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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. Childrgd and 7 years oldand 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 effigstdation or sentengeshowed that the
acoustic correlates of syllable-final voicing are attenuated when words are produced in sentences,
rather than in isolation. @005 Acoustical Society of AmericdDOI: 10.1121/1.1828474

PACS numbers: 43.70.Bk; 43.70.Ep; 43.70[Rd | Pages: 351-364

I. INTRODUCTION patterns for speech production is independent control over
h il h | articulators. Along with this developmental change, appro-
That young children do not produce speech as adults dBriate and precise ways of coordinating separate articulatory

IS T“’t news, but still, many questlons remain concerning h0\'6es:tures must be learned to provide the kinds of stable inter-
children do eventually attain mature patterns of gestural or=

ganization. Concerning initial states, one clear trend is th %mculator relations observed for skilled adult speech produc-

children’s earliest utterances are produced with greater conton (e.g.,.TuIIer and Kelso, 1984 o
Tracking the emergence of mature gestural organization

straints of the surrounding phonetic environment imposed on b ¢ hodoloaical ob | )
individual places of constriction for both vocalic and conso-'S NOt €asy because of methodological obstacles. Some inves-

nantal gestures. For example, this enhanced constraint wigators have described the gestural patterns of children's
found in 1-year-olds’ speech for segments involving |ingua|early speech production using narrow phonetic transcription
gestures such that close, front vowels and consonants witf¢-9., Ferguson and Farwell, 1975; Menn, 1978; Piske, 1997;
alveolar constrictions tended to co-occur, while close, backVaterson, 197)1 but these analyses are so intensive that it is
vowels and consonants with velar constrictions tended to codifficult to do more than diary studies with them. Recent
occur (Davis and MacNeilage, 1990In fact, this enhanced technological advances have made it possible to use acoustic
constraint of the phonetic environment on lingual gesturesinalysis(e.g., Goodell, 1991; Katz, Kripke, and Tallal, 1991;
has been reported for children as old as 7 yéhlittrouer,  Nittrouer, 1993; Sussmaet al., 1999 and direct kinematic
1993. Another trend observed in the earliest productions ofmeasures(e.g., Greenet al, 2000; Smith and Goffman,
children is that they avoid multisyllabic productions involv- 1998 with children’s speech, but both methods have limita-
ing more than one constriction location for consonants, pretions. With acoustic analysis care must be taken to select
ferring instead to duplicate a single consonantal constrictioRtimuli for which there is minimal chance of multiple articu-
within these Utterance@.g., Donahue, 1986, O||el’, 1980 |at0ry patterns producing the same acoustic fc(mO|e,
Finally, MacNeilage and Davig199]) described children's  Nguyen-Trong, and Hardcastle, 1993Direct kinematic
earliest productions as deriving almost completely from jawneasures with children are best suited for examination of lip
movements, with other articulators being tightly coupled 10,4 jaw movements because these articulators are the only
these movements. So, for example, variation in vowel qualltyones visible without invasive techniques, which are both less

derives from variation in the degree of jaw lowering, ratherIikely to succeed with young children and more likely to

than from variation in lingual shape. All these examples Suq'sg)awn concern about risk to individual research participants.

gest that one important developmental change that must b The current study investigated the organization of articu-

mplished in order for children ire matur ral . e
accomplished in order for children to acquire mature gestu qatory gestures for the production of words with final stops

that were either voiced or voiceless, and was an extension of
@Portions of this work presented at the 143rd meeting of the Acoustical\jittrouer (1993, in which acoustic ana|yseS of children’s
Society of America, Pittsburgh, June, 2002. , '

