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Authors attempfing to trace developmental frends in consonant voicing have
frequently framed their hypotheses in terms of how children’s VOT means and/or
standard deviations compare to adult norms. However, data from previous studies
suggest that children’s VOTs may not be normally distributed. Specifically,
rightward skew is observed in the voiceless aspirated stops, such that mean
values exceed the medians. The current work presents detailed distributional
andlyses of VOTs in /p, t/ from 7 five-year-old children and 14 adults. Distribu-
tional non-normality was common in both the adult and child data, as measured
by Shapiro and Wilk's W sttistic. The children showed an insignificant but
consistent tendency towards higher values of skew than the adults and greater
differences between VOT mean and median values. The results suggest that
theories of VOT development should not be based solely on means and standard
deviations, but need to address the distributional characteristics of the data

more fully.
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ver the last three decades, researchers have increasingly used

acoustic, aerodynamic, and kinematic data to define subtle dif-

ferences between child and adult speech. To study the develop-
ment of consonantal voicing, many authors have measured voice onset
time (VOT, Lisker & Abramson, 1964) in children, typically relying on
means and standard deviations to describe age differences. Where VOT
histograms are presented, one can frequently observe that children’s
productions of voiceless aspirated stops tend to cluster at short positive
values of VOT, with a few very long-lag outliers. No published work has
explicitly evaluated the extent to which children’s VOT data are nor-
mally distributed, however. This note reviews evidence for skewed dis-
tributions in previous work on children’s VOT and presents new data
and analyses supporting the conclusion that researchers should take

distributional shape into account when reporting and interpreting VOT
data from children.
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VOT in Adults and Children

VOT, defined as the time interval between plosive
release and the onset of voicing, is one of the primary
acoustic cues differentiating contrastive, syllable-initial
stop consonants across languages, both in production
and in perception (e.g, Abramson, 1977; Abramson &
Lisker, 1967, 1973; Lisker & Abramson, 1964, 1970;
Zlatin, 1974). Voiceless aspirated stops are measured
with positive VOTs, or long voicing lags, because they
have a time delay between stop release and voicing on-
set. Voiceless unaspirated stops show little or no time
delay between release and voicing and therefore have
VOTs near zero. Fully voiced stops with laryngeal vi-
bration continuing through closure up to the moment of
release are measured with negative VOTs. In American
English, /p, t, k/ initiating stressed syllables have long
positive values of VOT, and /b, d, g/ in the same envi-
ronment range from negative to short-lag VOTs. Within
an individual speaker, VOT values for voiceless aspirated
stops vary directly as a function of when peak glottal
abduction occurs relative to plosive release (Lisker,
Abramson, Cooper, & Schvey, 1969; Lofqvist, 1992;
Sawashima, Abramson, Cooper, & Lisker, 1970). Insofar
as VOT measures the relative timing between laryngeal
and supralaryngeal events, the sequence by which chil-
dren attain adult-like values of VOT has been widely
used as an indication of interarticulator timing control
development.

An extensive literature exists on age-correlated
changes in VOT, especially for English-learning children.
Preston and Yeni-Komshian (1967) and Preston, Yeni-
Komshian, Stark, and Port (1968) presented data from
naturalistic speech of American-English children begin-
ning at 6 months old. In the early recording sessions,
most productions had short-lag VOTs; long-lag stops
began to occur more frequently at about age 2. Kewley-
Port and Preston (1974) subsequently gathered longitu-
dinal data from American children and found that mean
VOTs for /t/ remained short, compared with those of
adults, as late as 4.5 years. Inspection of Kewley-Port
and Preston’s histograms shows that, although most of
the children’s /t/s fell in the short-lag range, each child
produced a few outliers with very long VOTSs (up to 290
ms). Zlatin and Koenigsknecht (1976) similarly reported
short means for /p, t, k/ in American 2- and 6-year-olds
compared with adults. Although the Zlatin and
Koenigsknecht article did not discuss distributional char-
acteristics of VOT at length, full distributional statis-
tics for all subjects are available in an appendix of
Zlatin’s unpublished (1972) thesis. The 1972 statistics
show that /p, t, k/ VOT distributions for all subjects
‘tended to have rightward skew, but the skew values were
more extreme for the children. The effect of distribu-
tional non-normality may be to inflate the p value

slightly for a chosen « level (Keppel, 1982), and Zlatin
(1972) argued for adopting conservative cutoff points
when interpreting statistical results from such data.

