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The organization of gestures was examined in children’s and adults’ samples of consonant–vowel–
stop words differing in stop voicing. Children~5 and 7 years old! and adults produced words from
five voiceless/voiced pairs, five times each in isolation and in sentences. Acoustic measurements
were made of vocalic duration, and of the first and second formants at syllable center and voicing
offset. The predicted acoustic correlates of syllable-final voicing were observed across speakers:
vocalic segments were shorter and first formants were higher in words with voiceless, rather than
voiced, final stops. In addition, the second formant was found to differ depending on the voicing of
the final stop for all speakers. It was concluded that by 5 years of age children produce words ending
in stops with the same overall gestural organization as adults. However, some age-related
differences were observed for jaw gestures, and variability for all measures was greater for children
than for adults. These results suggest that children are still refining their organization of articulatory
gestures past the age of 7 years. Finally, context effects~isolation or sentence! showed that the
acoustic correlates of syllable-final voicing are attenuated when words are produced in sentences,
rather than in isolation. ©2005 Acoustical Society of America.@DOI: 10.1121/1.1828474#

PACS numbers: 43.70.Bk; 43.70.Ep; 43.70.Fq@AL # Pages: 351–364
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I. INTRODUCTION

That young children do not produce speech as adults
is not news, but still, many questions remain concerning h
children do eventually attain mature patterns of gestural
ganization. Concerning initial states, one clear trend is
children’s earliest utterances are produced with greater c
straints of the surrounding phonetic environment imposed
individual places of constriction for both vocalic and cons
nantal gestures. For example, this enhanced constraint
found in 1-year-olds’ speech for segments involving lingu
gestures such that close, front vowels and consonants
alveolar constrictions tended to co-occur, while close, b
vowels and consonants with velar constrictions tended to
occur ~Davis and MacNeilage, 1990!. In fact, this enhanced
constraint of the phonetic environment on lingual gestu
has been reported for children as old as 7 years~Nittrouer,
1993!. Another trend observed in the earliest productions
children is that they avoid multisyllabic productions invol
ing more than one constriction location for consonants, p
ferring instead to duplicate a single consonantal constric
within these utterances~e.g., Donahue, 1986; Oller, 1980!.
Finally, MacNeilage and Davis~1991! described children’s
earliest productions as deriving almost completely from j
movements, with other articulators being tightly coupled
these movements. So, for example, variation in vowel qua
derives from variation in the degree of jaw lowering, rath
than from variation in lingual shape. All these examples s
gest that one important developmental change that mus
accomplished in order for children to acquire mature gest

a!Portions of this work presented at the 143rd meeting of the Acous
Society of America, Pittsburgh, June, 2002.

b!email: nittrouer@cpd2.usu.edu
c!Affiliation: Boys Town National Research Hospital.
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patterns for speech production is independent control o
articulators. Along with this developmental change, app
priate and precise ways of coordinating separate articula
gestures must be learned to provide the kinds of stable in
articulator relations observed for skilled adult speech prod
tion ~e.g., Tuller and Kelso, 1984!.

Tracking the emergence of mature gestural organiza
is not easy because of methodological obstacles. Some in
tigators have described the gestural patterns of childre
early speech production using narrow phonetic transcrip
~e.g., Ferguson and Farwell, 1975; Menn, 1978; Piske, 19
Waterson, 1971!, but these analyses are so intensive that i
difficult to do more than diary studies with them. Rece
technological advances have made it possible to use aco
analysis~e.g., Goodell, 1991; Katz, Kripke, and Tallal, 199
Nittrouer, 1993; Sussmanet al., 1999! and direct kinematic
measures~e.g., Greenet al., 2000; Smith and Goffman
1998! with children’s speech, but both methods have limi
tions. With acoustic analysis care must be taken to se
stimuli for which there is minimal chance of multiple articu
latory patterns producing the same acoustic form~Hoole,
Nguyen-Trong, and Hardcastle, 1993!. Direct kinematic
measures with children are best suited for examination of
and jaw movements because these articulators are the
ones visible without invasive techniques, which are both l
likely to succeed with young children and more likely
spawn concern about risk to individual research participa

The current study investigated the organization of arti
latory gestures for the production of words with final sto
that were either voiced or voiceless, and was an extensio
Nittrouer ~1993!, in which acoustic analyses of children
and adults’ stop-vowel sequences were reported. That s
found that children’s jaw movements had attained mat

al
35151/14/$22.50 © 2005 Acoustical Society of America
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gestural form by 3 years of age, but lingual gestures
mained highly constrained by the phonetic environment u
at least the age of 7 years. The overarching conclusion of
study was that the path to mature patterns of gestural o
nization is not uniform. Rather, the rate of learning var
depending on the articulator to be used and the shape o
utterance to be produced.

The question of how children learn to make and coor
nate the gestures required to produce words differing in
voicing of final stops is interesting partly because of wha
known about children’sperception of syllable-final stop
voicing. The two most widely studied properties that conv
information about syllable-final stop voicing are~1! the du-
ration of the vocalic portion of the syllable and~2! the first-
formant (F1) offset transition. Three studies found that ch
dren as old as 6 years of age weighted theF1 offset
transition more and vocalic duration less than adults in m
ing voicing decisions about syllable-final stops~Greenlee,
1980; Krause, 1982b; Wardrip-Fruin and Peach, 1984!, al-
though interpretation differed slightly across studies. In p
ticular, Wardrip-Fruin and Peach suggested that the prob
exhibited by children might best be described as difficulty
integratingthe vocalic duration with theF1 cue, rather than
as an age-related difference in theweightingof these cues.
Minor differences in interpretation aside, these developm
tal perception results are interesting in light of cros
linguistic studies demonstrating that the integration and
weighting of the cues to syllable-final voicing depends
native language experience. Speakers of languages wit
syllable-final stops~such as Mandarin and Japanese! or of
languages that fail to show a vocalic-length difference
pending on the voicing of the final stop~such as Arabic! fail
to use vocalic duration as a cue in their phonetic decisi
for English words ending with stops~Crowther and Mann,
1992; 1994!, unless they receive intensive training~Flege,
1989!. Furthermore, several studies have demonstrated
native speakers of languages without final stops, or witho
vocalic-duration difference associated with the voicing of
nal stops, do not differentiate vocalic duration for voicele
and voiced final stops in their own productions of Engli
words as much as native English speakers do~Crowther and
Mann, 1994; Flege and Port, 1981!. Such results support th
hypothesis that native language experience with the var
acoustic properties distinguishing voicing in word-final sto
is required for speaker/listeners to be able to use and re
duce these properties in their own listening and speak
Thus, the question arises of how children’s productions
words containing syllable-final stops differing in voicing a
organized, given that they either do not integrate or do
weight the primary cues responsible for distinguishing t
voicing dimension as adults do.