bemail: nittrouer@cpd2.usu.edu and adults’ stop-vowel sequences were reported. That study
9Affiliation: Boys Town National Research Hospital. found that children’s jaw movements had attained mature
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gestural form by 3 years of age, but lingual gestures reand Stoel-Gammoii2002 answered this question by sug-
mained highly constrained by the phonetic environment untigesting that vocalic length may inherently vary with syllable
at least the age of 7 years. The overarching conclusion of thdinal voicing, and so be present from the onset of speech.
study was that the path to mature patterns of gestural orgaiccording to this position, speakers of languages that lack a
nization is not uniform. Rather, the rate of learning variesvowel-length distinction as a function of syllable final voic-
depending on the articulator to be used and the shape of thieg actually must learn not to make the distinction. To sup-
utterance to be produced. port this position, they present data showing that children
The question of how children learn to make and coordi-learning Swedish, which has only an attenuated vocalic-
nate the gestures required to produce words differing in théength distinction associated with syllable-final voicing,
voicing of final stops is interesting partly because of what isshow the effect in their productions at age 24 months, but not
known about children’sperception of syllable-final stop at 30 months. Although this result supports their contention,
voicing. The two most widely studied properties that conveythere is at least one reason for skepticism: Vocalic length of
information about syllable-final stop voicing af®) the du- syllables ending with voiced consonants produced by
ration of the vocalic portion of the syllable arig) the first-  Swedish-learning 24-month-olds was generally greater than
formant F1) offset transition. Three studies found that chil- 400 ms, which is much longer than typical syllables. Be that
dren as old as 6 years of age weighted th& offset as it may, Buder and Stoel-Gammon did not report on other
transition more and vocalic duration less than adults in makaspects of production, and so it is impossible to obtain a
ing voicing decisions about syllable-final stofiSreenlee, picture of gesturabrganizationfor these syllables. Neither
1980; Krause, 1982b; Wardrip-Fruin and Peach, 198#  did they provide estimates of variability in vocalic duration
though interpretation differed slightly across studies. In parfor individual children, and so it is impossible to determine
ticular, Wardrip-Fruin and Peach suggested that the problerhow consistent children were in their productions. Krause
exhibited by children might best be described as difficulty indid provide estimates of variability, and reported greater
integratingthe vocalic duration with th&1 cue, rather than variability in vocalic duration for children’s than for adults’
as an age-related difference in theightingof these cues. samples. However, Krause did not examine spectral proper-
Minor differences in interpretation aside, these developmenties in children’s speech samples, and so we cannot evaluate
tal perception results are interesting in light of cross-gestural organization for these word tokens. The current
linguistic studies demonstrating that the integration and/ostudy was conducted in order to investigate this larger ques-
weighting of the cues to syllable-final voicing depends ontion of how the several articulatory gestures involved in pro-
native language experience. Speakers of languages withodticing words with final stops differing in voicing are orga-
syllable-final stopgsuch as Mandarin and Japanese of  nized.
languages that fail to show a vocalic-length difference de- Most acoustic analyses done on adults’ samples of
pending on the voicing of the final stgpuch as Arabicfail ~ words with voiced and voiceless final stops have focused
to use vocalic duration as a cue in their phonetic decisionsnly on the duration of the preceding vocalic portion, gener-
for English words ending with stop&Crowther and Mann, ally defined as the sum of the voiced initial transitions, the
1992; 1994, unless they receive intensive trainifglege, steady-state region, and any voiced final transitions. These
1989. Furthermore, several studies have demonstrated thatudies have found that this portion is shorter before voice-
native speakers of languages without final stops, or without &ss than before voiced final stops in adults’ speéziy.,
vocalic-duration difference associated with the voicing of fi-Chen, 1970; Crowther and Mann, 1992; 1994; Flege and
nal stops, do not differentiate vocalic duration for voicelessPort, 1981; House and Fairbanks, 1953; Peterson and Le-
and voiced final stops in their own productions of Englishhiste, 1960. Other studies have investigated frequency at
words as much as native English speakerg@mwther and voicing offset, showing that it is higher before voiceless
Mann, 1994; Flege and Port, 198Buch results support the rather than voiced stop&e.g., Crowther and Mann, 1992;
hypothesis that native language experience with the variou$994; Summers, 1987Taken together, the vocalic duration
acoustic properties distinguishing voicing in word-final stopsand F1 differences indicate that speakers abduct the vocal
