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Learning to speak involves both mastering the requisite articulatory gestures of one’s native
language and learning to coordinate those gestures according to the rules of the language. Voice
onset time 共VOT兲 acquisition illustrates this point: The child must learn to produce the necessary
upper vocal tract and laryngeal gestures and to coordinate them with very precise timing. This
longitudinal study examined the acquisition of English VOT by audiotaping seven children at
2 month intervals from first words 共around 15 months兲 to the appearance of three-word sentences
共around 30 months兲 in spontaneous speech. Words with initial stops were excerpted, and 共1兲 the
numbers of words produced with intended voiced and voiceless initial stops were counted; 共2兲 VOT
was measured; and 共3兲 within-child standard deviations of VOT were measured. Results showed that
children 共1兲 initially avoided saying words with voiceless initial stops, 共2兲 initially did not delay the
onset of the laryngeal adduction relative to the release of closure as long as adults do for voiceless
stops, and 共3兲 were more variable in VOT for voiceless than for voiced stops. Overall these results
support a model of acquisition that focuses on the mastery of gestural coordination as opposed to the
acquisition of segmental contrasts. © 2008 Acoustical Society of America.
关DOI: 10.1121/1.2945118兴
PACS number共s兲: 43.70.Ep, 43.70.Fq 关CHS兴

I. INTRODUCTION

How does children’s speech acquire the phonetic structure of mature speakers in their linguistic environment? This
question has intrigued child-language scientists for decades.
Early accounts of language development were predicated on
the notion that phonetic segments are integral to speech production; that is, they are the so-called “building blocks” of
language. Accordingly, experimental approaches to language
development were largely transcription based, focusing on
when children learn to produce and combine discrete phonetic segments 共e.g., Bean, 1932; Jakobson, 1941; Osgood,
1953; Prather, Hedrick, and Kern, 1975; Velten, 1943兲.
Some approaches to the study of speech development
instead propose that the first unit of productive organization
is something other than the phonetic segment, and these approaches use methods of analysis not focused as strongly on
phonetic transcription. Generally, alternatives to the phoneme as the initial unit of speech organization focus on
larger units, such as unanalyzed syllables or words. Some of
the terminology invoked to convey this concept includes
“word recipes” 共Vihman and Velleman, 1989兲, “articulatory
routines” 共Menn, 1978, 1983兲, and “templates” 共Vihman and
Velleman, 2000兲. Speech development in this view involves
gradually differentiating these routines into their component
consonantal and vocalic gestures, and then learning to recombine these gestures as appropriate to produce sequences
of speech with proper organization so as to allow the listener
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to retrieve phonetic structures 共e.g., Goodell and StuddertKennedy, 1991兲. This process may be termed gestural reorganization.
A. Gestural reorganization

The notion that the organization of speech gestures is
modified as children acquire experience producing and hearing their native language complements the concept of the
phonetic segment as a perceptuomotor unit 共e.g., StuddertKennedy, 1987兲. According to this account, phonetic segments do not exist separately from longer utterances. Rather,
phonetic structure arises from the carefully coordinated set of
gestures involved in the production of long stretches of
speech. Children do not learn phonemes in this view, but
rather discover phonetic structure by hearing how the gestures of their native language are produced and organized
and simultaneously by learning how to accomplish that coordination themselves. In accordance with these models,
some studies of speech development instead focus on analyzing patterns of articulatory movement in young children’s
speech through both acoustic analysis and direct measures of
articulation 共e.g., Goodell and Studdert-Kennedy, 1993;
Green et al., 2000兲.
In the speech of adults, individual gestures are precisely
specified and generally produced with a great degree of consistency across utterances and exacting coordination among
adjacent gestures such that phonetic implementation is in
line with what is appropriate for the language being spoken
and the situation in which an utterance is being produced
关e.g., adaptive variability 共Lindblom, 1990兲兴. It is this precision in spatial composition and interarticulatory timing rela-
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tions that gives rise to segmental and suprasegmental structures in speech 共e.g., Kelso et al., 1984; Munhall, 1985;
Nittrouer, 1991; Nittrouer et al., 1988兲. However, unlike
adults’ speech, children’s early speech gestures appear to be
only roughly specified 共i.e., spatial targets are general兲, to
vary in form across similarly shaped utterances 共which follows from them being roughly specified兲, and to lack precision in interarticulatory timing 共Browman and Goldstein,
1989; Goffman and Smith, 1999; Goodell and StuddertKennedy, 1993; Green et al., 2000; Macken and Barton,
1980a; Nittrouer, 1993; Nittrouer et al., 1989; Nittrouer et
al., 1996; Smith and Goffman, 1998; Smith and McLeanMuse, 1986兲. Moreover, unlike the speech of adults, children’s first babbling utterances show little language specificity. In fact, the patterns of early productions are strikingly
similar across languages, at least when activity that can be
correlated with specific segments is examined 共e.g., Locke,
1983; Oller and Eilers, 1982兲.
However, when speech production is examined at a
more “global” level, we find that children acquire the productive patterns of their native language at an early age. For
example, de Boysson–Bardies et al., 共1986兲 derived the longterm spectra of adults with different native languages. When
the long-term spectra of separate groups of 10-month-olds
from those language environments were derived, it was
found that those spectra differed across language groups in
precisely the same way as the adults’ spectra did. Thus, by
10 months of age children must know something about the
gestural organization of their native language, although only
at a global level, that is, one less clearly associated with
individual phonetic segments and instead focused more on
overall patterns of production.
A number of investigators have described the articulatory patterns of children’s initial productions: specifically,
babbling and/or first words 共generally meaning when the
child has less than roughly a dozen words兲. For example,
MacNeilage and Davis 共1991, 1993兲 reported that children’s
earliest utterances can be adequately described as cycles of
mandibular elevation 共resulting in poorly specified constrictions兲 and depression, accompanied by phonation; that is,
children’s early speech consists largely of complete closures
of the lips or tongue against the palate 共resulting in /b, d, m,
n/兲 alternating with different degrees of mandibular opening
共resulting in central vowels of varying heights兲. Stretches of
long voicing lag are extremely rare in babbled productions
共e.g., Locke, 1980; Whalen et al., 2007兲, probably because
young speakers are unable to incorporate vocal-fold abduction gestures into the already complicated 共for young children兲 task of moving upper vocal-tract articulators while
phonating.
Other studies suggest that at least some of young children’s gestures actually differ from those of adults in form.
For example, a motion tracking study of bilabial production
found significant differences in articulator coordination between 1-year-olds, 2-year-olds, 6-year-olds, and adults
共Green et al., 2000兲. The 1- and 2-year-olds achieved oral
closure primarily through jaw displacement, while the
6-year-olds and adults achieved oral closure through a combination of lower lip movement and jaw displacement. FurJ. Acoust. Soc. Am., Vol. 124, No. 2, August 2008