Macken and Barton (1980a) used results frém chil-
dren up to 2 years old to formulate a three-step develop-
mental sequence for English-learning children. In
Stage I, children showed unimodal VOT distributions
in the short-lag range. Secondly, bimodal distributions
developed, but averages for the voiceless aspirates re-
mained short relative to those of adults. Stage ITI was
marked by adult-like mean values for long-lag stops.
Some children appeared to reach mature values by first
“overshooting” (producing very long positive VOT means)
and then shortening back to adult values. Barton and
Macken (1980) found longer VOT means in 4-year-olds
than adults and took this as further evidence for an over-
shoot phase in acquiring voiceless aspirates. Other au-
thors as well have reported long means and occasional
very long (>100 ms) positive values of VOT in children’s
productions of /p, t, k/ (Gilbert, 1977; Menyuk & Klatt,
1975; Smith, 1978). Studies of older children have yielded
no consensus on trends in mean values, but generally
agree that high variability may persist in the voiceless
aspirated category until age 12 or later (Eguchi & Hirsh,
1969; Kent & Forner, 1980; Ohde, 1985; Ostry, Feltham,
& Munhall, 1984).

Although some authors have presented VOT histo-
grams for individual subjects (e.g., Bond & Wilson, 1980;
Eilers, Oller, & Benito-Garcia, 1984; Gandour, Petty,
Dardarananda, Dechongkit, & Mukngoen, 1986; Kewley-
Port & Preston, 1974; Macken & Barton, 1980a, 1980b),
other reports of children’s VOT have reduced the data
to a few summary statistics, most commonly, the mean,
range, standard deviation, and (occasionally) the coeffi-
cient of variation (Barton & Macken, 1980; Engstrand
& Williams, 1996; Kent & Forner, 1980; Menyuk & Klatt,
1975; Ohde, 1985; Smith, 1978; Tyler & Saxman, 1991).
Quantitative assessment of VOT category contrast has
usually relied on comparison of mean differences (e.g.,
Barton & Macken, 1980; Macken & Barton, 1980b;
Zlatin, 1972), and hypotheses about the development of
VOT patterns have frequently made reference to how
children’s means, standard deviations, and/or ranges
compare with adult norms (e.g., Eguchi & Hirsh, 1969;
Gandour et al., 1986; Kent, 1976; Kent & Forner, 1980;
Macken & Barton, 1980a, 1980b; Smith, 1978; Tyler &
Saxman, 1991). If, however, VOT samples are consis-
tently or significantly skewed, then standard paramet-
ric statistics are not appropriate, and means and stan-
dard deviations do not adequately and accurately
represent the data. In particular, because mean values
are known to be sensitive to outliers in a distribution
(see, e.g., Hays, 1988), greater rightward skew in
children’s voiceless aspirated VOTs may inflate their
means relative to the bulk of productions, overestimate
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the category differentiation between voiced and voice-
less stops, and fail to provide a clear picture of voicing
contrast acquisition. The current note presents data on
the prevalence and degree of skew in voiceless aspirated
stop VOTs recently collected from American English-
speaking 5-year-olds and adults. Data from Zlatin’s
(1972) thesis are discussed for comparison and further
support.