is required for speaker/listeners to be able to use and reprdelds before completing the closing gesture when the final
duce these properties in their own listening and speakingstop is voiceless, but close the vocal tract before voicing
Thus, the question arises of how children’s productions oends when the final stop is voiced.
words containing syllable-final stops differing in voicing are Methods other than acoustic analysis have been used to
organized, given that they either do not integrate or do nostudy adults’ productions of words differing in the voicing of
weight the primary cues responsible for distinguishing thisfinal stops, and have uncovered other differences in gestural
voicing dimension as adults do. organization for these words. Most kinematic studies have
One study investigated vocalic duration in children’s been done using words with final bilabial stops only, likely
speech production and reported that 3- and 6-year-olds dendue to the visibility of these gestures. Using that approach,
onstrated more of a difference in vocalic duration than adult$Gracco(1994 found that both peak jaw lowering and peak
depending on syllable final voicin@Krause, 1982a Upon  jaw velocity occur sooner in the production aég/ than of
first consideration, this finding seems counterintuitive in/ecb/. Summers(1987 showed similar results for the jaw
light of the cross-linguistic studies: If speakers must learrlowering gesture, and also demonstrated that the jaw
how to vary vocalic duration according to syllable-final voic- achieves a more open position before voiceless, rather than
ing, then why would children show a greater effect? Budewoiced, stops. However, the jaw remained in a relatively
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stable position for longer periods of time preceding voicedopening and closingaccomplished primarily with the jaw
stops. At the same time, Summers found no consistent difearlier than they acquire mature gestural patterns for other
ference for jaw raising gestures as a function of the voicingarticulators. That suggestion was tested in this study by ex-
of the final stop. Of particular interest to the current acousticamining jaw gestureg@hroughF1 measurgsand tongue ges-
analysis, Summers was able to correlafiechange with jaw tures(throughF2 measuresin the production of words with
position and movement, but strongly so for medial syllabicvoiced and voiceless final stops with several places of vowel
portions only. For syllable margins, jaw movement &t  and consonant constriction.
frequency did not correlate as well. Specifically, Summers  Another concern addressed by this study has to do with
found thatF1 at voicing offset was higher for voiceless than the organization of articulatory gestures for words when they
for voiced final stops, as expected, even though the jaw wagre embedded in continuous speech. By far, most studies
in roughly the same position at voicing offset for both voic- examining either the acoustic or the articulatory attributes of
ing conditions in samples from two of his three speakerswords with voiced and voiceless final stops have used tokens
NonethelessE1 will be considered here as the best acoustigoroduced in isolation or in short, consistent carrier phrases.
estimate of mandibular movement because of the wellFor adults, it may be that the articulatory scéa@d so, the
documented fact thd1 is a function of the cross-sectional acoustic consequengediffer when speakers produce words
area of the front portion of the vocal tra@chroeder, 1967; in real, meaningful contexts. For children, it may be that
Stevens and House, 1955 he jaw and lips are the biggest greater challenges are encountered in trying to organize ges-
determinants of this area, which probably explains Summergures over longer, more involved utterances. For these rea-
results: The lips may have affect€d frequency at voicing SONns, speech samples were obtained in isolation and in sen-
offset for two of his speakers, but he did not investigate liptences.
movements. The lipgparticularly the lower lip contribute In summary, the current study sought to examine the
significantly to adults’ closing gestures for bilabial stopsgestural organization of monosyllabic words ending in voice-
(e.g., Greeret al, 2000, as studied by Summers, but they less or voiced final stopgarticularly those with lingual con-
would not be expected to contribute much to closing forstrictions spoken by children and adults, both in isolation
stops with lingual placements, as primarily studied here. and in sentences, using acoustic measures. Measures made
Raphael1975 used physiological measures to examineWere the duration of the vocalic portion, afdl and F2
adults’ gestural organization for words with syllable-final frequencies at both voicing offset and syllabic center.
voiced and voiceless consonants. He purposely avoided
words in which the tongue was used for both vowel and finall- METHOD
consonant constrictions. Instead, he examined EMG activity speakers
for the tonguggenioglossusduring vowel constrictions and , .
for the lips(orbicularis oris and depressor anguli omsIring Eight speakersfour male and four femajein each of
consonant constrictions in the production of words such alre€ age groupgadults, 7-year-olds, and S-year-oldsar-
lap and lab. Results showed that EMG activity for the ge- ticipated. None of the speakers had ever been treated for a