thermore, the contribution of the jaw to oral closure was
found to differ significantly for 1-year-olds versus
2-year-olds, supporting the suggestion of reorganization at
these early ages. In agreement with the findings of Green et
al. 共2000兲, Smith and McLean-Muse 共1986兲 found that children as old as 11 years made labial gestures with different
lower lip and jaw displacements and peak velocities than
adults. Finally, coordination among gestures is not as precisely handled in children’s speech as in the speech of adults:
Goodell and Studdert-Kennedy 共1993兲 recorded children 共at
22 and 32 months兲 and adults imitating minimal pair nonsense disyllables that consisted of the syllable 关b.兴 followed
by a stressed 关ba兴, 关bi兴, 关da兴, 关di兴, 关ga兴, or 关gi兴. They found
that the proportions of total utterance duration assigned to
each syllable became more adultlike at 32 months, and there
was an age-related decrease in gestural overlap across the
two syllables in terms of tongue front-back position. They
also found evidence of more adultlike differentiation in
tongue height for the schwa and stressed-syllable vowels at
32 months, compared with 22 months. Smith and Goffman
共1998兲 found that children 共aged 4 and 7 years兲 produced
speech with less stable movement trajectories than adults
共also see Goffman and Smith, 1999兲.
The process of gestural reorganization appears to continue into the early school years. For example, children as
old as 7 years have been found to produce adjacent consonant and vowel gestures with more overlap than adults for
both fricatives 共Nittrouer et al., 1989兲 and stops 共Nittrouer,
1993兲; in addition, they have difficulty consistently coordinating vocal-tract closure with laryngeal abduction in the
production of words with syllable-final voiced or voiceless
stops 共Nittrouer et al., 2005兲. Several studies have found that
children generally produce gestures at slower rates than
adults, at least up to eight years of age 共Goffman and Smith,
1999; Goodell and Studdert-Kennedy, 1993; Green et al.,
2000; Nittrouer, 1993; Smith and Goffman, 1998; Smith and
McLean-Muse, 1986兲. Children have also been found to produce individual articulatory gestures with greater temporal
variability than adults 共e.g., Nittrouer, 1993兲. In sum, we find
a much more convoluted and protracted developmental
course for gestural speech reorganization than some phonetic
transcriptions indicate.