Method
Subjects

The data reported here were collected as part of a
larger aerodynamic study on voicing in stop consonants
and /h/ in men, women, and children, so some method-
ological details reflect the aims of the overall study (see
Koenig, 1998, 2000). Data were collected from 7 speak-
ers in each of three groups: Men (subjects A1-A7, mean
age = 35.4 years, range = 26.6-57.7 years), women (A8—
Al4, mean age = 37.5 years, range = 27.1-51.3 years),
and 5-year-old children (mean age = 5.4 years, range =
4.7-5.9 years). The child group consisted of 4 boys (C1-
C4) and 3 girls (C5-C7). Given the results of Kewley-
Port and Preston (1974) and Zlatin (1972), we expected
that 5-year-olds would demonstrate greater VOT vari-
ability than adults; our own pilot work {Koenig &
McGowan, 1994) further suggested that 5-year-olds could
successfully perform the experimental task.

All subjects were normal, healthy, native speakers
of American English with no known or suspected his-
tory of speech, language, or hearing disorders. Parents
of the children filled out questionnaires about the child’s
developmental history and were questioned to ascertain
that there was no history of developmental disorders
and no extensive exposure to languages other than En-
glish. To verify that the children’s language and speech
were age-appropriate, a spontaneous speech sample was
recorded for each child. Analyses of these data using
Miller and Chapman'’s (1993) Systematic Analysis of
Language Transcripts (SALT) programs showed that all
children produced mean lengths of utterance (MLUs)
within or above expected age-ranges according to Miller
and Chapman (1981). A certified speech-language pa-
thologist subsequently reviewed the tapes and verified
that the children showed no signs of articulatory or pho-
nological disorders.

Speech Materials

Subjects produced multiple repetitions of 4-syllable
utterances of the form [mama 'Caps], in which the tar-
get consonant (C) initiated the third, primary-stressed
syllable and was one of the set /p, t, b, d, b/. Only the
stop data are presented here; data from the full set of

utterances are available in Koenig (2000). The experi-
mental utterance was chosen to place the target conso-
nant in a running speech context that 5-year-olds could
easily learn and remember. The experimenter presented
the utterances to subjects verbally, one at a time, begin-
ning with [;mams ‘praps}, the one most easily interpreted
as an ordinary English utterance. The subject produced
multiple repetitions of this at a self-selected rate for one
or more input trials until many tokens had been col-
lected, and the next utterance was then introduced. No
subject showed any signs of difficulty with the task or
the novel utterances. The children’s attention spans typi-
cally constrained the number of productions we could
obtain to about 25 tokens each of /p, t/ per subject. Be-
cause the larger study was also investigating male-
female differences in adults, more tokens were collected
from adult subjects to increase the likelihood that subtle
sex differences would be evident. To verify that all chil-
dren had a productive VOT contrast, a small sample of
utterances containing /b, d/ was also collected. Finally,
because the full aerodynamic study included pressure
measurements, more tokens were collected of utterances
containing bilabial stops, because these allowed intraoral
pressure recording. Table 1 gives the average number of
tokens produced per consonant in each age group and
the range of tokens across subjects.

Recording Procedures and Signal
Processing

For every utterance, oral-nasal airflow was recorded
using a Rothenberg mask appropriately sized for the
subject. Subjects were instructed to press the mask
firmly against their faces during recording so as to pre-
vent air leaks, and a research assistant sat close to the
subjects and monitored them visually to make sure that
a tight seal was.maintained. An acoustic signal was

Table 1. Number (N) of tokens produced per subject group per
consonant.

Cons. Adults Children
/p/  Group totdl 797 216
Average N per subject 57 31
Range of N across subjects 36-83 18-55
/t/  Group tofal 443 156
Average N per subject 32 22
Range of N across subjects 10-48 20-25
/b/  Group tokal 351 76
Average N per subject 25 11
Range of N across subjects 12-59 513
/d/  Group tofal 226 74
Average N per subject 16 1
Range of N across subjects 9-28 7-15
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collected using a standing microphone positioned near
the subject. Because the acoustic signal received out-
side the airflow mask is rather damped, all measure-
ments were made from the airflow signals, and the acous-
tic signal was used only for auditory verification of the
utterances. Flow signals were calibrated using a rota-
meter at the end of each recording session. Acoustic sig-
nals were filtered at 9.5 kHz and digitized at 20 kHz,
and aerodynamic signals were filtered at 4.5 kHz and
digitized at 10 kHz—all with 12-bit quantization.