One study investigated vocalic duration in children
speech production and reported that 3- and 6-year-olds d
onstrated more of a difference in vocalic duration than ad
depending on syllable final voicing~Krause, 1982a!. Upon
first consideration, this finding seems counterintuitive
light of the cross-linguistic studies: If speakers must le
how to vary vocalic duration according to syllable-final voi
ing, then why would children show a greater effect? Bud
352 J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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and Stoel-Gammon~2002! answered this question by sug
gesting that vocalic length may inherently vary with syllab
final voicing, and so be present from the onset of spee
According to this position, speakers of languages that lac
vowel-length distinction as a function of syllable final voi
ing actually must learn not to make the distinction. To su
port this position, they present data showing that child
learning Swedish, which has only an attenuated voca
length distinction associated with syllable-final voicin
show the effect in their productions at age 24 months, but
at 30 months. Although this result supports their contenti
there is at least one reason for skepticism: Vocalic length
syllables ending with voiced consonants produced
Swedish-learning 24-month-olds was generally greater t
400 ms, which is much longer than typical syllables. Be t
as it may, Buder and Stoel-Gammon did not report on ot
aspects of production, and so it is impossible to obtain
picture of gesturalorganizationfor these syllables. Neithe
did they provide estimates of variability in vocalic duratio
for individual children, and so it is impossible to determin
how consistent children were in their productions. Krau
did provide estimates of variability, and reported grea
variability in vocalic duration for children’s than for adults
samples. However, Krause did not examine spectral pro
ties in children’s speech samples, and so we cannot eval
gestural organization for these word tokens. The curr
study was conducted in order to investigate this larger qu
tion of how the several articulatory gestures involved in p
ducing words with final stops differing in voicing are org
nized.

Most acoustic analyses done on adults’ samples
words with voiced and voiceless final stops have focu
only on the duration of the preceding vocalic portion, gen
ally defined as the sum of the voiced initial transitions, t
steady-state region, and any voiced final transitions. Th
studies have found that this portion is shorter before voi
less than before voiced final stops in adults’ speech~e.g.,
Chen, 1970; Crowther and Mann, 1992; 1994; Flege a
Port, 1981; House and Fairbanks, 1953; Peterson and
histe, 1960!. Other studies have investigatedF1 frequency at
voicing offset, showing that it is higher before voicele
rather than voiced stops~e.g., Crowther and Mann, 1992
1994; Summers, 1987!. Taken together, the vocalic duratio
and F1 differences indicate that speakers abduct the vo
folds before completing the closing gesture when the fi
stop is voiceless, but close the vocal tract before voic
ends when the final stop is voiced.

Methods other than acoustic analysis have been use
study adults’ productions of words differing in the voicing
final stops, and have uncovered other differences in gest
organization for these words. Most kinematic studies ha
been done using words with final bilabial stops only, like
due to the visibility of these gestures. Using that approa
Gracco~1994! found that both peak jaw lowering and pea
jaw velocity occur sooner in the production of /,p/ than of
/,b/. Summers~1987! showed similar results for the jaw
lowering gesture, and also demonstrated that the
achieves a more open position before voiceless, rather
voiced, stops. However, the jaw remained in a relativ
Nittrouer et al.: Emergence of mature gestural patterns
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one
stable position for longer periods of time preceding voic
stops. At the same time, Summers found no consistent
ference for jaw raising gestures as a function of the voic
of the final stop. Of particular interest to the current acous
analysis, Summers was able to correlateF1 change with jaw
position and movement, but strongly so for medial sylla
portions only. For syllable margins, jaw movement andF1
frequency did not correlate as well. Specifically, Summ
found thatF1 at voicing offset was higher for voiceless tha
for voiced final stops, as expected, even though the jaw
in roughly the same position at voicing offset for both vo
ing conditions in samples from two of his three speake
Nonetheless,F1 will be considered here as the best acous
estimate of mandibular movement because of the w
documented fact thatF1 is a function of the cross-section
area of the front portion of the vocal tract~Schroeder, 1967
Stevens and House, 1955!. The jaw and lips are the bigges
determinants of this area, which probably explains Summ
results: The lips may have affectedF1 frequency at voicing
offset for two of his speakers, but he did not investigate
movements. The lips~particularly the lower lip! contribute
significantly to adults’ closing gestures for bilabial sto
~e.g., Greenet al., 2000!, as studied by Summers, but the
would not be expected to contribute much to closing
stops with lingual placements, as primarily studied here.

Raphael~1975! used physiological measures to exami
adults’ gestural organization for words with syllable-fin
voiced and voiceless consonants. He purposely avo
words in which the tongue was used for both vowel and fi
consonant constrictions. Instead, he examined EMG acti
for the tongue~genioglossus! during vowel constrictions and
for the lips~orbicularis oris and depressor anguli oris! during
consonant constrictions in the production of words such
lap and lab. Results showed that EMG activity for the g
nioglossus muscle reached its peak at the same time, rel
to the onset of voicing, for words with both voiced an
voiceless final stops, but that the decay of that EMG activ
was more rapid for words with voiceless final stops than
those with voiced final stops. EMG activity for muscles r
sponsible for lip closure reached its peak at the same t
relative to the decay of genioglossus EMG activity for wor
with both kinds of final stops. According to this gestur
account, we might predict that there would be no differen
in frequency of formants higher thanF1 at voicing offset for
words with voiced and voiceless final stops. However, t
conclusion must be tempered mainly because Rapha
study did not involve words requiring tongue gestures
both vowel and final consonant constrictions. The pres
study examined words with alveolar and velar constrictio
for final stops, so that the tongue was required for b
vowel and consonant constrictions. The frequency ofF2 at
syllable center and at voicing offset was measured and
used to speculate as to whether there were differences in
coordination of lingual and vocal-fold gestures as a funct
of voicing or place of the final stop. In particular, we want
to examine whether children’s lingual gestures are simila
those of adults in the production of these words. Both M
Neilage and Davis~1991! and Nittrouer~1993! suggested
that young children acquire mature patterns of vocal-tr
J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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opening and closing~accomplished primarily with the jaw!
earlier than they acquire mature gestural patterns for o
articulators. That suggestion was tested in this study by
amining jaw gestures~throughF1 measures! and tongue ges-
tures~throughF2 measures! in the production of words with
voiced and voiceless final stops with several places of vo
and consonant constriction.

Another concern addressed by this study has to do w
the organization of articulatory gestures for words when th
are embedded in continuous speech. By far, most stu
examining either the acoustic or the articulatory attributes
words with voiced and voiceless final stops have used tok
produced in isolation or in short, consistent carrier phras
For adults, it may be that the articulatory score~and so, the
acoustic consequences! differ when speakers produce word
in real, meaningful contexts. For children, it may be th
greater challenges are encountered in trying to organize
tures over longer, more involved utterances. For these
sons, speech samples were obtained in isolation and in
tences.

In summary, the current study sought to examine
gestural organization of monosyllabic words ending in voic
less or voiced final stops~particularly those with lingual con-
strictions! spoken by children and adults, both in isolatio
and in sentences, using acoustic measures. Measures
were the duration of the vocalic portion, andF1 and F2
frequencies at both voicing offset and syllabic center.