B. Acquisition of syllable-initial stop voicing

The acquisition of voicing categories for syllable-initial
stops can help inform us about developmental changes in
gestural coordination. When stops occur at the start of words
the timing between the release of the oral closure and the
onset of phonation must be coordinated in order to provide
the listener with appropriate information for voicing judgments. This timing, termed voice onset time 共VOT兲, was first
demonstrated to differ across languages by Lisker and
Abramson 共1964兲. Cross linguistically they found three patterns for VOT: long voicing lead, where phonation starts well
before the oral release; short voicing lag, where phonation
begins just after the oral release; and long voicing lag, where
phonation begins well after the oral release. Because lan-
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guages differ in their phonetic requirements, children need to
learn the appropriate gestural timing specific to their native
language.
Generally speaking, most words spoken are not produced in isolation; instead they occur in a stream of speech.
In order to produce a voiceless aspirated stop, phonation is
interrupted in continuous speech by a glottal abduction gesture. This gesture involves the posterior cricoarytenoid
muscle, which begins to contract shortly before the glottis
opens and reaches maximum activation before the peak of
glottal opening. As the activity of the posterior cricoarytenoid muscle decreases, the interarytenoid muscles
contract, resulting in the return of the glottis to a position
appropriate for phonation 共Löfqvist et al., 1984; Löfqvist and
Yoshioka, 1980兲. Because voiceless aspirated sequences are
so rare in babbled speech 共e.g., Locke, 1980; Whalen et al.,
2007兲, it is likely that children are unable to incorporate
these abduction/adduction gestures into their productions.
However, when they begin producing words, they must learn
to do so.
Studies of stop acquisition using methods other than
phonetic transcription have found that children only gradually develop the ability to produce long-lag VOTs. For example, Macken and Barton 共1980a兲 audiotaped four Englishlearning children at 2 wk intervals starting around 18 months
and ending around 26 months. Each taped session was
20– 30 min in length, and toys were used in the sessions that
would explicitly elicit stop productions. The examiners isolated words that began with stops, with the criterion that
there had to be an interruption in voicing between the preceding word and the isolated target word. In other words,
children in the study had at least mastered the ability to
abduct or adduct vocal folds during continuous speech. Spectrographic and oscillographic analyses were done on the
speech samples to measure VOT. Based on the results,
Macken and Barton 共1980a兲 proposed a three-stage model
for the acquisition of stop consonants. These three stages are
age independent and describe a linear path for the development of stop production. The first proposed stage of stop
acquisition consisted of children producing primarily shortlag stops 共defined as VOTs between 0 and 20 ms兲. In this
stage, children’s articulation seems to fit the description of
“everything moves at once” offered by Kent 共1983兲 because
they appear to simultaneously, or nearly simultaneously, begin phonation and release the oral closure. Longitudinal studies of languages other than English confirm Macken and Barton’s 共1980a兲 findings that children initially produce
primarily short-lag stops 共Eilers et al., 1984; Kehoe et al.,
2004; Macken and Barton, 1980b兲.
In Macken and Barton’s 共1980a兲 second stage, children
begin to differentiate between word-initial voiced and voiceless stops. Words that have voiced initial stops in the adult
version still have stops with VOTs close to 0 ms. However,
in words that should have 共according to the adult version兲 a
voiceless aspirated initial stop, the stops are consistently produced with longer VOTs. Macken and Barton 共1980a兲 suggested that this stage can be further divided into two substages. In the first, VOTs for stops intended as voiceless are
consistently longer than those of stops intended as voiced but
1182
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are clearly in the perceptual category of “voiced” for English
listeners 共i.e., less than 20 ms兲. In the second substage, these
stops have VOTs on the order of 40 ms, and so are ambiguous in perceived voicing for adult English speakers. This
second stage, where children are producing a contrast that is
not clearly perceptible to adults 关e.g., “covert contrast”
共Scobbie et al., 2000兲兴, can be seen as evidence for gestural
reorganization—children have begun to expand their options
for coordinating voicing onset and oral release, but have not
yet perfected the process.
Macken and Barton’s 共1980a兲 proposed third stage of
VOT development is also described as having two substages.
In the first, children produce voiceless stops with VOT
means considerably longer than adult means 共over 100 ms兲.
In the second part of the third stage, children produce VOTs
more similar to those produced by adults. In summary,
Macken and Barton’s 共1980a兲 model of VOT acquisition is
one suggesting that children initially have great difficulty
producing long-lag VOTs; after some early modest attempts
at delaying the onset of laryngeal vibration relative to closure
release, children exaggerate this pattern, obtaining adultlike
productions at just over 2 years of age.
Of course, the question arises as to why children do not
produce the long-lag VOTs of their native language in their
earliest stop productions: Do they fail to discriminate shortand long-lag VOTs in perception, or are they unable to coordinate laryngeal and supralaryngeal gestures appropriately? Numerous studies of infant speech perception have
shown that infants as young as 2 months of age can discriminate syllables beginning with short-lag versus long-lag VOTs
共e.g., Eimas et al., 1971; Werker and Tees, 1999兲, and so we
conclude that children’s perceptual capacities are adequate to
hear the differences in lag duration for English voiced and
voiceless initial stops. Instead, the initial inabilities of infants
to produce long-lag VOTs very likely represent production
constraints.
Although elegant in design, Macken and Barton’s
共1980a兲 proposed model has not gone unchallenged. In particular, the suggestion that young children go through a period of producing voiceless VOTs longer than those of adults
has mixed support in subsequent studies. Several studies
have found that children up to six years of age produce
shorter mean VOTs than adults for words intended to have
initial voiceless stops 共e.g., Kewley-Port and Preston, 1974;
Nittrouer, 1993; Zlatin and Koenigsknecht, 1976兲. Nittrouer
共1993兲 found that VOT for initial /t/ produced by 3-year-olds
is more than 10 ms shorter than those produced by older
children and adults. There is also evidence that children attain the voiceless VOTs characteristic of their native language at varying ages: the 17 normal children in three related
studies first produced adultlike VOT values at ages ranging
from 18 to 29 months 共Macken and Barton, 1980a; Snow,
1997; Tyler and Saxman, 1991兲.
C. Variability in VOT development

Regardless of claims about the patterns of VOT acquisition, a common finding of all studies is that children 共at least
up to 7 years of age兲 produce VOTs for voiceless stops with
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greater intraspeaker variability than adults 共Barton and
Macken, 1980; Gilbert, 1977; Kewley-Port and Preston,
1974; Koenig, 2000; Macken and Barton, 1980a; Menyuk
and Klatt, 1975; Nittrouer, 1993; Zlatin and Koenigsknecht,
1976兲. Variability is generally viewed by child phonologists
as the reciprocal of skill in coordinating vocal-tract gestures;
that is, variability diminishes as skill in coordinating gestures
increases 共e.g., Goodell and Studdert-Kennedy, 1993; Hodge,
1990; Kent, 1976兲. From this perspective, variability is
viewed similarly to how investigators interested in the development of other skilled actions view it 共e.g., Bruner, 1973兲,
and diary studies are replete with reports of young children
exhibiting great variability in their attempts at word productions. For example, Ferguson and Farwell 共1975兲 listed ten
transcribed attempts of a toddler attempting to say “pen,” all
of them different. It is clear from the list that the child had all
the component gestures of the adult form, but was unable to
coordinate timing among those gestures. In the case of VOT
production, high variability relative to that which is encountered in more mature speakers likely signifies that the child is
in the process of mastering the coordination between oral
release and the onset of vocal-fold vibration that produces
long-lag VOTs. We would not expect variability in VOT to
be as great in children’s attempts at voiced initial stops precisely because of the everything-moves-at-once principle: if
one can begin all gestures at the same time, or nearly at the
same time, coordination is simplified. For these reasons, the
present investigation examined VOT variability, with the
prediction that it would be greater for voiceless stops.

quences兲 with intended voiceless stops, although it is not
clear from their report because they did not distinguish between the words and babble. In a study of spontaneous
speech, Dobrich and Scarborough 共1992兲 found that children
between the ages of 2 and 3 years produced fewer target
words, which in their adult form contained final consonant
clusters, than their mothers did, showing some evidence of
avoidance for children in that age range.
However, the avoidance hypothesis begs the question of
how children acquire production skills: If they are truly
avoiding words with certain gestural sequences, how do they
ever get the practice needed to master those sequences?
Schwartz et al. 共1987兲 answered that question by suggesting
that children analyze the segmental contents of words in order to determine whether they are currently able to produce
them and gradually relax their selection constraints in what
they will attempt as they gain more general speaking experience. We might modify the account to suggest that children
analyze the gestural demands of words and avoid those for
which those demands are too great. Then, as they gain more
experience generally producing speech, they become more
willing to try new gestural sequences. In any event, counting
the numbers of words produced by children that in the adult
form begin with long-lag VOTs should reveal whether children initially avoid words that begin with voiceless aspirated
stops, and then increase their attempted productions of these
words as they become more experienced.
E. The current study