nioglossus muscle reached its peak at the same time, relati@eech. language, or hearing problem. All speakers passed
to the onset of voicing, for words with both voiced and N€&rng screenings of the pure tones 0.5, 1.0, 2.0, 4.0, and
voiceless final stops, but that the decay of that EMG activity®-0 kHZ presented at 25 dB HL. In addition, children were

was more rapid for words with voiceless final stops than forz;dmiréistgred tge Sch))IdmarllJFristoe dTes_t of Ag;ticull?tion
those with voiced final stops. EMG activity for muscles re- >°Unds in Words Subte¢Goldman and Fristoe, 1986A

sponsible for lip closure reached its peak at the same timgh'ldren' except one, were judged to produce all items in that

relative to the decay of genioglossus EMG activity forwordsfSUbteSt correctly. The one exception was a o-year-old girl
with both kinds of final stops. According to this gesturaIJUdg'EOI to be substituting fw/ for word-initiahi// Because
account, we might predict that there would be no difference’

one of the test items involved//production and this sub-
in frequency of formants higher thaft at voicing offset for stitution is common for 5-year-olds, that was not considered
words with voiced and voiceless final stops. However, thisto be a reason fo exclude her.
conclusion must be tempered mainly because Raphael’s , i
study did not involve words requiring tongue gestures forB' Equipment and materials
both vowel and final consonant constrictions. The present All speech samples were recorded in a soundproof
study examined words with alveolar and velar constrictionsooth, directly onto the computer hard drive, via an AKG
for final stops, so that the tongue was required for bothC535 EB microphone, a Shure M268 amplifier, and a Cre-
vowel and consonant constrictions. The frequency@fat  ative Labs Soundblaster 16-bit analog-to-digital converter.
syllable center and at voicing offset was measured and wassPEECHSPsoftware (Milenkovic, 1997 was used both for
used to speculate as to whether there were differences in tliecording speech samples and for the acoustic analyses.
coordination of lingual and vocal-fold gestures as a functionSpeech samples were digitized at a sampling rate of 22.05
of voicing or place of the final stop. In particular, we wantedkHz using low-pass filtering with a high-frequency cutoff of
to examine whether children’s lingual gestures are similar td1.025 kHz.
those of adults in the production of these words. Both Mac-  Five minimal pairs made up the set of test iterfeet/
Neilage and Davig1991) and Nittrouer(1993 suggested feed, boot/booed, pick/pig, buck/Qundcop/cob Two pairs
that young children acquire mature patterns of vocal-trachad alveolar stop closures, two had velar closures, and one
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TABLE I. Sample sentences for each word. collected in one condition before moving to the next. Five
sets of words in each condition were collected. Words in

1) His feetwere too big for his shoes. . . .. . . .

@) Sam has tdeedthe dogs everyday after school. isolation were elicited from children with picture cards and
3 Her newbootslipped off her foot. from adults with printed cards. Words in sentences were ob-
() The comedian wabooedoff the stage last night. tained by imitation of the sentences heard on tape. Two ex-
) Susie likes topick flowers on Sunday afternoons. perimenters participated in the collection of these samples:
g’; mﬁgs’sgfrgﬂai::?h‘z%g nyfgf”nqming season. one worked with the person speaking and one controlled the
) A lady bugis red and has black spots. computer. As a result, samples in each condition were
9 The man gave theopthe wallet he found in the street. Checked before moving to the next condition, and any
(10 We had corn on theob for dinner last night. samples judged to be unacceptafdee to extraneous noise

or low amplitude were immediately recorded again. In all,
100 samples were collected from each speaker: 2
had bilabial closures. All words had initial consonants thatconditions<10 words<5 samples.

permitted clear identification of voicing onset in the wave-

form. Vowels varied on the dimensions both of front/back

and open/close. A set of picturéSx5 in.) depicting each D. Acoustic analysis

word was used to elicit word samples in isolation from chil-
dren. A set of cards with the words printed on them served t?or
elicit word samples in isolation from adults. Five sets of

Each word was separated and saved to its own wave-
m file. Spectrograms of two productions of each word, in
each context, were made so that general information about
$he acoustic form of each word would be available while

rules that each sentence should be about eight words lon . . ; .
ﬁ‘\akmg more fine-grained measurements. Figure 1 shows

the target word should not occur in phrase-final position, bu - .
g : sample spectrograms bfickandbug spoken in isolation by
the position of the word should differ across sets. A sample
n adult male. Several temporal and spectral measures were

set of these sentences is presented in Table I. An adult female . )
) ; : made on each speech token, following the procedures of Nit-
speaker with a midwestern dialect recorded these sentenc?s

onto tape. fouer (1993:

Duration of vocalic portion(Dv): time from the onset of
voicing for the vocalic portion to either the offset of voicing
(for words with voiceless final stop®r the point of vocal-

Hearing screenings were administered first. For childrentract closurefor words with voiced final stopsArrows be-
the Goldman—Fristoe Test of Articulation was administeredow the x axis in Fig. 1 show the ends of vocalic portions.
next. The order of collection of words in isolation and in These measures were obtained from the waveform. Cursors
sentences was alternated and randomized for each speakexarking both the start and end of the vocalic portion were
with the stipulation that a complete set of the ten words waplaced at zero crossings.