II. METHOD

A. Speakers

Eight speakers~four male and four female! in each of
three age groups~adults, 7-year-olds, and 5-year-olds! par-
ticipated. None of the speakers had ever been treated f
speech, language, or hearing problem. All speakers pa
hearing screenings of the pure tones 0.5, 1.0, 2.0, 4.0,
6.0 kHz presented at 25 dB HL. In addition, children we
administered the Goldman–Fristoe Test of Articulati
Sounds in Words Subtest~Goldman and Fristoe, 1986!. All
children, except one, were judged to produce all items in t
subtest correctly. The one exception was a 5-year-old
judged to be substituting /w/ for word-initial /[/. Because
none of the test items involved /[/ production and this sub
stitution is common for 5-year-olds, that was not conside
to be a reason to exclude her.

B. Equipment and materials

All speech samples were recorded in a soundpr
booth, directly onto the computer hard drive, via an AK
C535 EB microphone, a Shure M268 amplifier, and a C
ative Labs Soundblaster 16-bit analog-to-digital conver
CSPEECHSPsoftware~Milenkovic, 1997! was used both for
recording speech samples and for the acoustic analy
Speech samples were digitized at a sampling rate of 22
kHz using low-pass filtering with a high-frequency cutoff
11.025 kHz.

Five minimal pairs made up the set of test items:feet/
feed, boot/booed, pick/pig, buck/bug, andcop/cob. Two pairs
had alveolar stop closures, two had velar closures, and
353Nittrouer et al.: Emergence of mature gestural patterns
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had bilabial closures. All words had initial consonants th
permitted clear identification of voicing onset in the wav
form. Vowels varied on the dimensions both of front/ba
and open/close. A set of pictures~535 in.! depicting each
word was used to elicit word samples in isolation from ch
dren. A set of cards with the words printed on them served
elicit word samples in isolation from adults. Five sets
sentences were constructed for use, following the sim
rules that each sentence should be about eight words l
the target word should not occur in phrase-final position,
the position of the word should differ across sets. A sam
set of these sentences is presented in Table I. An adult fem
speaker with a midwestern dialect recorded these sente
onto tape.

C. Procedures

Hearing screenings were administered first. For childr
the Goldman–Fristoe Test of Articulation was administe
next. The order of collection of words in isolation and
sentences was alternated and randomized for each spe
with the stipulation that a complete set of the ten words w

TABLE I. Sample sentences for each word.

~1! His feetwere too big for his shoes.
~2! Sam has tofeedthe dogs everyday after school.
~3! Her newboot slipped off her foot.
~4! The comedian wasbooedoff the stage last night.
~5! Susie likes topick flowers on Sunday afternoons.
~6! My grandfather has apig on his farm.
~7! Tim shot abuckon the first day of hunting season.
~8! A lady bug is red and has black spots.
~9! The man gave thecop the wallet he found in the street
~10! We had corn on thecob for dinner last night.
354 J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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collected in one condition before moving to the next. Fi
sets of words in each condition were collected. Words
isolation were elicited from children with picture cards a
from adults with printed cards. Words in sentences were
tained by imitation of the sentences heard on tape. Two
perimenters participated in the collection of these samp
one worked with the person speaking and one controlled
computer. As a result, samples in each condition w
checked before moving to the next condition, and a
samples judged to be unacceptable~due to extraneous nois
or low amplitude! were immediately recorded again. In a
100 samples were collected from each speaker:
conditions310 words35 samples.

D. Acoustic analysis

Each word was separated and saved to its own wa
form file. Spectrograms of two productions of each word,
each context, were made so that general information ab
the acoustic form of each word would be available wh
making more fine-grained measurements. Figure 1 sh
sample spectrograms ofbuckandbugspoken in isolation by
an adult male. Several temporal and spectral measures
made on each speech token, following the procedures of
trouer ~1993!:

Duration of vocalic portion~Dv!: time from the onset of
voicing for the vocalic portion to either the offset of voicin
~for words with voiceless final stops! or the point of vocal-
tract closure~for words with voiced final stops!. Arrows be-
low the x axis in Fig. 1 show the ends of vocalic portion
These measures were obtained from the waveform. Cur
marking both the start and end of the vocalic portion we
placed at zero crossings.
FIG. 1. Sample spectrograms ofbuck
and bug spoken in isolation by an
adult male. The arrows under thex
axis indicate the points marked asoff-
set in the acoustic analyses.
Nittrouer et al.: Emergence of mature gestural patterns
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F1 at voicing offset (F1off): F1 in the last pitch period.
The onset and offset of the pitch period were marked at z
crossings. This measure, as well as all formant frequenc
were obtained using LPC analysis with 22 coefficients of
selected sample.

F2 at voicing offset (F2off): F2 for the last pitch period.
F1 at temporal center of the vocalic portion (F1cente:

F1 for three pitch periods at the temporal center of the
calic portion.

F2 at temporal center of the vocalic portion (F2cente:
F2 for three pitch periods at the temporal center of the
calic portion.

For each measure, a coefficient of variation~CV! was
computed across tokens of each word spoken by e
speaker by dividing the standard deviation~SD! by the mean.
This provided an estimate of variability for individual spea
ers, and so allowed us to test the hypothesis that children
more variable in their productions than adults are.

Before measurements were made, laboratory staff
the first author discussed procedures for making these m
surements, and practiced together to ensure that ever
was using the same procedures. Research assistants, in
ing the second author, made all measurements. If there w
question about the locations of the onsets or offsets of v
ing, research assistants consulted with each other or with
first author. The first or second author checked roughly
percent of all measurements to ensure that procedures
followed correctly. In all cases, they were.1

III. RESULTS

A. Vocalic duration

For the analysisDv, results were collapsed across wor
with voiceless final stops~feet, pick, cop, buck, andboot! and
across words with voiced final stops~feed, pig, cob, bug, and
booed!. Figure 2 shows meanDv for words with voiceless
and voiced final stops, spoken in isolation and in senten
Overall, children and adults produced words with simi
Dv’s. As predicted, it appears thatDv’s were shorter for
words with voiceless, rather than voiced, final stops. Wo

FIG. 2. Mean vocalic duration~Dv! ~ms! for each age group, across a
tokens of words with voiceless~feet, pick, boot, buck, andcop! and voiced
~feed, pig, booed, bug, and cob! final stops, spoken in isolation and i
sentences. Error bars represent standard deviations~SDs!.
J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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with voiced final stops also appear to have had much sho
Dv’s when produced in sentences rather than in isolati
MeanDv’s of words with voiceless final stops appear to ha
been somewhat shorter when produced in sentences ins
of in isolation, but the magnitude of this difference is far le
than that seen for words with voiced final stops. Acro
speakers there was a 75-ms difference for words with voi
final stops that were produced in isolation versus in s
tences, and a 27-ms difference for words with voiceless fi
stops produced in the two contexts.

A three-way analysis of variance~ANOVA ! with age as
the between-subjects factor and context~isolation or sen-
tence! and voicing as the within-subjects factors suppor
these observations. The main effect of age was not sig
cant, but the main effects of both context and voicing we
for context, F(1,21)526.86, p,0.001; for voicing,
F(1,21)5286.32,p,0.001.2 The only interaction that was
significant was context3voicing, F(1,21)553.36, p
,0.001, supporting the observation thatDv’s for words with
voiced final stops differed across contexts more than theDv’s
of words with voiceless final stops. Overall, it can be co
cluded that speakers of all ages produced words with sim
Dv’s, that theseDv’s were shorter for words with voiceles
rather than voiced final stops, and that when words w
voiced final stops were spoken in sentences,Dv was substan-
tially shorter than when words were spoken in isolation.