D. Avoiding difficult gestural sequences

One factor that complicates the study of VOT acquisition is that babbled productions and real words coexist in the
speech of toddlers. Locke 共1980兲 reviewed three studies of
babbling in 11– 12 month old American infants and found
that complete closures of the vocal tract accompanied by
even minimal vocal-fold abduction 共i.e., voiceless aspirated
stop-like sounds兲 were present in only 1–11% of babbled
utterances; similarly, Oller and Eilers 共1982兲 found that
English- and Spanish-learning infants produced aspirated initial plosives only 6–11% of the time. This means that investigators are largely obliged to wait until children begin attempting words intended to have initial voiceless stops to
examine the acquisition of these gestural sequences. However, what if, as some have suggested 共Schwartz and Leonard, 1982; Schwartz et al., 1987兲, children avoid words
with gestural sequences that are difficult for them? This
could complicate analyses, particularly those that rely on
counts of voiceless and voiced syllable-initial stops. For example, Kewley-Port and Preston 共1974兲, who analyzed all
vocalizations that began with non-nasal, nonlateral, pulmonic egressive apical stop consonants 共both babble and
words兲, found for two of the children in their study that there
was an increase in the number of apical stops with long-lag
VOTs 共defined as over 25 ms兲 from less than 15% of all
apical stops to more than 50% between the ages of 1 and
2 years. It is possible that this change resulted from an increase in the number of words 共rather than babbled seJ. Acoust. Soc. Am., Vol. 124, No. 2, August 2008

The present investigation explored developmental trends
in gestural coordination by focusing on the acquisition of
VOT because long-lag voiceless stops require careful timing
between the oral release and the onset of phonation, are
rarely found in babble and early words, and only slowly
approach adult VOT values. This protracted developmental
course of voiceless initial stop acquisition makes this gestural pattern an ideal candidate for study. The investigation
posed three specific questions: First, do children’s productions of VOT for syllable-initial stops intended to be voiceless become more like those present in their native language
by means of a gradual acquisition process? The answer to
this question would inform us regarding how children’s
speech productions acquire phonetic structure. Finding that
children only gradually master the coordination needed for
initial stops to be heard as voiceless aspirated stops would
support the position that phonetic structure emerges as children master component speech gestures and languagespecific coordination among them. The specific hypothesis to
be tested stemmed from Macken and Barton’s 共1980a兲 threestage model, but with modifications: children less than three
years of age were expected to 共1兲 initially produce only
short-lag VOTs for stops intended as both voiced and voiceless, then 共2兲 produce a difference in VOTs for voiced and
voiceless stops that do not correspond to adult values, and
共3兲 finally produce VOTs that approach but are still shorter
than adult values. The prediction for the third stage of this
model differs from that of Macken and Barton 共1980a兲 but is
commensurate with the results of others 共Kewley-Port and
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Preston, 1974; Nittrouer, 1993; Zlatin and Koenigsknecht,
1976兲, showing that children continue to have shorter VOTs
than adults for voiceless initial stops into the early school
years.
The second question asked in the present study was
whether children become more skilled at achieving voiceless
VOT targets during the ages studied here. Measuring variability for each speaker individually provides an estimate of
how consistent speakers are in their productions. We predicted that variability would be greater in children’s productions of words with voiceless initial stops, rather than with
voiced initial stops, but we did not know if that variability
would diminish over the course of the study.
The third question asked was whether children increase
the number of stops intended as voiceless as they gain experience in producing their native language. The specific hypothesis to be tested was that there would be a steady increase in the number of stops intended as voiceless over
time, demonstrating that children are willing to produce
more stops intended to be voiceless as they become more
experienced. In other words, evidence of this finding would
support the notion of avoidance.
The speech samples that were analyzed for this study
were obtained from children in unstructured play situations
with one of their parents. The speech samples used in these
analyses were collected with the purpose of tracking the
emergence of gestural organization for many kinds of phonetic sequences in young children as they acquire their first
words. Alternative methods of collecting speech samples include imitation and targeting specific utterances, for example, through the use of toy animals that are given names
with desired phonetic sequences. While each of these methods is appropriate for certain research goals, the purpose in
our method was to obtain a naturalistic sample of what actually happens during that early word acquisition period.
II. METHOD
A. Participants

Participants were all part of a larger study 共McGowan et
al., 2004兲 in which seven children 共three males and four
females兲 were each followed for almost a year and a half.
Nine children were originally recruited, but two left the
study before all recording sessions could be completed. The
children recruited were typically developing children. All
had normal prenatal histories, normal deliveries, and no special medical conditions. None of the children had an immediate family member with speech, language, or hearing disorders. None of the children had any reported history of otitis
media with effusion at the start of the study, and no child was
treated for more than one episode while the study was being
conducted.
Children were taped at 2 month intervals between
roughly the ages of 14 and 31 months. Recording sessions
began when the parents estimated that the child had ten recognizable words, and were discontinued when the child began stringing three or more words together to form sentences. Children were not all recorded at precisely the same
ages because they reached the landmark point of having ten
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identifiable words at slightly different times. By beginning
recordings at the same point in language development, we
hoped to obtain samples across children at consistent “language ages,” so to speak. For these analyses, children’s data
were grouped into 2 month intervals across the study 共15–16,
17–18, 21–22, 23–24, and 27– 28 months兲, with a few exceptions. Not all children could be recorded at the ages of
19–20 or 25– 26 months because of illness or family vacations. Not all children were recorded at 30– 31 months because some had passed the three-word sentence criterion for
dismissal from the project. Consequently, these three intervals were not included in the current study. Nonetheless, the
sessions for which data were analyzed can provide a good
overview of developmental trends. Within these intervals,
children were judged to be at approximately the same developmental age, as judged by vocabulary size and general utterance length.
B. Equipment and materials