C. Procedures

. ﬂ, I
4 “c el" 4

T
ttl' ',.‘ —

T
>
I

FIG. 1. Sample spectrograms biick
and bug spoken in isolation by an
adult male. The arrows under the
axis indicate the points marked aff-
setin the acoustic analyses.

frequency, kHz
frequency, kHz

| !
1 I
0 0
0.0 0.1 0.2 0.3 0.4 0.0 0.1 0.2 0.3 0.4
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T time, sec %
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300 :|- voiced I voiced

mean vocalic duration (ms)
coefficient of variation
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Adults 7-yr-olds 5-yr-olds ‘Adults Feyreide 5= gr=olds

FIG. 2. Mean vocalic duratiofDv) (ms) for each age group, across all

tokens of words with voicelesdeet, pick, boot, buckandcop and voiced

(feed, pig, booed, bugand cob) final stops, spoken in isolation and in

sentences. Error bars represent standard deviat®Ds.

FIG. 3. Mean coefficients of variatiofCVs) for Dv for each age group,
across tokens of words with voiceledset, pick, boot, bugkandcop and
voiced(feed, pig, booed, bugndcob) final stops, spoken in isolation and in
sentences. Error bars represent SDs.

F1 at voicing offset (FLloff)F1 in the last pitch period. ) ) i
The onset and offset of the pitch period were marked at zeryith voiced final stops also appear to have had much shorter

crossings. This measure, as well as all formant frequencieV'S When produced in sentences rather than in isolation.

were obtained using LPC analysis with 22 coefficients of thd"1€&nDV's of words with voiceless final stops appear to have
selected sample. been somewhat shorter when produced in sentences instead

F2 at voicing offset (F20ff)F 2 for the last pitch period. of in isolation, but the magnitude of this difference is far less

F1 at temporal center of the vocalic portion (F1center) than that seen for words with voiced final stops.. Acrgss
speakers there was a 75-ms difference for words with voiced

F1 for three pitch periods at the temporal center of the vo-> T : .
calic portion. final stops that were produced in isolation versus in sen-
F2 at temporal center of the vocalic portion (F2center) tences, and a 27-ms difference for words with voiceless final
F2 for three pitch periods at the temporal center of the vo:Stops produced in the tWO contgxts. .
calic portion. A three-way analysis of variandANOVA) with age as
o o the between-subjects factor and contéisplation or sen-
For each measure, a coefficient of variati®V) was  ence and voicing as the within-subjects factors supported

computed across tokens of each word spoken by eacfhege observations. The main effect of age was not signifi-
speaker by dividing the standard deviati@D) by the mean.  ant hut the main effects of both context and voicing were:
This provided an estimate of variability for individual speak- ¢, context, F(1,21)=26.86, p<0.001: for voicing,
ers, and so allowed us to test the hypothesis that children afe(1,21)=286.32,p<0.0012 The only interaction that was
more variable in their productions than adults are. significant was contextvoicing, F(1,21)=53.36, p
Before measurements were made, laboratory staff and-q o001, supporting the observation tfats for words with
the first author discussed procedures for making these meggiced final stops differed across contexts more thabie
surements, and practiced together to ensure that everyopg \yords with voiceless final stops. Overall, it can be con-
was using the same procedures. Research assistants, inclyflijed that speakers of all ages produced words with similar
ing the second author, made all measurements. If there Wasfys that theseDv's were shorter for words with voiceless
question about the locations of the onsets or offsets of VoiCi4iher than voiced final stops, and that when words with
ing, research assistants consulted with each other or with thgiced final stops were spoken in senten@syas substan-
first author. The first or second author checked roughly 1Qially shorter than when words were spoken in isolation.
percent of all measurements to ensure that procedures were Figure 3 displays mean CVs f@v, and shows a com-
followed correctly. In all cases, they wefe. plicated pattern of results. In general, variability appears
greater for the children’s groups than for adults: that is, CVs
1. RESULTS are larger for children. For words spoken in isolation, it ap-
pears that speakers of all ages showed greater variability in
Dv for words with voiceless, rather than voiced, final stops.
For the analysi®v, results were collapsed across wordsFor words spoken in sentences, variability is similar for
with voiceless final stopfeet, pick, cop, buglandboot and  words with voiceless and voiced final stops, although the
across words with voiced final stoffeed, pig, cob, bugand  relation between the means for the two conditions varies
booed. Figure 2 shows meabv for words with voiceless across speaker age. For adults, mean CV for words with
and voiced final stops, spoken in isolation and in sentencesoiceless final stopéspoken in sentencess slightly greater
Overall, children and adults produced words with similarthan for words with voiced final stops. For 7- and 5-year-
Dv's. As predicted, it appears th&v's were shorter for olds, mean CVs for words with voiced final stofspoken in
words with voiceless, rather than voiced, final stops. Wordsentencesare slightly greater than for words with voiceless