Figure 3 displays mean CVs forDv, and shows a com-
plicated pattern of results. In general, variability appe
greater for the children’s groups than for adults: that is, C
are larger for children. For words spoken in isolation, it a
pears that speakers of all ages showed greater variabilit
Dv for words with voiceless, rather than voiced, final stop
For words spoken in sentences, variability is similar f
words with voiceless and voiced final stops, although
relation between the means for the two conditions var
across speaker age. For adults, mean CV for words w
voiceless final stops~spoken in sentences! is slightly greater
than for words with voiced final stops. For 7- and 5-ye
olds, mean CVs for words with voiced final stops~spoken in
sentences! are slightly greater than for words with voicele

FIG. 3. Mean coefficients of variation~CVs! for Dv for each age group,
across tokens of words with voiceless~feet, pick, boot, buck, andcop! and
voiced~feed, pig, booed, bug, andcob! final stops, spoken in isolation and i
sentences. Error bars represent SDs.
355Nittrouer et al.: Emergence of mature gestural patterns
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final stops. Results of a three-way ANOVA provide help i
terpreting the patterns seen in Fig. 3. The main effect of
was significant,F(2,21)522.33, p,0.001, as well as the
main effect of voicing,F(1,21)511.15,p50.003. The first
of these results is readily apparent from Fig. 3; the sec
result is harder to discern. Across speakers and conte
mean CV was 0.19 for words with voiceless final stops a
0.17 for words with voiced final stops. The main effect
context was also significant,F(1,21)517.89,p,0.001, re-
flecting the fact that across speakers and words endin
voiceless and voiced final stops, mean CV was 0.20
words spoken in sentences and 0.16 for words spoke
isolation. Finally, the two-way interaction of conte
3voicing was significant,F(2,21)58.23, p50.01. Judging
from Fig. 3, it appears that this interaction can be accoun
for by the patterns of variability exhibited by 7- and 5-yea
olds and described above: When words were spoken in
lation, variability was greater for words with voiceless fin
stops; when words were spoken in sentences, variability
greater for words with voiced final stops.

A simple effects analysis, holding age constant, was a
performed on these CVs to provide further insight into the
results. For adults, no significant main effects or interacti
were found, but the main effect of voicing was close to s
nificant,F(1,21)53.56,p50.073, as well as the main effec
of context, F(1,21)53.24, p50.086. For 7-year-olds, the
effect of context was found to be significant,F(1,21)
515.96, p,0.001. This result indicates that 7-year-ol
were more variable for words spoken in sentences than
those spoken in isolation. In addition, the context3voicing
interaction was close to significant for 7-year-olds,F(1,21)
53.03,p50.096. For 5-year-olds, the main effect of voicin
was significant,F(1,21)57.23, p50.014, as well as the
context3voicing interaction,F(1,21)56.32, p50.02. This
finding supports the impression that variability was sligh
greater for words with voiced, rather than voiceless, fi
stops when words were spoken in sentences, but when w
were spoken in isolation, 5-year-olds showed decreased
ability for words with voiced, rather than voiceless, fin
stops. Consequently, several conclusions may be drawn~1!
Children were more variable than adults;~2! All speakers
were more variable in their productions of words with voic
less, rather than voiced, final stops;~3! This pattern of
greater variability for words with voiceless, rather th
voiced, final stops is mostly restricted to words spoken
isolation; and~4! 7-year-olds were more variable for word
spoken in sentences than for those spoken in isolation.

B. F1off

Two word pairs~i.e., feet/feedandboot/booed! were not
included in the analyses ofF1off because the vocal trac
remains in a fairly closed position throughout the product
of these words, and so there is very little change inF1 across
the word. Forcop and cob, it was difficult to separateF1
from F2 in many of the children’s samples. As a result,F1off
was analyzed forpick, pig, buck, and bug only. Figure 4
displays meanF1off for words with voiced and voiceles
final stops, for male and female speakers separately. As
pected,F1off was higher for speakers in all three age grou
356 J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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for words ending in voiceless stops than for those ending
voiced stops. In addition,F1off specifically for words with
voiceless final stops was lower when produced in sente
contexts rather than in isolation. This trend is particula
apparent for children’s samples.

A four-way ANOVA, with age and sex as the betwee
subjects factor and context and voicing as the within-subje
factors, was done on theseF1off frequencies. Speaker se
was not a variable that was of particular interest in this stu
but any time spectral measures are examined it seems
dent to include sex as a factor. All four main effects we
significant: age,F(2,18)514.92, p,0.001; sex,F(1,18)
55.21, p50.035; context,F(1,18)532.83, p,0.001; and
voicing, F(1,18)5139.82, p,0.001. The only interaction
term that was significant was context3voicing, F(1,18)
527.26,p,0.001. The main effects of age and sex simp
reflect the fact that speakers with longer vocal tracts~i.e.,
adults and males! have lowerF1 frequencies, and the mai
effect of voicing reflects the fact thatF1off is lower for
words with final voiced, rather than for voiceless, stops. T
findings of a significant main effect of context and of a s
nificant interaction for context3voicing reflect the same
trend:F1off is lower for words spoken in sentences than
isolation, and this trend is almost entirely due toF1off for
words specifically with voiceless final stops being low
when produced in sentences, rather than in isolation.
words with voiced final stops,F1off is similar across the two

FIG. 4. MeanF1off ~Hz! for males and females in each age group, f
words with voiceless~pick andbuck! and voiced~pig andbug! final stops,
spoken in isolation and in sentences. Error bars represent SDs.
Nittrouer et al.: Emergence of mature gestural patterns
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contexts. The fact that a significant three-way interaction
context3voicing3age was not found, as might be expect
given that this trend seems particularly pronounced for c
dren, is probably due to the fact that all groups showed
effect to some degree. Children simply demonstrated it t
greater extent. To test this suggestion, a simple effects an
sis was run onF1off, looking at the effects of context an
voicing for each age group separately. The context3voicing
interaction did not reach statistical significance for adu
but did for both children’s groups: 7-year-olds,F(1,18)
521.93, p,0.001; and 5-year-olds,F(1,18)56.37, p
50.021. Children in both age groups had lowerF1off fre-
quencies for words with voiceless final stops when th
words were spoken in sentences rather than in isolation
articulatory terms, this result indicates that children’s vo
tracts were closed more at voicing offset for these wo
when they were produced in sentences. This trend must h
resulted from one of three possible reasons:~1! children
never opened their mouths as much during the productio
these words in sentence contexts as in isolation;~2! children
began closing their vocal tracts sooner during word prod
tion in sentence contexts, compared to isolation; or~3! some
combination of these two factors. The analysis ofF1center
will help resolve the issue.