Flow signals were lightly smoothed two consecutive
times with a narrow (5-point) triangular window to elimi-
nate noise and allow easier identification of glottal
pulses. A typical signal is shown in Figure 1. A heavily
smoothed flow signal was also derived, using a wide (133-
point) triangular window to obliterate all or most evi-
dence of glottal pulses. Lastly, the first and second time
derivatives of the heavily smoothed flow signals were
obtained, using a 3-point difference algorithm, and
smoothed with a 133-point window. The first derivative
was used to determine the intraoral pressure peaks for
/p/ and airflow peaks for /h/ (data reported in Koenig,
2000). The second derivative was used to define oral stop
releases, as described below.

Measurement Procedures and Statistical
Analysis

The two events that define VOT were measured from
the oral airflow signals as shown in Figure 1. Stop re-
leases were set at the local peak in the second deriva-
tive of the smoothed flow signal. This represents the
rapid increase in airflow that occurs when vocal tract
closure is released and corresponds to the plosive burst

Figure 1. Labels used to define stop VOTs. Stop releases were set
at peaks in the second fime derivative of the heavily smoothed
airflow signal. Voice onset was determined visudlly from the lightly
smoothed flow signal, and VOT was calculated as the difference
between these two fimes.

mama p* a p o
vor airfiow signal
Stop| |Voice in i/m
release onset
10
0
' 2nd time deriv.
of smoothed airflow
W“-“‘\J’\-*NVWW' \JM\J\/\A-M
I 3 L 1
100 200 300 400 500

660 760 time in ms

in an acoustic signal. Voicing onset was set at the first
visible pulse in an expanded display of the original
(lightly smoothed) flow signal, and VOT was calculated
as the difference between these two times. To assess
measurement reliability, the same experimenter remeas-
ured 5% of the data, using identical procedures, several
months after the original measures were made. Corre-
lational analyses for VOT yielded values of r = .985,
p <.0001. ’

After VOT measures were calculated, VOT category
contrast was tested in each subject’s /b, p/ and /t, d/ pairs
using the Mann-Whitney U statistic, which, unlike the
t test, does not assume distributional normality. Sum-
mary statistics were also computed for each subject’s
VOTs. These included the mean, median, standard de-
viation, coefficient of variation, skew, skew/standard
error (skew/SE), and Shapiro and Wilk’s W statistic. The
skew/SE statistic normalizes for group differences in
standard deviation and sample size and corrects for pos-
sible artifacts resulting from the fewer number of to-
kens collected from the children. The W statistic is a
general test for distributional normality (see discussion
in Dixon, 1992). These summary statistics were entered
as the dependent measures into Analyses of Variance
(ANOVAs), with group (men, women, and children) as a
cross-subject factor and consonant (/p/ or /t/) as a within-
subject factor. On the measures discussed here, there
were no significant differences between men and women,
so the adults were combined into a single group and all
analyses were rerun with two groups (adults vs. chil-
dren). To correct for the fact that ANOVAs were run on
7 dependent variables, the significance level was ad-
justed according to the Bonferroni principle (Hays, 1988),
yielding a = .007 (.05/7). Homogeneity of variance analy-
ses showed no significant differences between /p/ and /t/.
However, significantly (p = .01) greater variances were

found for the children than the adults in means, medi-

ans, standard deviations, and coefficients of variation.
Accordingly, group effects for these variables must be
treated with some caution. At the same time, inequality
of variances is less of a concern when group sizes are
equal (Keppel, 1982), and the original ANOVAs, com-
puted for three groups of equal size (7 each of men,
women, and children), showed the same patterns of sig-
nificance as those reported here.