Recordings were obtained using an AKG C-535EB microphone, a Shure model M268 mixer, and a Nakamichi
MR-2 cassette deck with metal tapes. This system had a flat
frequency response out to 20 kHz. These recordings were
subsequently low-pass filtered with a high-frequency cutoff
of 10 kHz and digitized with a Soundblaster A/D card using
the SPEECH STATION II software at a 22.05 kHz sampling rate
and 16 bit digitization.
The same set of toys was available for play for all children at all sessions and consisted of some small stuffed dolls,
foam puzzles, and cloth books. All toys used in these sessions were soft to minimize extraneous noises that might
interfere with speech recording. The toys were not chosen to
elicit specific responses from the children but were rather
meant to stimulate communication in general. However,
there were toys present that were balanced in terms of the
voicing category of the initial stop in their referent lexical
items, such as a foam puzzle of a pig 共/p/兲 and a doll of Bert
from Sesame Street 共/b/兲.
C. Procedures

Children were recorded in the same sound-proof booth
at each session. Our goal was to have 20 min sessions, but
sometimes a turn for the worse in the child’s behavior forced
us to curtail a recording session. However, all sessions were
at least 11 min in length. The child sat on a high chair at a
table, with one parent across the table. The microphone was
suspended roughly 23 cm above the child’s mouth. It was
suspended rather than table mounted because pilot work
showed that children habituated to its presence more rapidly
that way. Parents were instructed to play with their children,
trying to elicit as much language as possible. Between sessions parents were asked to keep diaries of new vocabulary
items 共at the younger ages兲 and new sentence structures 共at
the older ages兲 that they heard at home.
D. Measurements

For this study, 10 min worth of speech was generally
analyzed. 10 min sections were obtained by finding the tem-
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poral middle of each recording session and using 5 min on
either side of that point. If the original session length was
only 11 min, the entire session was analyzed. For each child,
the recordings were analyzed in “backward” order, starting
with the one obtained at the oldest age, then the one at the
next-to-oldest age, and so on until all recordings were analyzed. This allowed the examiner to acclimate to each child’s
speech, starting with what should have been the most intelligible sample.
Words heard as starting with an initial stop were extracted and yielded a total sample of 1458 words. Words that
closely matched the adult form and those that did not were
included. Words that were not in phrase-initial position were
included only when there was a clear break in voicing after
the end of the previous word. Words were excluded if there
was voicing carried through the closure, as it is never clear
what portion of that voicing belongs to the closure of the
previous word and what portion belongs to the target word
共e.g., Allen, 1985兲. Furthermore, voicing during oral closures
of considerable duration in children’s speech is often a consequence of nasalization. As such, that voicing could not be
counted as “prevoicing.” The first author made phonetic transcriptions of each word, and a phonological transcription according to what word was intended. Whenever possible,
these transcriptions were based on a conversational context
共e.g., parental repetition of the word, what book the child
was looking at, or what toy the child was playing with兲. For
example, 关bIg兴 might be transcribed as “big,” or “pig,” depending on the context: If the parent and child were discussing something that was big, it was transcribed as “big;” if
they were discussing farm animals, it was transcribed as
“pig.” The context was ambiguous for 24% of words 共350兲,
across all sessions. For these instances when conversational
context was ambiguous, transcriptions were based on what
the transcribers heard and thought the child intended. When
context did not clearly signal word identity, two research
assistants also transcribed the word. Generally there was
little disagreement about the intended voicing of the stop
among the three transcribers; slightly more were transcribed
as voiceless than as voiced. 共Place was more problematic,
but VOT according to place was not considered here.兲 Specifically, the first author and research assistants identified
90% of the words 共315兲 with ambiguous context as starting
with the same voicing target. In the 10% of words for which
there was disagreement 共35兲, words were transcribed according to the decisions of the first author, who had the most
experience listening to the individual children and so knew
what their interests and speech patterns generally were. In
particular, the first author had the benefit of being familiar
with what were actually later produced words from the child
because of the backward analysis approach. This sort of ambiguity in word identity is unavoidable when speech samples
are collected from unstructured play situations, but again, the
availability of samples such as these is important to our collective understanding of phonetic development.
Three measurements were made on words from each
session for each child. First, the numbers of words with
voiced and voiceless initial stops in the 10 min section were
counted. Stops were counted as voiced or voiceless dependJ. Acoust. Soc. Am., Vol. 124, No. 2, August 2008

FIG. 1. Wave form and spectrogram of a 24-month-old male’s production of
/tub/. Arrows indicate VOT measurement boundaries.

ing on what they would be in the adult version of the word.
Second, VOT was measured for each stop from a combined
wave form and spectrogram using WAVESURFER 共Sjölander
and Beskow, 2000兲. Markers were placed at the start of the
broadband aperiodic burst in the wave form 共correlate of the
oral release兲 and at the onset of a regular periodic signal in
the wave form 共correlate of voicing onset兲, as illustrated in
Fig. 1. Marker placement was confirmed in the spectrographic display. VOT was computed as the interval between
these two markers. VOTs with more than 50 ms of prevoicing were excluded because of the rarity of such long-lead
voicing in initial position in English. Moreover, for these
particular samples, it was usually clear that these long-lead
segments were not true oral vocalizations, but rather nasal
productions. This observation is what would be expected for
children, given their small oral cavities 共which would make
it hard to continue airflow through the glottis for very long
before sub- and supraglottal pressures equalized, causing vocalization to cease兲. Sequences with more than a 300 ms lag
were also excluded. Gaps that are long between an oral release and a vocalic segment exceeded the average syllable
length for most of these children, and so it was reasonable to
judge that the two elements 共release and vocalic production兲
could not be viewed as part of a single integrated syllable.
For each child, mean VOT was calculated for voiceless and
voiced target initial stops separately.
As the avoidance hypothesis would suggest, some children within some recording sessions did not produce many
words with particular initial stops, making it hard to obtain a
sample large enough to provide an accurate estimate of VOT
for that particular stop. Therefore, if fewer than five tokens
of a specific stop 共/b/, /d/, /g/, /p/, /t/, or /k/兲 were present in
the 10 min segment identified for use, VOT for that stop was
analyzed from the entire recording session. This was done in
order to obtain more reliable estimates of VOT across place.