Coefficients of variation were computed forF1off of
each word used in the analysis above:pick andbuck for the
voiceless condition, andpig and bug for the voiced condi-
tion. The amount of variation inF1off serves as a metric o
how consistently individual speakers coordinated vocal-f
abduction with jaw gestures in the production of the
words. Mean CVs are shown in Fig. 5. There is a clear
velopmental decrease in the amount of variation associ
with these measures. This age-related difference app
across voicing and contexts for 5-year-olds versus adults,
for 7-year-olds, CVs forF1off do not appear higher tha
those of adults except for words ending in voiceless st
spoken in sentences. In fact, both 7- and 5-year-olds
played increased variability for words with voiceless fin
stops in sentences, compared to the other three conditio

A three-way ANOVA was performed on CVs forF1off,
with age as the between-subjects factor and voicing and

FIG. 5. Mean CVs forF1off for each age group, across tokens of words w
voiceless~pick and buck! and voiced~pig and bug! final stops, spoken in
isolation and in sentences. Error bars represent SDs.
J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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text as within-subjects factors. Sex was not a factor h
because there is no reason to predict that variability wo
differ for male and female speakers. The main effect of a
was significant,F(2,21)55.25, p50.014, and the main ef
fect of context approached significance,F(1,21)54.16, p
50.054. These main effects indicate that children were m
variable than adults in how they coordinated vocal-fold a
duction with jaw gestures in the production of words wi
voiceless and voiced final stops, and that overall spea
were more variable when words were produced in senten
But, this last effect is probably explained in large part by t
increased variability found just for children’s productions
words with voiceless final stops in sentences. To exam
this suggestion, a simple effects analysis was done on th
CVs for each age group separately. The term of interest
the context3voicing interaction. This interaction term wa
not significant for adults, indicating that adults showed sim
lar differences in variability ofF1off across voicing condi-
tions for words spoken in isolation and in sentences. Ho
ever, the context3voicing interaction was significant fo
7-year-olds, F(1,18)521.93, p,0.001, as well as for
5-year-olds,F(1,18)56.37,p50.021. These results suppo
the suggestion that children were particularly variable
their attainment ofF1off for words with voiceless final stop
spoken in sentences.

C. F1center

This spectral measure effectively examined whet
there was an age-related difference in the degree of
opening at the middle of the syllable, depending on the vo
ing of the final stop. Summers’~1987! finding that maximum
excursion was greater for words with voiceless, rather th
voiced, final stops led to the prediction that, at least
adults,F1centerwould be higher for words with voiceless
rather than voiced, final stops. We wanted to see if the sa
effect would be found for children. As with the analysis
F1off, this examination was performed only on measu
from the pick/pig and buck/bug minimal pairs. Figure 6
shows meanF1centerfor male and female speakers in ea
group.

A four-way ANOVA was performed on these measur
with age and sex as the between-subjects factors and co
and voicing as the within-subjects factors. All four main e
fects were found to be statistically significant: age,F(2,18)
58.36, p50.003; sex,F(1,18)55.13, p50.036; context,
F(1,18)511.06,p50.004; and voicing,F(1,18)521.12,p
,0.001. In addition, the context3voicing interaction was
significant, F(1,18)511.54, p50.003, suggesting that th
difference inF1centeracross voicing conditions may hav
been attenuated for words spoken in sentences instead
isolation. To examine whether children actually showed
difference in F1center predicted by Summers~1987!, a
simple effects analysis was done, holding age constant.
three age groups showed a significant effect of voici
adults, F(1,18)55.91, p50.026; 7-year-olds, F(1,18)
55.07, p50.037; and 5-year-olds,F(1,18)510.74, p
50.004. It can thus be concluded that adults and child
alike showed the difference inF1centerpredicted by Sum-
mers, at least in general. The simple effects analysis was
357Nittrouer et al.: Emergence of mature gestural patterns
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used to help determine whether this voicing-related diff
ence was attenuated more for children than for adults w
words were spoken in sentences rather than in isolation
this end, the context3voicing interaction was examined fo
each age group separately. For adults, this interaction
not significant, and so we may conclude that adults show
the voicing-related difference inF1centerto the same exten
for words spoken in isolation and in sentences. However,
interaction was significant, or at least close to it, for bo
children’s groups: 7-year-olds,F(1,18)53.99, p50.061;
5-year-olds,F(1,18)55.87, p50.026. Thus, there was a
age-related difference in speakers’ abilities to preserve
increase inF1center for words with voiceless final stop
when producing words in sentences: The older the spea
the better this increase was preserved. In articulatory te
this finding indicates that children do not completely ma
tain the difference in jaw excursions for words with voic
and voiceless final stops described by Summers when w
are produced in sentences. This trend may explain, at lea
part, the finding thatF1off is lower when words with voice-
less final stops are produced in sentences rather than in
lation for children’s samples, but not for adults’ samples
may be that children never open the vocal tract as much
adults do for words with voiceless final stops produced
sentences. This issue is examined more closely in subse
D below.

As was done withF1off, CVs were computed for

FIG. 6. MeanF1center~Hz! for males and females in each age group,
words with voiceless~pick andbuck! and voiced~pig andbug! final stops,
spoken in isolation and in sentences. Error bars represent SDs.
358 J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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F1center. Figure 7 displays mean CVs forF1centerand re-
veals several interesting findings when compared to Fig
~which showed CVs forF1off!. For adults, variability in
F1centeracross all conditions is roughly only half as large
what it was forF1off. For both children’s groups, there is
reduction in variability forF1centercompared toF1off, but
this reduction is not as great as for adults. For 7-year-o
the enhanced variability observed forF1off for words with
voiceless final stops produced in sentences is seen her
F1centeras well, but is also observed for these same wo
produced in isolation. These 7-year-olds clearly dem
strated variability in jaw gestures during the production
words with voiceless stops.

A three-way ANOVA was performed on these CV me
sures, with age as the between-subjects factor and voi
and context as within-subjects factors. The main effect of
was significant,F(2,18)59.05,p50.001, as well as the ag
3voicing interaction,F(2,21)56.36, p50.007. This inter-
action is likely due to the finding that 7-year-olds show
greater variability when producing words with voiceles
rather than voiced, final stops.