Results

The U tests confirmed that all subjects had signifi-
cant (p £ .001) VOT differences as a function of voicing
category, indicating that the 5-year-olds had all estab-
lished a productive voicing contrast in initial position.
Because /b, d/ were collected merely to verify this, they
will not be discussed further.

Koenig: Distributional Charocteristics of Children’s VOT 1061



The ANOVA results are given in Table 2. These show
no significant differences between children and adults
for means or medians of VOT. Although mean VOTs for

/t/ exceeded those for /p/ in most subjects (all but one

man, woman, and child), the ANOVA diq not yield a sig-
nificant effect of consonant, Significant group effects
were found for standard deviations and coefficients of
variation, with the 5-year-olds showing higher values
than the adults. (In the original 3-group analyses,
Bonferroni/Dunn post hoc tests showed that children
differed significantly from Wwomen and men on both
. measures, with p < .0001 in a]l cases). Neither the con-
sonant effect nor the consonant-by-group interaction was
significant for either of these measures,

Using a conservative ¢ level, effects for skew and
skew/SE did not reach significance, although there was
a consistent pattern of higher skew values in the chil-
dren than in the adults, Individual subject data for skew
and skew/SE are given in Table 3. (The W statistics in
Table 3 are discussed below). Positive skew indicates
that most tokens had VOT values toward the short-lag
end of the range, with fewer tokens at longer-lag values.
This effect can be seen in Figure 2, which shows histo-
grams of /p/ VOT for one adult and one child subject

Table 2. Summary of ANOVA results: distributional stafistics for
/p t/ VOTs,

Dependent
variable Factor Fisg P
Means Group . .84 3639
Cons 2.139 .1518
Group x Cons 181 6729
Medians Group .255 6166
Cons 2.007 1647
Group x Cons 193 6626
SDs Group 62.902 <.0001
Cons .025 .8748
Group x Cons 666 4194
CoVs Group 53.883 <.0001
Cons 3.948 0542
Group x Cons 178 .6758
Skew Group 7.064 0114
Cons 1.420 .2409
Group x Cons 1.260 .2686
Skew/SE Group 4.187 .0477
Cons 2.557 1181
Group x Cons 576 4526
W statistic Group 726 3996
Cons <0.000 >.999
Group x Cons 7.750 .0083

Note. Group = subject group (adult vs. child); Cons = consonant {/p/
vs. /1/).
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whose skew values differed widely. In the child subject,
~the VOT data are clustered at fairly short values, with a
few long-lag outliers, Table 3 shows that there were no
cases of leftward skew (values less than 0) among the
child subjects. One effect of positive skew is that the
mean will exceed most token values. The magnitude of
any such overestimation was assessed by calculating the
difference between mean and median values for pt/
VOTSs of each subject. In the adults, no clear pattern
emerged: For both /p/ and /t/, the difference was positive
for 8 subjects and negative for 6, with values ranging
from -2.5 t0 3.5 ms and an average difference of .5 ms,
For the children, however, VOT means were longer than

. medians in 6 of the 7 children for each consonant, with

values ranging from —1.1 to 8.9 ms and an average dif-
ference of 2.7 ms. Although these differences were higher
for the children, the AN OVA results failed to reach sig-
nificance (F = 7.13, p =.011).

Whereas skew varies as the cube of the distance
between individual values and the mean, the W statis-
tic is based on a covariance matrix between the actual
ordered values and a set of ordered values drawn from a
normal distribution. Unlike the other summary statis-
tics considered above, each W value has an associated p
value. W statistics for all subjects are given in Table 3.
Values for W may range from 0 to 1, with lower num-
bers indicating departure from normality and values
approaching 1 as the sample becomes more normal.
Table 3 shows that non-normality, as measured by sig-
nificant values of W, may be common in VOT measured
from running Speech, for adult as well as child subjects.
The ANOVA showed no significant group effect for the
W statistic. The group-by-consonant interaction ap-
proached significance (p =.0083), however, reflecting the
fact that values were higher in adults than children for
/pl, but higher in children than adults for /t/.

