and Fig. 1). Therefor@rder to examine the effects of sex on VOT

values, Mann-Whitney U tests were carried outféair of the five age groups. Tests were not

carried out for the 5;8 year-olds due to the very small number of participants in this age group.
Separate tests were run for each of four age groups (7;10 to 13;2 years), and for each plosive and
vowel context. Mean VOT values for each subyjeete used in these non-parametric tests (for

each age group: n=5 for M, and n=5 for Results indicated the following significant sex

differences (p<.05, two taiB: i) Age 7;10 years -db/ (Z —2.611).- here females displayed
longer VOT values; ii) Age 9;10 yearspil/ (Z —1.984),pa/ (Z —2.193),da/ (Z —1.984) -
females displayed longer VOT values forthliee phonetic contextsi)iAge 11;10 years 1/i/

(Z —1.984) - here males displayed longer VOT galoompared to the females; and iv) Age

13;2 years -@i/ (Z —2.402),ki/ (Z —2.193),ka/ - (Z —1.984) females displayed longer VOT

values for all three phonetic cemts. In addition, the followindata displayed trends towards

significant differences (p<.1). i) Age 7;10 years -gh/ (Z —1.776).- here females displayed
longer VOT values; ii) Age 9;10 yearst-i// (Z —1.776) - females displayed longer VOT
values; iii) Age 13;2 years £4/ (Z —1.776),di/ (Z —1.776),ka/ - (Z —1.984) females

displayed longer VOT values for both phonetic contexts.

IV.DISCUSSION

The VOT data for the plosives by place ofartation, and within the two different vowel
contexts replicate findings that are widdlycumented in the litenatte (e.g. Lisker and
Abramson, 1964; Nearey and Rochet, 1994; Badt Rotunno, 1979; Ryalls et al., 1997).
However, given the differences in the syllabiustures representingehiwo vowel contexts, it
is difficult to ascertain the true extent oétliowel context effectsn the VOT values. This

requires further investigation, bcontrolling for all aspects gfhonetic context (i.e. syllable
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structure, place of articulation, vowel contesuld only be achieved if real and non-words
were used as speech stimuli.

When the VOT data were examined for ageedfic trends, it was found that the 5;8-year
olds displayed a tendency for longer VOT valaespared to the older age groups, a finding
which corroborates earli@vidence (Kent and Forner, 1980). #Wihthe data were examined for
sex differences, significant effts were found to be inconsisteand varied with age and
phonetic context. Where significagffects were found, all but oé these (age 11;10 years -

/bi/) indicated that the femadéhad significantly longer VOT values than the males. These

trends corroborate the findingsaf earlier developmentalsly (e.g. Whiteside and Marshall,
2001).

Upon closer inspection of the data it is pbksto see that the B)- and 13;2-year olds
displayed the largest numbafrsignificant sex differences across the different phonetic
contexts. However, although the 9;10- and &ar olds displayethe same number of
significant differences across the full ranggbbnetic contexts, the magnitude of these sex
differences appeared to be greater for they8g-olds (see Table hd Fig. 1). Furthermore,
when the trends towards sige#ince (p<.1) were examined, &ater number of trends were
observed for the 13;2-year olds. These developmhé&ends suggest thaex differences in
VOT may be developmental in nature, and g8&x¢ differences in VOT may emerge during
adolescence. The more apparack of sex differences, and theonsistencies in the data for
the 5;8- and 11;10-year olds degss some explanation before the developmental emergence of
the sex differences in VOT is discussed. The insbeist patterns of sex differences for the 5;8-
year olds would not be totgllnexpected, and could be expkd in light of evidence which
suggests that the anatomieald physiological variables which affect voicing and phonatory
function show minimal sex differences arounid tige (e.g. Hirano ei., 1983; Stathopoulos
and Sapienza, 1997). However, due to the very smatber of subjects whgarticipated in this

age group, it would be necessary to gather amditisamples in order substantiate this
8
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suggestion. The lack of sex differences for thdQdyear olds is more difficult to explain in
developmental terms as the data for this agepyappear to be out tihe with those for the

7;10-, 9;10- and 13;2-year ol¢isee Fig. 1). A possible explaion is the contribution of

individual developmental differences to thedings reported here for such a small sample.
Individual developmental differences in the developmental patterns of speech are widely
documented, and have been found in both temporal and spectral components of speech (e.g.
Hollien et al., 1994; Smith and Kenney, 1998). Howefiather data would be necessary from
this age group in order to determine the extdérsiex differences in VOT as a function of
development.