A. Vocalic duration
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final stops. Results of a three-way ANOVA provide help in- 1000 & voiceless
terpreting the patterns seen in Fig. 3. The main effect of age B voiced TMales
was significant,F(2,21)=22.33, p<0.001, as well as the
main effect of voicingF(1,21)=11.15,p=0.003. The first 800 —
of these results is readily apparent from Fig. 3; the seconc
result is harder to discern. Across speakers and contexts
mean CV was 0.19 for words with voiceless final stops and 600 —
0.17 for words with voiced final stops. The main effect of
context was also significanE(1,21)=17.89,p<0.001, re- @
flecting the fact that across speakers and words ending ir«-
voiceless and voiced final stops, mean CV was 0.20 for©
words spoken in sentences and 0.16 for words spoken ir @
isolation. Finally, the two-way interaction of context .9
Xvoicing was significantfF(2,21)=8.23, p=0.01. Judging
from Fig. 3, it appears that this interaction can be accountecg Females
for by the patterns of variability exhibited by 7- and 5-year- T
olds and described above: When words were spoken in iso 800
lation, variability was greater for words with voiceless final —
stops; when words were spoken in sentences, variability wa:
greater for words with voiced final stops. 600
A simple effects analysis, holding age constant, was alsc
performed on these CVs to provide further insight into these
results. For adults, no significant main effects or interactions 400
were found, but the main effect of voicing was close to sig-
nificant, F(1,21)=3.56,p=0.073, as well as the main effect
of context, F(1,21)=3.24, p=0.086. For 7-year-olds, the
effect of context was found to be significank(1,21) i s i s i s
=15.96, p<0.001. This result indicates that 7-year-olds Adults 7-year—olds 5-year—olds
were more var_lab_le fOt_‘ words sp(_)l_<en In sentence; Fhan fQ‘EIG. 4. MeanFloff (Hz) for males and females in each age group, for
those spoken in isolation. In addition, the contexbicing  words with voicelesspick andbuck and voiced(pig andbug final stops,
interaction was close to significant for 7-year-ol&4,1,21) spoken in isolation and in sentences. Error bars represent SDs.
=3.03,p=0.096. For 5-year-olds, the main effect of voicing
was significant,F(1,21)=7.23, p=0.014, as well as the
context<voicing interaction,F(1,21)=6.32, p=0.02. This
finding supports the impression that variability was slightly

ffs

400 —

0
[e] -
>

for words ending in voiceless stops than for those ending in
voiced stops. In additionk1off specifically for words with

ter f ds with voiced. rather th icol . Ivoiceless final stops was lower when produced in sentence
gtrea erhor Words W v0|cke 18 ert an vglcte er?s, N&contexts rather than in isolation. This trend is particularly
stops when words were spoken in sentences, but when words, ot tor children's samples.

were spoken in isolation, 5-year-olds showed decreased vari- A four-way ANOVA, with age and sex as the between-

ability for words with voiced, rather_than voiceless, f|n.al subjects factor and context and voicing as the within-subjects
stops. Consequently, several conclusions may be dréiyn: factors, was done on theseloff frequencies. Speaker sex