Discussion

Previous studies of VOT in voiceless aspirated stops
have agreed that school-age children have higher stan-
dard deviations and coefficients of variation than adults,
but have disagreed on whether the children’s mean val-
ues differ from those of adults and on the direction of
any effect (Barton & Macken, 1980; Eguchi & Hirsh,
1969; Gilbert, 1977; Kent & Forner, 1980; Kewley-Port
& Preston, 1974; Macken & Barton, 1980a, 1980b; Ohde,
1985; Ostry et al., 1984; Tyler & Saxman, 1991; Zlatin &
Koenigsknecht, 1976). The current data similarly show
greater variability in the S5-year-olds than in the adults,
but no differences in mean values.,

The primary goal of the current analysis was to in-
vestigate whether children’s VOT values have a consis-
tent pattern of rightward skew. Only one other author
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Table 3. Values of Skew, Skew/SE, and the W statistic for / p t/ VOTs in all subjects.

Group
Subjects Individual data avg.
Skew
/el . _
Adults Al-A7 0380 0.250 0390 039 -0050 -0.020 -0.270 0.186
A8-A14 0450 -0.360 0.030 0390 0430 0.170 0.420
5-year-olds Q-C7 0.280 0.950 1.110 0700 0440 0360 0740 0.457
1/
Adults Al-A7 0620 -0.310 0910 -0.030 -0.510 0.420 -0700 0.184
AB-Al4 0200 0520 0070 0450 -0220 0.620 0.530
5-year-olds (& ovg 0.030 0330 0.420 1.160  0.600 0.030 0.010 0.369
Skew/SE
Ie/
Adults Al1-A7 1.120 0.844 1.235 1.226 -0.184 -0.050 -0.699 0.602
A8-A14 1091 -0.887 0.078 1.353 1.237 0.537 1.510
5-ye0r-o|ds Q17 0.846 2.338 2.026 1.559 0.976 0.624 1.662 1.433
n :
Adults Al-A7 ° 0920 -0.874 2221 -0.063 -1.447 1.073 -1.627 0.353
AB-Al4 0396 1.045 0.178 1.106 -0.290 1.155 1.155
5-year-olds ci-c7 0.059 0.640 0.803 2.369 1.196 0.048 0.028 0.725
W statistic
/p/
Adults Al-7 0960 0.965 0965 0.933* 0.959* 0.929° 0.938°
A8-14 0.941 0.954 0.965 0950 0960 0973 0.958°
5-year-olds cQ1-C7 0.963 0.899* 0.905* 0934 0929 0.862° 0944
I/
Adults Al-A7 0900 0946 0.872° 0.833" 0944* 0954 0.928*
A8-Ald 0952 0.912* 0.979 0.931* 0937 0942 0954
5-yeor-olds C1C7 0.974 0.943 0.946 0.959 0.958 0.943 0.896°

Note. SE = standard error of the mean. An asterisk for the W stafistic indicates p < .05.

Figure 2. VOT histograms for /p/ in one adult (A10) and one child (C4) subject, showing differences in
skew.
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has explicitly examined skew measures for VOT (Zlatin,
1972). In Zlatin's study, 10 children at 2 and 6 years and
20 adults were recorded producing 4 minimal pairs dif-
fering in initial consonant: peas-bees; pear-bear; time-
dime; coat-goat. Multiple (30+) repetitions of test words
were elicited by means of pictures for the children and
printed cards for the adults. This procedure might be
expected to yield fairly careful speech, and the mean
VOT values obtained for /p, t, k/ were rather long (c. 80—
90 ms). For both adults and children, Zlatin (1972) noted
a general tendency toward positive skew in voiceless stop
VOTs and negative skew in the voiced stops.