J. H. Lowenstein and S. Nittrouer: Patterns of voice onset time acquisition

1185

TABLE I. Number of children 共out of seven兲 who produced fewer than five stops in a category during the
middle 10 min of recording, by session.
Stop
Age
共month兲

/b/

/d/

/g/

/p/

/t/

/k/

15–16
17–18
21–22
23–24
27–28

4
3
0
0
0

4
2
3
2
1

6
6
4
6
4

7
5
7
5
3

7
7
5
4
1

7
7
5
3
1

Table I lists the numbers of children 共out of seven兲 who
produced fewer than five stops in each category during the
10 min segment at each age. These additional tokens resulted
in total sample sizes of 140 共15– 16 months兲, 209
共17– 18 months兲,
325
共21– 22 months兲,
364
共23– 24 months兲, and 420 共27– 28 months兲 being used for
the computation of VOTs.
The third measurement made was variability for each
child’s mean VOT for voiced and voiceless target initial
stops separately. Standard deviations 共SDs兲 were used to index variability. Coefficients of variation, computed by dividing SD by the mean as a way to normalize SD, are sometimes used to index variability in temporal speech measures
共e.g., Smith, et al. 1983兲. However, that method is generally
reserved only for situations in which measures have an absolute limit of 0 ms 共such as syllable length兲. Because initial
stops can be prevoiced, that situation does not exist in this
case. Within-child standard deviations 共WCSDs兲 were calculated for each child’s voiced and voiceless initial stops.
Statistical analyses were performed using the BMDP statistical software 共1990兲. The magnitude of the voicing effect
on measures was computed using both 2 and Cohen’s d. 2
varies between 0 and 1 and measures the proportion of variance accounted for by a single factor. Cohen’s d measures
the relative magnitude of difference between two means in
terms of standard deviation and is therefore a normalized
index of effect size 共Cohen, 1988兲. Generally speaking, d
⬎ 0.8 represents a large effect size.
III. RESULTS
A. Description of children’s productions

At 15– 16 months, all seven children were producing
primarily one- or two-syllable utterances, with one or two
identifiable words produced in a session. At 17– 18 months,
two of the children were mostly producing identifiable
words, while the other five were producing combinations of
babbled sequences and real words. At 21– 22 months, three
children were producing only words, and four were producing mostly words. At 23– 24 months, four children were producing only words, and three were producing mostly words,
generally in a mix of one-word and two-or-more-word utterances. At 27– 28 months, all of the children were producing
only identifiable words, generally in two-or-more-word utterances. According to parent reports, all of the children in this
study were producing ten words at their first recording session 共15– 16 months兲. The children reached the point where
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they were producing 50 words at sometime between 18 and
26 months 共mean 22.6 months, median 24 months兲.
B. VOT

Figure 2 presents VOT averaged across all children and
voicing categories 共i.e., all tokens from all children were
averaged for each time period兲, with error bars representing
standard deviation across all tokens from all children. The
number of tokens included in the calculations at each age is
indicated at the bottom of the graph. This analysis provides a
picture of the overall changes in VOT regardless of voicing
category assignment. Mean VOT was 12 ms at the youngest
age examined and increased to 40 ms at 23– 24 months,
where it remained. Standard deviations for VOT also increased over time. Looking at the standard deviation, it is
clear that VOTs at 15– 16 months fell into a relatively narrow range 共−10 to+ 30 ms兲 that roughly corresponds to the
voiced category in English. This range also includes prevoiced stops, which are relatively uncommon in the initial
position in American English. At 23–24 and 27– 28 months,
children’s VOTs span the range of values for adult speakers
of American English. A one-way analysis of variance
共ANOVA兲, with age as the categorical variable, was performed on VOT, revealing a significant difference in VOT
across age groups: F共4 , 1453兲 = 31.475, p ⬍ 0.001, 2 = 0.80.
Thus, age accounted for a large proportion of variance in
VOT 共80%兲.
Figure 3 presents mean VOT for stops judged to be intended as voiced and voiceless, separately. To investigate
developmental changes in VOT for voiced and voiceless
stops separately, a simple effect analysis was done, investigating age-related changes in VOT for each voicing category

FIG. 2. Mean VOT values for children’s stop productions, by age. Error bars
represent standard deviations. Total sample sizes for each age are indicated.
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FIG. 3. Mean VOT values for children’s voiced and voiceless stop productions, by age. Error bars represent standard deviations. Total sample sizes for
voiced and voiceless stops for each age are indicated.

共i.e., voicing was held constant兲. A simple effect analysis is
an appropriate selection of statistical tests for experiments
with several independent factors because it permits the examination of effects for one or more of those factors at each
level of another factor while using the overall estimate of
error variance. This procedure provides a more sensitive test
than would be obtained by doing separate ANOVAs at each
level of the factor. Significant results were obtained for both
the voiced 关F共4 , 24兲 = 2.88, p = 0.045兴 and voiceless
关F共4 , 24兲 = 4.26, p ⬍ 0.01兴 stops. Children’s mean voiced
VOTs started at 11 ms, and stabilized at 16 ms at
21– 22 months. Mean voiceless VOTs were constant at
roughly 40 ms through 21– 22 months. Then, at
23– 24 months, the mean VOT jumped to above 60 ms. The
relative magnitudes of the age differences on VOT can be
indexed by computing the difference in mean VOT at each of
these times and dividing by the pooled standard deviation
共Cohen’s d兲. Comparing children’s initial voiced VOTs to
their stable voiced VOTs 共at 21– 22 months兲 gives a d of
0.65 共a medium effect size兲, while comparing children’s initial voiceless VOTs to their stable voiceless VOTs 共at
23– 24 months兲 gives a d of 1.79 共a large effect size兲. The
error bars on Fig. 3 indicate standard deviation across children. It is clear that voiceless stops were produced with more
variability in VOT 共greater standard deviations兲 than voiced
stops. It is also interesting that standard deviations for voiced
stops decreased over the course of the study, while standard
deviations for voiceless stops increased after the first recording session and remained high. It appears that these children
were producing voiced stops more accurately with experience 共resulting in lower variability兲 but were not yet able to
perfect the coordination of gestures for producing voiceless
aspirated stops 共resulting in higher variability兲. These standard deviations were larger than those found for both adults
and older children in previous studies 共Koenig, 2000; Nittrouer, 1993兲.