The significant sex differencesmd the trends for sex differences in the VOT values of the
7;10- and 9;10-year olds are riotally unexpected in light ajther acoustic phonetic evidence
for sex differences in pre-adolescent children.(Bugby and Plant, 1995). In addition, the more
apparent sex differences which are presentarM@T values of the 13:year olds could be
explained in terms of the sexual dimorphighthe larynx (e.g. Hinao et al., 1983) and the
vocal tract (e.g. Fitch and Giedd, 1999) which emeélging adolescence. It ikely that during
this period the female larynx will have relativelgher levels of tissue stiffness compared to the
male larynx which is going through significant disgmental change during this developmental
phase of the human lifespan. These higher ledfdissue stiffness in the female larynx may
give rise to increased levels of glottagistance (e.g. Netsell at, 1991; Stathopoulos and
Sapienza, 1997), which could in turn be contiitgito the longer VOT values observed for the
13;2-year old females compared to their male p€Eable ). The intrinsic pitch differences that

have been observed for a closel &levated front vowel such ag tompared to a open and

lowered back vowel such as//[(see Netsell et al., 1999 fod#scussion), serve to further

illustrate the possible contribution of tissue s&fs to longer VOT values which are observed

in the context of the vowel/ across all speakers (see Fig.éfjects which may also be
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contributing to the larger sexftiirences observed for the VOTIlwvas of the voiceless plosives
within this vowel context (see Table | and Fig.I1)s also possible Ht sex differences in
supralaryngeal dimensions, capfrations and constrictions maiso be contributing to the
longer VOT values for the 13;2-year old femaleést example, the longer VOT values for the

plosives, and in particular the voiceless plosives, within the vowel contgsiee Table | and

Fig. 1) could be explained in tesnof greater levels of airwaysistance which cause a delay in
the onset of voicing (e.g. Higws et al., 1998; Nearey aRibchet, 1994; Port and Rotunno,
1979). The smaller dimensions of the femaipralaryngeal vocal traeind relatively smaller
vocal tract constrictions which will have gredtarels of airway resistance compared to their
male peers, may also explain why the 12+ old females have longer VOT values,
particularly for the voiceless plosives. Furthermdine, sex differences for the voiceless plosives

which are more marked in the context of the vouél Suggests thahe constrictions
associated with the vowei//relative to the vowekd/ may also have underlying sex differences

which are contributing tan interaction between sex diffeces in VOT and vowel context. In
addition to vowel context, the sex differencethi@a VOT values of the voiceless plosives of the
13;2-year olds also appeared to vary by placatidulation. Not only did the VOT values in the
context of /i/ display the most marked seftatences, but these sdiferences were also

greatest for the plosivep//and t/ within this vowel context g Table | and Fig. 1). However,

syllable structure may have also been a contrilgdtmtor. Further data artherefore required to
explore these suggestions further.

In summary, vowel context and place of artation may be among the factors which have
contributed to the sex differenciesthe VOT values of the voiads plosives for the 13;2-year
olds in the current study. Bddition, the sexual dimorphism tbfe larynx (e.g. Hirano et al.,

1983) and the vocal tract (Fiteimd Giedd, 1999) may also bentributory factors. However,

10
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the interaction between thefsetors, and how they impact upon age, sex and individual

differences in voicing, voicing function aMDT patterns deservetfiner investigation.
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TABLE 1. Median, mean and standard @iin voice onset time values (in ms) for