Figure 3 compares the voiceless aspirated stop skew
values from Zlatin (1972, Appendix H) with those ob-
tained here. Despite the methodological differences

between the two studies, the data are consistent in show-
ing that positive skew in /p, t, &/ VOTs is common in
adults as well as in children and is generally more ex-
treme in children. An ANOVA on Zlatin’s skew values,
using the factors group (2-year-old, 6-year-old, and adult)
and word (peas, pear, time, and coat) yielded a signifi-
cant group effect (F = 8.443, p = .0003), with post hoc
Scheffé tests revealing higher skew values in the 6-year-
olds than in the adults (p = .0004). Zlatin’s 6-year-olds
also showed the highest average skew values of any
group in 3 out of 4 words (all but peas). Finally, the dif-
ferences between mean and median values were calcu-
lated for Zlatin’s data. For the adults, this difference was
positive in 66.3% of the cases; for the 6-year-olds and 2-
year-olds, it was positive in 77.5% and 80%, respectively.

Figure 3. Skew values for /p t k/ VOT, comparing the current results with those of Zlatin (1972}, Positive
skew indicates that the data are clustered towards the short-lag end of the distribution.
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Average differences were .7 ms for the adults (range =
—4.3 to 7 ms); 2 ms for the 6-year-olds (range = —5.3 to
8.3 ms); and 3.3 ms for the 2-year-olds (range = 4.5 to
12 ms). Thus, means tended to exceed medians in all
subject groups, but positive differences were more fre-
quent and extreme in the children than the adults. An
ANOVA on these mean-median differences also yielded
a significant group effect (F = 11.781, p < .0001). Post
hoc Scheffé tests yielded p = .05 for 6-year-olds versus
adults and p < .001 for 2-year-olds versus adults. The
difference between 2-year-olds and 6-year-olds was not
significant (p = .15). :

In the current data, skew was consistently greater
in 5-year-olds than in adults, but the statistical results
did not reach significance. Zlatin’s data showed signifi-
cantly higher skew in 6-year-olds than in adults, whereas
2-year-olds did not differ from adults. Taken together,
these results suggest that non-normality of VOT distri-
butions may peak at some point during childhood and
may reflect a stage of phonetic or phonological acquisi-
tion. Because children between 0 and 2 years produce
few long-lag values of VOT, regardless of the target cat-
egory (Bond & Wilson, 1980; Kewley-Port & Preston,
1974; Macken & Barton, 1980a, 1980b; Preston & Yeni-
Komshian, 1967; Preston et al., 1968; Tyler & Edwards,
1993; Tyler & Saxman, 1991; Zlatin & Koenigsknecht,
1976), establishing a VOT category contrast in English
primarily involves the emergence of tokens with longer-
lag values. Higher rightward skew in 5- and 6-year-olds
could thus reflect a process by which older children re-
fine their VOT contrasts in the direction of greater dif-
ferentiation between categories. Long-lag VOT outliers
could also arise in children in response to features of
child-directed speech. Specifically, some authors have
suggested that child-directed speech may exaggerate
some phonetic contrasts, including VOT and other du-
rational measures (Bernstein Ratner, 1986; Bernstein
Ratner & Luberoff, 1984; Malsheen, 1980; see, how-
ever, Baran, Laufer, & Daniloff, 1977; Gurman Bard &
Anderson, 1983; and Shockey & Bond, 1980 for counter
examples). There is also some evidence that children’s
productions are sensitive to such features of adult in-
put. Eilers et al. (1984) reported that 2-year-olds imitat-
ing adult models produced their longest VOT lags in re-
sponse to modeled productions with mean VOTSs greater
than 100 ms. Along similar lines, Tyler and Saxman
(1991) measured VOTs in phonologically disordered
2-year-olds undergoing treatment for voicing contrast
acquisition and attributed children’s very long VOTs
for /p, t, &/ (over 300 ms) to the clinician’s exaggerated
models.