Children were. rrg?rg vtzngble gharty aduI(fQ) AI(Ij Sp(ﬁker? was not a variable that was of particular interest in this study,
were more variable Iin their productions of words With VOICE-, any time spectral measures are examined it seems pru-

less, rather' th.e}n voiced, final .StOp(SS.) This pattern of dent to include sex as a factor. All four main effects were
grgater yarlablllty fpr words Wlth voiceless, rather tha_nsignificant: age,F(2,18)=14.92, p<0.001; sex,F(1,18)
y0|ce_d, flnal stops is mostly restricted to vyords spoken in_ 5.21, p=0.035; contextF(1,18)=32.83, p<0.001: and
isolation; and(4) 7-year-olds were more variable for words voicing, F(1,18)=139.82, p<0.001. The only interaction

spoken in sentences than for those spoken in isolation. term that was significant was contestoicing, F(1,18)

=27.26,p<0.001. The main effects of age and sex simply
reflect the fact that speakers with longer vocal traces.,
Two word pairs(i.e., feet/feecandboot/booegiwere not  adults and malgshave lowerF1 frequencies, and the main
included in the analyses dfloff because the vocal tract effect of voicing reflects the fact thaloff is lower for
remains in a fairly closed position throughout the productionwords with final voiced, rather than for voiceless, stops. The
of these words, and so there is very little changE Inacross findings of a significant main effect of context and of a sig-
the word. Forcop and coh it was difficult to separaté&1 nificant interaction for contextvoicing reflect the same
from F2 in many of the children’s samples. As a reskltoff  trend: Floff is lower for words spoken in sentences than in
was analyzed fompick, pig, buck and bug only. Figure 4 isolation, and this trend is almost entirely dueRaoff for
displays mearF1off for words with voiced and voiceless words specifically with voiceless final stops being lower
final stops, for male and female speakers separately. As exvhen produced in sentences, rather than in isolation. For
pected Floff was higher for speakers in all three age groupswvords with voiced final stopg$;1offis similar across the two

B. Floff
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30 text as within-subjects factors. Sex was not a factor here
Yoichicas because there is no reason to predict that variability would
differ for male and female speakers. The main effect of age
was significantfF(2,21)=5.25,p=0.014, and the main ef-
fect of context approached significande(1,21)=4.16, p
=0.054. These main effects indicate that children were more
variable than adults in how they coordinated vocal-fold ab-
duction with jaw gestures in the production of words with
voiceless and voiced final stops, and that overall speakers
were more variable when words were produced in sentences.
But, this last effect is probably explained in large part by the
increased variability found just for children’s productions of
, . : = . " words with voiceless final stops in sentences. To examine
Adults 7-yr—olds 5-yr-olds this suggestion, a simple effects analysis was done on these
_ CVs for each age group separately. The term of interest was
FIG. 5. Mean CVs foFlofffor each age group, across tokens of words with the contexkvoicing interaction. This interaction term was
voiceless(pick and buck and voiced(pig and bug final stops, spoken in A R s
isolation and in sentences. Error bars represent SDs. not significant for adults, indicating that adults showed simi-
lar differences in variability ofF1off across voicing condi-