/p b t d k g/ byvowel context, sex and age group

Plosive Vowel Age 5;8 years Age 7;10  Age 9;10 Age 11;10 Age 13;2
years years years years
M F M F M F M F M F
ol
Median 66.9 65.5 46.7 66.5 49.7 66.3 579 571 46.6 852
Mean /i/ 72.5 69.1 53.8 68.4 52.6 71.0 551 56.7 505 85.6
SD 21.3 26.0 22.1 28.0 150 218 104 109 13.3 17.6
Median 69.3 63.1 43.7 65.0 53.3 64.6 48.4 447 50.5 55.4
Mean /aof 711 70.4 47.9 63.1 52.0 65.7 481 472 510 580
SD 170 226 184 26.2 124 16.6 13.6 122 122 13.8
bl
Median 18.1 13.8 15.9 11.2 18.3 21.6 18.7 13.3 15.2 21.7
Mean /i/ 20.8 18.2 16.5 13.8 20.7 23.6 19.0 14.7 19.8 225
SD 9.2 105 54 7.0 8.7 81 54 42 11.0 7.5
Median 19.6 129 14.3 13.6 145 176 14.8 139 14.9 17.1
Mean /aof 21.8 17.2 15.6 14.8 16.2 185 154 144 15.7 18.4
SD 11.8 95 74 7.7 6.0 85 44 45 50 4.7
1t/
Median 94.3 955 76.2 1054 77.3 95.1 816 812 819 984
Mean /i/ 102.0 106.5 79.5 104.7 80.0 95.7 80.1 795 821 99.8
SD 26.4 26.2 23.6 26.9 16.6 204 9.7 16.3 123 215
Median /a/ 79.3 114.6 60.9 735 674 744 683 63.9 69.0 74.0
Mean 87.9 109.5 63.7 76.4 67.3 75.0 69.3 65.6 67.2 77.2
SD 30.8 23.6 18.7 22.8 18.3 12.4 12.0 155 115 19.0
1a/
Median 34.6 38.1 184 321 223 32.6 19.6 22.7 221 304
Mean /i/ 35.1 39.8 24.9 295 25.1 35.2 20.9 25.1 243 314
SD 13.6 16.7 17.7 142 115 116 8.9 6.9 8.0 9.0
Median 26.5 199 13.1 23.0 17.1 24.7 17.9 204 19.7 233
Mean /aof 28.0 21.0 1438 22.8 19.2 28.0 18.9 21.2 209 25.6
SD 9.0 86 6.2 71 6.5 10.8 6.0 40 8.1 7.4
Ikl
Median 111.2 946 76.9 90.8 74.3 94.1 80.7 748 67.2 96.0
Mean /i/ 104.3 942 784 89.7 78.8 93.9 82.0 743 71.1  99.6
SD 234 214 197 22.1 22.0 17.0 11.8 10.3 157 220
Median 88.8 115.8 76.2 87.8 68.8 78.9 70.1 659 704 884
Mean /af 96.1 106.8 74.4 87.2 70.1 80.5 721 66.6 71.8 90.0
SD 29.2 27.7 23.7 259 127 18.0 12.8 9.2 127 16.9
Igl
Mean 448 423 36.8 49.0 421 454 328 317 36.1 394
SD i/ 46.7 443 353 50.9 394 495 338 331 381 431
15.8 140 14.3 170 114 13.8 8.9 6.5 11.0 12.5
Mean 41.0 226 36.0 31.3 389 40.7 255 29.4 338 341
SD lal 46.7 25.4 36.8 31.0 37.8 421 275 29.7 339 40.6

16.0 9.7 16.1 8.5 10.9 114 7.6 85 8.6 12.9

14
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FIGURE CAPTIONS

FIG 1. Mean voice onset time values (in ms) ford t d k g/ by vowel context, sex and

age group (5;8 years, 7;10 yeard®years, 11;10 years and 13;2 years).

FIG. 2. Mean voice onset time values (inms) ford t d k g/ for all speakers by vowel

context. Error bars display +/- 1SD of thean, and mean VOT values are also indicated.

15
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FIG. 2.
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