Many previous researchers have argued that meas-
ures of variability may be useful in tracing the develop-
ment of adult-like speech production (e.g., Chermak &
Schneiderman, 1986; Eguchi & Hirsh, 1969; Harris,

Rubin-Spitz, & McGarr, 1985; Kent, 1976; Kent & Forner,
1980; Leonard, Rowan, Morris, & Fey, 1980; Ohde, 1985;
Sharkey & Folkins, 1985; Smith, 1978, 1995; Smith &
McLean-Muse, 1986; Smith, Sugerman, & Long, 1983;
Tingley & Allen, 1975; Tyler & Saxman, 1991; Zlatin &
Koenigsknecht, 1976; but see also Stathopoulos, 1995).
The present results suggest that distributional shape
may be another important parameter to consider in de-
fining and accounting for developmental trends. The
benefit of skew measures is precisely that they are di-
rectional and can reveal that variability is most extreme
on one side of the distribution.

Although most discussions of developmental trends
for VOT have been framed in terms of mean values, the
mean may not be the most appropriate measure of cen-
tral tendency for a quantity that is highly variable and
skewed. The lack of consensus among authors about how
children’s mean VOT values (after age 2) for /p, t, k/ com-
pare with adults’ is itself a suggestion that the mean is
not a very revealing measure and, as such, is not a good
foundation on which to construct detailed theories of
voicing acquisition. Median values, which are less sen-
sitive to outliers than means (cf. Hays, 1988), should
present a more conservative picture of adult-child dif-
ferences. More generally, central tendency measures
alone may not be the ideal way to evaluate the develop-
ment of VOT category contrasts. One possible alterna-
tive is a measure of overlap between contrastive VOT
categories. Zlatin and Koenigsknecht (1976) and
Gandour et al. (1986) have both reported decreasing
overlap as a function of age.

Rightward skew actually appears to be typical of
many durational measures in speech. Kent and Forner
{1980) noted that several durational measures taken
from sentence productions of children and adults were
skewed to the right. (They did not, however; indicate
whether this was true for their VOT data.) Crystal and
House (1982, 1988) reported on a variety of durations in
read speech of English-speaking adults. Their data re-
vealed a pattern of rightward skew for several types of
speech sounds and for both fast and slow talkers. Sev-
eral phone durations in Pols, Wang, and ten Bosch (1996)
also show rightward skew. The caveat to be drawn from
this is that researchers who reduce durational measures
to means and standard deviations run the risk of mis-
representing their data, in that a few extreme outliers
may elevate mean values, and standard deviations do
not reflect the directionality of the distribution.

Conclusions

The data reviewed here indicate that VOTs for voice-
less aspirated stops in English show a consistent pat-
tern of rightward skew. The effect of this is to yield mean
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values that regularly exceed the value of most produc-
tions (that is, the median). Data from Zlatin (1972) show
similar trends, despite considerable differences in meth-
odology: Whereas Zlatin collected single-word, citation
form productions with varying vowel contexts, the cur-
rent study placed the consonants of interest in a more
fluent running-speech context, with a single flanking
vowel. The agreement between the two studies strength-
ens the conclusion that distributional normality cannot
be assumed for VOT data, either for children or adults,
though skew may be more extreme in children. Although
the elevation of mean values relative to medians is not

of great magnitude on average, it can be on the order of
10 ms in some individuals.

The data also suggest the possibility that non-
normality of VOT data may peak at some point during
childhood. This warrants further investigation in light
of Macken and Barton’s (1980a) hypothesized overshoot
phase in the acquisition of long-lag stops. Inspection of
Macken and Barton’s (1980a, 1980b) histograms sug-
gests that some cases in which children had longer
means than adults may have reflected occasional long-
lag outliers, rather than an overall shift in the center of
the distributions. If it is generally true that elevated
means in children’s speech compared to that of adults
result from a few tokens with very long values, then the
developmental progression is best characterized as re-
ducing the occurrence of extreme productions and achiev-
ing greater consistency of VOTs beyond the short-lag
region. The results reported here call for more detailed
study into distributional characteristics of VOT data and
suggest that additional measures, including skew,
may provide useful windows into children’s gradual re-
finement of production strategies for voiceless aspi-
rated stops.
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