FIG. 4. Mean VOT WCSD, by age, including data from Nittrouer 共1993兲.
Error bars represent standard deviations.

WCSD were calculated beginning with the 17– 18 month
session. The left half of Fig. 4 displays mean WCSDs for
each intended voicing category, across recording sessions,
with error bars representing WCSD standard deviations. It
appears that variability in VOTs for children’s voiced initial
stops was low and relatively consistent, with WCSDs of
12– 16 ms. Variability VOTs for their voiceless initial stops,
on the other hand, was greater, with mean WCSDs of
24– 37 ms. A factorial analysis was performed on WCSD,
examining the effects of age and voicing. Only the main
effect of voicing was found to be significant, F共1 , 6兲
= 44.23, p ⬍ 0.001, 2 = 0.82, supporting the conclusion that
WCSDs were greater for the voiceless than for the voiced
stops. WCSD did not change significantly over time, for either the voiced or voiceless stops. As a comparison, note that
Koenig 共2000兲 reported mean within-subject standard deviations for voiceless stops of 11 ms for adults and 21 ms for
5-year-old children, and both of these standard deviations are
shorter than those found for voiceless stops for our subjects
at any of the ages we studied. We conclude that at least over
the age range examined in this study, children did not improve in their abilities to coordinate the vocal-tract release
and the onset of voicing.
D. Counts of words with initial voiceless and voiced
stops

Figure 5 displays mean numbers of voiced and voiceless
target stops, as counted from each 10 min segment; that is,
stops outside of this time window that were examined to help
provide an estimate of VOTs were not included in this analy-

C. Within-child standard deviations „WCSDs…

Very few syllable-initial stops meeting the criterion of
“voiceless” were found in the samples of 15– 16 month olds.
With so few tokens from each child, it would not be appropriate to compute WCSDs. Consequently, statistics for
J. Acoust. Soc. Am., Vol. 124, No. 2, August 2008

FIG. 5. Mean number of voiced and voiceless stops, by age. Error bars
represent standard deviations.
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sis. In examining Fig. 5, it is clear that the numbers of target
voiced stops produced remained relatively constant over
time, while the growth in target voiceless stops was nearly
linear. Children started out attempting less than one voiceless
stop on average during the 10 min analysis segment at
15– 16 months and were producing similar numbers of
voiced and voiceless stops by the end of this series of recordings.
To examine the developmental changes in stop count for
voiced and voiceless stops separately, a simple effects analysis was done, investigating age-related changes in count for
each target voicing category. There was no significant age
effect for the numbers of voiced stops, but there was for the
numbers of voiceless stops, F共4 , 24兲 = 6.55, p = 0.001. This
effect reflects the steady growth in the numbers of words
with intended initial voiceless stops produced by children
across recording sessions. The relative magnitude of the
change in the count of voiceless stops between 15–16 and
27– 28 months was calculated using Cohen’s d, resulting in a
d of 2.42. This is clearly a very large effect.
E. Individual developmental patterns

Group averages inform us about general developmental
trends across children, but cannot tell us if all children follow
a similar developmental pattern. The most important information that longitudinal studies such as this one provides
concerns patterns for individual children. It may be that the
group trends reported here do not hold for all children. Perhaps one or a few of the children began exhibiting adultlike
VOT patterns as soon as they began producing their first
words. In fact, when individual patterns of development
were examined, it was found that no child in this study exhibited an adultlike behavior in VOT production from the
start of first words. In particular, all of the children produced
very few target initial stops that could be considered to be
intended as voiceless during the earliest two test sessions
共note, however, that six out of seven children produced at
least one兲. In other words, there was no evidence that the
apparent avoidance of word-initial voiceless stops was characteristic only of a subset of the children. This finding was
interesting because many of the items that children this age
are typically interested in and, indeed, that these particular
children talked about at later ages, begin with voiceless
stops, for example, cats and cars. Again, the procedures of
data collection for this study did not specifically encourage
or dissuade children from using particular words, but the
opportunities were present for producing words with both
voiced and voiceless stops.
Examining VOTs of individual children showed two distinct patterns of acquisition. Four of the seven children in
this study followed the overall pattern described earlier: All
VOT measures were within the adult category of voiced during the earliest session, and then VOTs for words with intended initial voiceless stops increased to over 60 ms during
the course of the study. The other three children showed a
slightly different pattern of acquisition. For these children,
VOT measures for words with intended voiceless stops were
initially on the low end of the adult range; that is, VOTs were
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within 40– 55 ms for these children. Over the course of the
study, two of these children showed increases in VOTs for
words intended to have initial voiceless stops. One of these
children, however, never showed any change in VOTs for
words intended to have initial voiceless stops, even though
she did increase the number of words in this category that
she attempted. Finally, all children in the study showed the
same pattern regarding WCSD: when VOT for words intended to have voiceless initial stops was on the low end of
the adult range 共i.e., within 40– 60 ms兲 or adultlike 共i.e., over
60 ms兲, variability was high.
In summary, whether or not these children started out
with clearly short-lag or ambiguous VOTs for voiceless
stops, they all went through some sort of a developmental
process. For most of the children, this process involved
changes in the number of initial stops intended as voiceless
that they attempted and increases in VOT itself. For one
child, however, this developmental process demonstrated itself as only a change in the number of stops intended as
voiceless. This child never achieved adultlike VOTs for
words intended to start with voiceless stops. All children
showed a lack of skill in coordinating supralaryngeal and
laryngeal gestures for the production of voiceless VOT, as
indicated by the finding of great variability through the entire
length of this study.