D. Age-related differences in vocal-tract closing
gestures for words with voiceless final stops

An analysis was undertaken to examine whyF1off was
lower for children’s samples of words with voiceless fin
stops spoken in sentences, rather than in isolation. At is
was whether this trend could be entirely attributed to
finding that children seemed to be constrained in how m
they opened their vocal tracts for words with voiceless fi
stops when those words were spoken in sentences. To
plore this question, the difference betweenF1 frequency at
syllable center and at voicing offset was computed on
mean frequencies of words with voiceless final stops~i.e.,
pick andbuck! for each speaker, for words produced in is
lation and in sentences separately. The means for these
ference scores are shown in Table II for each age group

A simple effects analysis was performed on these diff
ence scores to examine the effect of context, holding
constant. The effect of context was not significant for adu

FIG. 7. Mean CVs forF1centerfor each age group, across tokens of wor
with voiceless~pick andbuck! and voiced~pig andbug! final stops, spoken
in isolation and in sentences. Error bars represent SDs.
Nittrouer et al.: Emergence of mature gestural patterns
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was close to significant for 7-year-olds,F(1,21)53.48, p
50.076, and was significant for 5-year-olds,F(1,21)
59.49,p50.006. Thus, it can be concluded that for childre
but not for adults, the change inF1 frequency between syl
lable center and voicing offset was greater for words w
voiceless final stops produced in sentences, rather tha
isolation. In articulatory terms this means that children beg
closing the vocal tract before the offset of voicing for wor
with voiceless final stops produced in sentences. This pat
of articulatory organization can be seen in Fig. 8. Althou
this figure shows spectrograms of speech samples from
one child, these patterns are typical of what all children
when producing words in sentences. Clearly theF1 trajec-
tory for buckis different from what is found in Fig. 1, show
ing spectrograms from an adult’s samples. For the most p
this articulatory pattern was not found for children’s wo
samples obtained in isolation, although a few children exh
ited the pattern even for words in isolation~note the large
SDs in Table II for children’s samples in isolation!. This
articulatory pattern was not observed in adults’ samples,
gardless of whether samples were obtained in isolation o
sentences.

E. F2off

If the vocal folds are abducted earlier relative to t
closing gesture for words with voiceless, rather than voic

TABLE II. Mean differences, in Hz, betweenF1 at syllable center and a
voicing offset of words with voiceless final stops, spoken in isolation and
sentences. Standard deviations are given in parentheses.

Isolation Sentences

Adults 41 60
~39! ~34!

7-year-olds 29 79
~96! ~48!

5-year-olds 20 102
~63! ~40!
J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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final stops, thenF2 will differ at voicing offset for these
voicing conditions, at least when the tongue forms the c
sonant closure. Furthermore,F2 will either rise or fall going
into closure, depending on the locations of vocalic and c
sonantal constrictions. For these analyses, only words
which F2 was presumed to be rising at the end of the s
lable ~i.e., words with relatively low vocalicF2 and rela-
tively high F2 near the consonantal constriction! were used.
To do otherwise would have severely constrained the lik
hood of obtaining a statistically significant difference
F2off as a function of final-stop voicing, if one truly exists
In some casesF2off would be lower for voiced than voice
less stops; in other cases it would be higher. According
only the minimal pairspick/pig, buck/bug, and boot/booed
were used in analyses ofF2off. Figure 9 shows meanF2off
frequencies, and supports the suggestion thatF2off is higher
for words ending with voiced stops.

A four-way ANOVA was performed onF2off with age
and sex as the between-subjects factors, and context
voicing as the within-subjects factors. Both between-subje
main effects were found to be statistically significant, as
pected: for age, F(2,18)529.69, p,0.001; for sex,
F(1,18)537.01,p,0.001. The main effect of voicing wa
also significant,F(1,18)555.50, p,0.001, indicating that
F2off was higher preceding voiced rather than voicele
stops. This finding demonstrates that the vocal folds w
abducted sooner relative to the lingual closing gesture
words with voiceless, rather than voiced, final stops. T
main effect of context was not significant, nor were any
the interactions.

As was done for other measures, CVs were compu
for F2off, and means are shown in Fig. 10. Both groups
children appear to have been more variable than adult
their attainment ofF2off. Unlike measures of variability for
Dv and F1 ~at both voicing offset and syllable center!,
7-year-olds seem to have been as variable as 5-year-old
F2off across voicing conditions and contexts.

A three-way ANOVA with age as the between-subjec

n

g

FIG. 8. Sample spectrograms ofbuck and bug spoken
by a 5-year-old boy, showing that vocal-tract closin
can be seen forbuck.
359Nittrouer et al.: Emergence of mature gestural patterns
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factor and context and voicing as the within-subjects fact
was performed. Indeed, the main effect of age was foun
be significant,F(2,21)511.50, p,0.001, supporting the
suggestion that children were more variable than adults
addition, the main effect of context was significan
F(1,21)58.18, p50.009. This finding reflects the fact tha
variability for F2off was greater for words spoken in se
tences rather than in isolation: Across speakers CV
0.087 for words in sentences versus 0.075 for words in

FIG. 9. MeanF2off ~Hz! for males and females in each age group, for wo
with voiceless~pick, buck, andboot! and voiced~pig, bug, andbooed! final
stops, spoken in isolation and in sentences. Error bars represent SDs.

FIG. 10. Mean CVs forF2off for each age group, across tokens of wor
with voiceless~pick, buck, andboot! and voiced~pig, bug, andbooed! final
stops, spoken in isolation and in sentences. Error bars represent SDs.
360 J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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lation. This result may not reflect a simple increase in va
ability for words produced in sentences, but instead may
dicate that speakers adjusted the precise place of stop clo
depending on what gesture was required for the next wor
the sentence. The failure to find an age3context interaction
indicates that this cross-word coarticulation was no greate
children’s than in adults’ samples. Similarly, Nittrouer~1993!
reported that coarticulation across word boundaries was
greater in children’s than in adults’ samples.

F. F2center

Figure 11 shows group means forF2center. It appears
from this figure that the only factors that affectedF2center
were age and speaker sex. In particular, frequency
F2centerseems to be largely unaffected by the voicing of t
final stop. To evaluate these observations, a four-w
ANOVA was performed. The main effects of age and s
were indeed significant: age,F(2,18)569.68,p,0.001; and
sex, F(1,18)537.01, p,0.001. Contrary to impression
from Fig. 11, the effect of voicing was also significan
F(1,18)513.43,p50.002. However, the magnitude of th
difference was quite small: across speakers, contexts,
words,F2centerwas just 40 Hz higher in words with voice
final stops than in those with voiceless final stops. This c
trasts greatly with the 160-Hz difference observed forF2off.

FIG. 11. MeanF2center~Hz! for males and females in each age group, f
words with voiceless~pick, buck, and boot! and voiced~pig, bug, and
booed! final stops, spoken in isolation and in sentences. Error bars repre
SDs.
Nittrouer et al.: Emergence of mature gestural patterns



fo
e
V

e

rl

in
e
ti

as
a
el
th
a
e

r-

an

icate

an-
vi-
this
e-

stic
ures
by
ral,
ith
ults
s,
es
ces
rds
lts’

ar
hese
ps
th

r in
as

that
of
he
ay

hey
less
.

va-

ds

n

n

As done with all measures, CVs were computed
F2center. Figure 12 shows these values. Here, the only eff
that appears to be significant is age, and a three-way ANO
~age3context3voicing! confirmed that impression: Only th
effect of age was significant,F(1,21)512.41,p,0.001. As
with F2off, 7- and 5-year-olds appear to have been simila
variable, but more variable than adults.