IV. DISCUSSION

The goal of this study was to examine developmental
trends in gestural coordination for VOT. We posed three specific questions: The first question was whether children’s
VOT for syllable-initial stops intended to be voiceless become more like those present in their native language later
than VOT for syllable-initial stops intended to be voiced. It is
clear that the children in this study followed a gradual acquisition process in their productions of voiceless VOTs. Looking at overall patterns 共Fig. 3兲, mean voiceless VOTs remained in the short-lag or ambiguous range 共i.e., below
55 ms兲 between 15–16 and 21– 22 months. At
23– 24 months, mean VOT increased so that it was in a
range where stops would consistently be categorized as
voiceless by native English speakers 共i.e., above 60 ms兲.
Looking at individual results, four of the seven children in
this study performed according to Macken and Barton’s
three-stage model 共1980a兲: voiceless stops were produced
with short-lag VOTs until 21– 22 months; then voiceless
stops were produced with ambiguous VOTs; and at
23– 24 months, voiceless stops were produced with VOTs
closer to mature values. Two of the other three children
achieved more mature VOTs at an earlier age, but still started
out at 15– 16 months producing VOTs in the ambiguous
range. The seventh child did not acquire mature voiceless
VOTs during the course of this study, even though values
were within the ambiguous range from the onset of first
words. According to these collective findings, we conclude
that children only gradually modify their target voiceless
VOTs to be similar to those of adults in their language community.
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The second question asked was whether children would
become more skilled at achieving VOT targets over the
course of this study, as would be indicated by significant
reductions in within-speaker VOT variability 共i.e., WCSD兲.
Results showed that WCSDs stayed fairly constant during
the time course of this study, with voiceless stops showing
more variability than the voiced stops 共Fig. 4兲. Thus, variability in the organization of laryngeal and supralaryngeal
gestures for the production of long-lag VOT does not diminish until older ages than those we examined in this study. So,
while children’s target VOTs for voiceless initial stops may
have become more adultlike over the course of this study,
their skill at achieving those targets did not improve 共taking
variability as the reciprocal of skill, e.g., Goodell and
Studdert-Kennedy, 1993; Hodge, 1990; Kent, 1976兲. The
right half of Fig. 4 presents variability data for children and
adults from Nittrouer 共1993兲. This graph shows that variability in the coordination of upper vocal tract and laryngeal
gestures decreases with increased experience but that this
decrease is not seen until children are older than they were
when recordings were made for this study. This result for the
coordination of laryngeal and supralaryngeal gestures in the
production of syllable-initial stops labeled as voiced and
voiceless mirrors what was found for the coordination of
gestures in the production of syllable-final stops labeled as
voiced and voiceless by Nittrouer et al. 共2005兲: in that study,
the duration of the vocalic syllable portion preceding voiced
and voiceless final stops was measured. It was found that
vocalic duration was more variable in samples from 5- and
7-year-olds than in those from adults, and this age-related
trend was found only for syllables with voiceless final stops.
As with syllable-initial voiceless stops, the timing of a supralaryngeal gesture 共in this case, closing兲 must be precisely
coordinated with a laryngeal gesture 共in this case, abduction兲
in the production of syllable-final voiceless stops. The coordination of these gestures is neither as critical nor as difficult
for syllable-final voiced stops as for syllable-final voiceless
stops: final stops are categorized as voiced as long as voicing
stops after the vocal tract closes, and that happens naturally
when the pressure in the closed space of the supraglottal
cavity equals the pressure of the subglottal cavity. For voiceless final stops, the speaker must make an explicit abduction
gesture at just the right time.
The third specific question asked by us was whether
children increase the number of stops intended as voiceless
as they gain experience in producing their native language.
The highly significant near-linear growth in the count of
stops intended as voiceless 共Fig. 5兲 indicates that these children did. Our procedures were sufficiently unstructured to
have allowed children to produce as many words with either
voiced or voiceless stops as they wanted. Nonetheless they
showed a preponderance of words with voiced initial stops,
particularly before 23– 24 months. This evidence supports
the position of others that children may avoid using words
that they have difficulty producing during the earliest stage
of word production 共e.g., Schwartz and Leonard, 1982兲.
This study examined articulatory gestures in early
speech production, focusing on the acquisition of stop consonants because voiceless stops require careful coordination
J. Acoust. Soc. Am., Vol. 124, No. 2, August 2008

in timing between the release of the oral closure and the
onset of phonation. We found evidence that children gradually develop the timing between the larynx and the upper
vocal-tract articulators that permit the perception by others
of voiceless stops, supporting the concept of gestural reorganization over the first couple of years of life. The findings
reported here also speak of the desirability of studying acquisition through the lens of gestural coordination: as children gained language experience, they were found to shift
the timing between laryngeal and supralaryngeal gestures as
needed to support the perception of voiceless initial stops. If
we had not examined interarticulator coordination, all we
could have reported would have been that voiced initial stops
dominate early productions. There was also evidence of differences in developmental patterns among individual children in this study, but in no case did a child produce perfectly articulated and timed voiceless VOTs from the onset of
first words.
The use of speech samples collected in unstructured play
settings resulted in some challenges, but also strengthened
the conclusions of this study and those of other investigators,
as well. The biggest challenge was that decisions about
whether specific stops were intended to be voiced or voiceless were not as clear cut as if an imitation task or a task with
prenamed stimulus materials had been used. On the other
hand, information was gathered about what actually happens
in a naturalistic setting. Until now, the avoidance hypothesis
has been tested primarily by presenting prenamed stimulus
materials to young children and having them speak those
names. Therefore, it was not known if children under the age
of 2 years actually avoided the use of words with difficult
共for them兲 phonetic sequences in natural settings. The results
of this study show that children do appear to engage in such
avoidance. That is, in typical conversational exchanges with
a parent where no specific target was being solicited, children produced words with less complex articulatory coordination more frequently than those requiring more complex
articulatory coordination.
In summary, this study found evidence to support the
position that phonetic structure gradually emerges in children’s speech production as they gain experience with their
native language. The first words of four of these seven children adhered to the everything-moves-at-once principle in
that the larynx was adducted at the same time that the upper
vocal tract moved away from stop closure. Three of the children were able to delay the onset of voicing for a bit, but
their laryngeal and supralaryngeal gestures were clearly not
organized the same as those of adult speakers in their language community. All but one of the children showed evidence of reorganizing their speech-related gestures over the
course of this study, but their variability remained high, indicating that their consistency in articulatory organization remained poor. Finally, all children initially seemed to avoid
words that required the difficult task of delaying the onset of
voicing relative to vocal-tract opening.
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