G. Tongue fronting for alveolar stops

One stated objective of this study was to exam
whether there was evidence of a greater synergy betw
tongue gestures required for vowel and consonant produc
in children’s than in adults’ samples. Specifically, it w
thought that young children might front the tongue more th
adults in anticipation of upcoming alveolar stops. Precis
because this hypothesis was to be tested, a word pair
consisted of the back vowel /u/ and an alveolar stop w
used:boot andbooed. In the absence of anticipatory tongu
fronting, we would expectF2centerin boot andbooedto be
lower than inbuckandbug. For example, Peterson and Ba
ney~1952! foundF2 in /u/ to be 300–400 Hz lower thanF2
in /#/ for men, women, and children. Table III shows me
F2centerfor boot, buck, booed, andbug spoken in isolation

FIG. 12. Mean CVs forF2centerfor each age group, across tokens of wor
with voiceless~pick, buck, andboot! and voiced~pig, bug, andbooed! final
stops, spoken in isolation and in sentences. Error bars represent SDs.

TABLE III. Mean F2 frequency~Hz! at syllable center across words spoke
in isolation. Standard deviations are given in parentheses.

Buck Boot Bug Booed

Males
Adults 1182 1245 1185 1235

~68! ~186! ~98! ~223!
7-year-olds 1664 1834 1578 1824

~164! ~213! ~77! ~94!
5-year-olds 1639 1635 1605 1667

~180! ~296! ~98! ~303!
Females

Adults 1491 1653 1532 1623
~98! ~174! ~97! ~164!

7-year-olds 1794 2127 1823 2032
~80! ~165! ~188! ~109!

5-year-olds 1833 1863 1819 2073
~136! ~266! ~145! ~409!
J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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for all speaker groups in this study. Table IV showsF2center
for these words spoken in sentences. These tables ind
that F2centerwas actually higher forboot and booedthan
for buckandbug, but not only for children’s groups. Adults
showed this effect as well. Presumably this was due to
ticipatory tongue fronting, which was predicted, but no e
dence of an age-related difference in the amount of
tongue fronting was found. This last result differs from pr
dictions.

IV. DISCUSSION

The goal of the study reported here was to use acou
measures to examine the organization of articulatory gest
for words with voiceless and voiced final stops, produced
adults and children in isolation and in sentences. In gene
it was found that children distinguished between words w
voiceless and voiced final stops in the same ways that ad
do. But, children were more variable in their production
and children’s organization of jaw and vocal-fold gestur
for words with voiceless final stops produced in senten
differed from their organization of these gestures for wo
produced in isolation and from the organization of adu
gestures for these words~either in isolation or in sentences!.

A. Dv

The durations of the vocalic word portions were simil
across tokens produced by speakers of all ages, and t
portions were shorter for words with voiceless final sto
than for words with voiced final stops. For words wi
voiced final stops, there was a significant difference inDv
depending on whether the word was spoken in isolation o
a sentence. The fact that this particular context effect w
attenuated for words with voiceless final stops suggests
there may be some limit to how short the vocalic portion
a word can realistically be: it simply takes time to open t
vocal tract as needed for the vowel being produced. It m
be that speakers operate near this effective limit when t
produce monosyllables with voiceless final stops, regard
of whether they are produced in isolation or in sentences

At the same time, variability inDv was greater for words
with voiceless, rather than voiced, final stops. This obser

TABLE IV. Mean F2 frequency~Hz! at syllable center across words spoke
in sentences. Standard deviations are given in parentheses.

Buck Boot Bug Booed

Males
Adults 1198 1296 1223 1279

~70! ~197! ~85! ~291!
7-year-olds 1474 1711 1554 1634

~82! ~219! ~123! ~104!
5-year-olds 1582 1642 1635 1667

~87! ~278! ~56! ~287!
Females

Adults 1426 1635 1478 1573
~107! ~126! ~114! ~104!

7-year-olds 1740 2152 1829 2017
~91! ~66! ~89! ~174!

5-year-olds 1849 2065 1889 2043
~131! ~303! ~119! ~364!
361Nittrouer et al.: Emergence of mature gestural patterns
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tion agrees with the notion that the coordination of gestu
involved in producing words with voiceless final stops
likely more difficult than the coordination of gestures i
volved in producing words with voiced final stops. F
words with voiceless final stops, the speaker must abduc
vocal folds at some point in the vocal-tract opening/clos
gesture. Accomplishing this goal at precisely the same p
across words surely requires great skill. On the other ha
obtaining consistency inDv’s across tokens of words with
voiced final stops would seem easier. Voicing offset
words with voiced final stops was defined here as the poin
which the vocal tract reaches closure, and soDv effectively
measures only the duration of the opening/closing gest
Nonetheless, 5-year-olds had more difficulty than adu
achieving consistency inDv, regardless of whether the go
was simply to produce equally timed opening and clos
gestures~as in words with voiced final stops!, or to abduct
the vocal folds at a precise point in the opening/closing g
ture ~as in words with voiceless final stops!. This enhanced
difficulty was observed for 5-year-olds regardless of whet
words were spoken in isolation or in sentences. Seven-y
olds, on the other hand, showed more consistency in
timing of these gestures when they were producing word
isolation. When they had the more difficult task of orche
trating the gestural score for the production of an entire s
tence, however, they showed increased variability. App
ently children are fine-tuning their speech production sk
past the age of 7 years.

It is interesting to compare adults’ results forDv across
contexts with the cross-linguistic data. In this study adu
demonstrated exactly a 100-ms difference inDv for words
with voiceless and voiced final stops spoken in isolation~us-
ing means across all voiceless and voiced tokens!, which is
what others have reported for English speakers~e.g., Chen,
1970; Crowther and Mann, 1994!. For words spoken in sen
tences in this study, the voicing effect diminishes to 40 m
which is similar to differences reported for non-native E
glish speakers producing English words in isolation or
short, consistent carrier phrases~e.g., Crowther and Mann
1992; 1994; Flege, Munroe, and Skelton, 1992; Flege
Port, 1981!.3 Presumably, in the natural, running speech t
non-native speakers customarily hear, the difference inDv
for words with voiced and voiceless final stops is closer
the 40 ms measured in this study for words in senten
Perhaps non-native English speakers imitate exactly w
they hear. The question then becomes: Why do na
English-speaking adults elongateDv before voiced stops
when producing words in isolation? That question is not
swerable with these data.

The results reported here do not agree with those
Krause~1982a!, who reported that young children showed
greater difference than adults inDv for words spoken in
isolation depending on the voicing of the final stop.
Krause’s study the mean difference between voicing con
tions was 97 ms for 6-year-olds and 60 ms for adults. T
reason for this discrepancy in results, however, probably
more to do with Krause’s findings for adults than with tho
for children. Adults’ meanDv for words with voiceless stop
was 209 ms in Krause’s study, considerably longer than
362 J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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157 ms obtained in the current study~for words spoken in
isolation! or the 146 ms reported by Chen~1970!. At the
same time, Krause reported a meanDv of 269 ms for words
with voiced final stops spoken by adults, which is similar
the 251-ms mean found in the current study~for words spo-
ken in isolation! and the 238-ms mean reported by Che
Therefore, it is not that children’s differences inDv for
words with voiceless and voiced final stops were unusu
large in Krause’ study, but rather that adults’ differences w
somewhat small. In particular, adults in that study produc
words with voiceless final stops that had rather longDvs.

B. F1off

The first thing to be said aboutF1 frequency at voicing
offset is that its utility in aiding the listener make decisio
about the voicing of syllable-final stops would appear to
limited because it does not vary as a function of voici
when the preceding vowel is close. Nonetheless, examina
of F1off informs us about gestural organization in the pr
duction of consonant–vowel–stop sequences when we
amine it for words with open vowels.

An age-related difference in gestural organization t
emerges from the analysis ofF1off is that children begin
closing the vocal tract before the cessation of voicing
voiceless final stops—especially when trying to organize
ticulatory gestures over the length of a sentence. Adults,
the other hand, abduct the folds before they begin closing
vocal tract whether they are producing words with voicele
final stops in isolation or in sentences. While children a
somewhat restricted in the extent to which they open th
vocal tracts~i.e., lower their jaws! when producing words
with voiceless final stops in sentences, rather than in is
tion, this finding cannot completely account for the ag
related difference in patterns ofF1off across contexts. After
reaching maximum jaw opening, adults apparently maint
stable jaw positions until they abduct their vocal folds,
Summers~1987! reported. Children begin to raise their jaw
and this effect is more pronounced for words spoken in s
tences rather than in isolation. This finding mandates re
sion of the conclusion of Nittrouer~1993! that by 3 years of
age children have acquired mature patterns of jaw mo
ments. At least for some syllable shapes, it appears that
dren as old as 7 years have not completely mastered ma
jaw patterns. Thus, this finding is one specific example of
suggestion that the emergence of mature gestural patter
not uniform, that instead children attain mature patterns
some word forms sooner than for others~e.g., Greenet al.,
2000; Nittrouer, 1993!.

Regarding variability,F1off was less variable for al
speakers than wasDv. The reason for this enhanced cons
tency may have to do with the fact thatDv can be influenced
by several articulatory parameters, such as how rapidly
slowly the opening gesture is made, how long any stea
state vocalic portion is, and when vocal-fold abduction o
curs. However,F1off is determined only by the degree o
vocal-tract openness at the time the vocal folds are abduc
Apparently speakers tolerate some variability in the seve
parameters that affectDv, but execute the vocal-fold abduc
tion gesture at a relatively stable point in the opening/clos
Nittrouer et al.: Emergence of mature gestural patterns
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gesture across tokens of each word. At the same time,
finding of increased variability inF1off for children’s pro-
ductions of words with voiceless final stops indicates t
their coordination of vocal-fold abduction and jaw gestu
for these words was particularly unstable.

C. F1center

The results of this study replicate those of Summ
~1987!: speakers open the vocal tract more for words w
voiceless, rather than voiced, final stops, and soF1centeris
higher for words with voiceless final stops. Although th
gestural pattern was attenuated somewhat for children
ducing words in sentences, it was nonetheless found.
garding variability, it was found that adults more consisten
achieved the sameF1center than they achieved the sam
F1off. This finding indicates that adults were more consist
in how they organized and produced vocal-tract gestu
over the first part of the word than in how they did so ov
the latter portion of the word. Children did not always sho
this consistency in gestural organization for early word p
tions. In particular, 7-year-olds showed greater variability
F1centerof words with voiceless, rather than voiced, fin
stops.

It is interesting that the context-related changes obser
for the temporal~Dv! and spectral~F1off andF1center! mea-
sures are uncorrelated. That is,Dv was shorter for words
spoken in sentences rather than in isolation, but primarily
words with voiced final stops. On the other hand,F1off and
F1centerdiffered across contexts for children’s samples, b
only for words with voiceless final stops. Thus, the chan
in Dv associated with context did not affect spectral m
sures. In articulatory terms this means that changes in
calic durationper sedid not influence the articulatory ges
tures themselves, or the organization of these gestures.

D. F2off

Results forF2off reveal thatF2 frequency at voicing
offset can provide information regarding the voicing
syllable-final consonants. For the words analyzed here, w
rising F2 at syllable offset,F2off was generally higher for
voiced than for voiceless final stops. Although not reported
similar trend would be expected and was observed in ca
inspection of words with fallingF2 at syllable offset. For
example, across all speakersF2off was 2687 Hz forfeetspo-
ken in isolation and 2461 Hz forfeedspoken in isolation.
Variability in children’s samples was similar forF2off and
F1off ~except that 7-year-olds showed variability compara
to that of 5-year-olds in all conditions forF2off!, but adults
demonstrated decreased variability forF2off compared to
F1off. Particularly for adults’ speech,F2off appears to pro-
vide very reliable information about the voicing of the fin
stop.

E. F2center

One predicted finding that was not observed had to
with tongue gestures. It had been predicted that child
might demonstrate greater synergy between tongue ges
required for vowel and consonant production than adu
J. Acoust. Soc. Am., Vol. 117, No. 1, January 2005
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This could have shown up as greater tongue fronting in
ticipation of the alveolar stops inboot and booed in chil-
dren’s than in adults’ samples. If present, the acoustic con
quence of this gestural pattern would have been a gre
difference betweenF2centerfor buck/bugand F2centerfor
boot/booedin children’s than in adults’ samples. Howeve
the degree of tongue fronting was similar for adults and c
dren. At the same time, children were more variable in th
attainment ofF2centerthan adults were.

As was found withF1 measures, there was no effect
shortened vocalic segments for words with voiced final st
spoken in sentences, rather than in isolation, on F2 meas
NeitherF2off nor F2centershowed a significant context ef
fect.

In summary, several conclusions can be drawn fr
these analyses. First, children as old as 7 years of age
organize their gestures for the productions of words diff
ently from adults for some syllable shapes. Second, child
are generally more variable in their execution of linguis
gestures than are adults. Overall, learning to coordinate
various gestures involved in producing speech with appro
ately timed events is a difficult task that extends well in
childhood. Third, the acoustic correlates of syllable-fin
voicing are attenuated somewhat when words are produ
in sentences, rather than in isolation. In general, this find
serves as a reminder that we must be careful about gen
izing results obtained for speech samples produced in is
tion to our understanding of speech produced in natural c
texts. A final conclusion to emerge from these data is that
acoustic correlates of speech production are spread thro
out the word. This finding highlights a fact long understo
by speech scientists, and yet frequently overlooked in ap
cations to technology and clinical work: there are no discr
acoustic segments that correspond to linguistic units in
speech stream.
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1Because the methods of acoustic analysis were so regimented there
be no computation of inter-rater reliability. As long as each experimen
adhered strictly to the outlined procedures the measurements obta
across experimenters were identical. All indications were that experim
ers adhered to those procedures. Thus, inter-rater reliability was effect
1.0.

2Although the alpha level of 0.05 is typically set, many investigators rec
nize the potential interest of ‘‘marginally’’ significant statistical tests~i.e.,
those withp values slightly above 0.05!. For that reason, all tests with
resultingp values of less than 0.10 will be reported throughout this pap
If an exactF- or t ratio is not given, it can be assumed that the value had
associatedp of greater than 0.10.

3One study~Flege and Port, 1981! did report voicing differences forDv in
samples from English-speaking adults of just 40 ms. Interestingly,
carrier phrase in that study~‘‘I sayIIIIIIIIagain to Bob’’! was slightly
longer than others, which are commonly just three words~e.g.,
‘‘SayIIIIIIIIIIagain.’’!
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