contexts. The fact that a significant three-way interaction of'ons for words spok_e nin _|so|at|or_1 and in se_nte_r_mes. How-
context<voicingxage was not found, as might be expectedever’ the contextvoicing interaction was significant for
given that this trend seems particularly pronounced for Chil_?—year-olds, F(1.18)=21.93, p<0.001, as well as for
dren, is probably due to the fact that all groups showed thg—year-olds,F_(l,18)=6.3.7,p=0.021. The;e results s.upporf[
effect to some degree. Children simply demonstrated it to he_ suggesnon that children were par'gcularly .var|able n
greater extent. To test this suggestion, a simple effects anal neir atta_unment of1offfor words with voiceless final stops
sis was run orF1off, looking at the effects of context and Spoken in sentences.
voicing for each age group separately. The contexticing C. Flcenter
interaction did not reach statistical significance for adults,™
but did for both children’s groups: 7-year-oldE,(1,18) This spectral measure effectively examined whether
=21.93, p<0.001; and 5-year-oldsF(1,18)=6.37, p  there was an age-related difference in the degree of jaw
=0.021. Children in both age groups had lowekoff fre-  opening at the middle of the syllable, depending on the voic-
qguencies for words with voiceless final stops when thoseng of the final stop. Summer§1987) finding that maximum
words were spoken in sentences rather than in isolation. laxcursion was greater for words with voiceless, rather than
articulatory terms, this result indicates that children’s vocalvoiced, final stops led to the prediction that, at least for
tracts were closed more at voicing offset for these wordsdults,F1centerwould be higher for words with voiceless,
when they were produced in sentences. This trend must havather than voiced, final stops. We wanted to see if the same
resulted from one of three possible reasofl: children  effect would be found for children. As with the analysis of
never opened their mouths as much during the production dfloff, this examination was performed only on measures
these words in sentence contexts as in isolati@nghildren  from the pick/pig and buck/bug minimal pairs. Figure 6
began closing their vocal tracts sooner during word producshows mear1centerfor male and female speakers in each
tion in sentence contexts, compared to isolation(3isome  group.
combination of these two factors. The analysisFdcenter A four-way ANOVA was performed on these measures
will help resolve the issue. with age and sex as the between-subjects factors and context
Coefficients of variation were computed f&iloff of  and voicing as the within-subjects factors. All four main ef-
each word used in the analysis abop&k andbuckfor the  fects were found to be statistically significant: ag€2,18)
voiceless condition, angig and bug for the voiced condi- =8.36, p=0.003; sex,F(1,18)=5.13, p=0.036; context,
tion. The amount of variation ifFloff serves as a metric of F(1,18)=11.06,p=0.004; and voicingF(1,18)=21.12,p
how consistently individual speakers coordinated vocal-fold<0.001. In addition, the contexivoicing interaction was
abduction with jaw gestures in the production of thesesignificant, F(1,18)=11.54, p=0.003, suggesting that the
words. Mean CVs are shown in Fig. 5. There is a clear dedifference inFlcenteracross voicing conditions may have
velopmental decrease in the amount of variation associatdoeen attenuated for words spoken in sentences instead of in
with these measures. This age-related difference appeaisolation. To examine whether children actually showed the
across voicing and contexts for 5-year-olds versus adults, bulifference in Flcenter predicted by Summer$1987, a
for 7-year-olds, CVs for-1off do not appear higher than simple effects analysis was done, holding age constant. All
those of adults except for words ending in voiceless stopthree age groups showed a significant effect of voicing:
spoken in sentences. In fact, both 7- and 5-year-olds disadults, F(1,18)=5.91, p=0.026; 7-year-olds, F(1,18)
played increased variability for words with voiceless final =5.07, p=0.037; and 5-year-oldsF(1,18)=10.74, p
stops in sentences, compared to the other three conditions=0.004. It can thus be concluded that adults and children
A three-way ANOVA was performed on CVs férloff, alike showed the difference iRlcenterpredicted by Sum-
with age as the between-subjects factor and voicing and commers, at least in general. The simple effects analysis was also

coefficient of variation
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FIG. 7. Mean CVs foiF1centerfor each age group, across tokens of words
with voiceless(pick andbuck and voiced(pig andbug) final stops, spoken

800 in isolation and in sentences. Error bars represent SDs.

F1 (Hz) at syllable center

Flcenter Figure 7 displays mean CVs férlcenterand re-
veals several interesting findings when compared to Fig. 5
(which showed CVs forFloff). For adults, variability in
Flcenteracross all conditions is roughly only half as large as
what it was forF1loff. For both children’s groups, there is a
reduction in variability forF1centercompared td=1off, but
this reduction is not as great as for adults. For 7-year-olds,
: — . the enhanced variability observed fBioff for words with
dults e s voiceless final stops produced in sentences is seen here for
ults 7-year-—olds 5-year—olds !

Flcenteras well, but is also observed for these same words
FIG. 6. MeanFlcenter(Hz) for males and females in each age group, for produced in isolation. These 7-year-olds clearly demon-
words with voicelesgpick andbuck and voiced(pig andbug final stops,  strated variability in jaw gestures during the production of
spoken in isolation and in sentences. Error bars represent SDs. . .

words with voiceless stops.

A three-way ANOVA was performed on these CV mea-
used to help determine whether this voicing-related differsures, with age as the between-subjects factor and voicing
ence was attenuated more for children than for adults wheand context as within-subjects factors. The main effect of age
words were spoken in sentences rather than in isolation. Tevas significantf(2,18)=9.05,p=0.001, as well as the age
this end, the contextvoicing interaction was examined for Xvoicing interaction,F(2,21)=6.36, p=0.007. This inter-
each age group separately. For adults, this interaction waaction is likely due to the finding that 7-year-olds showed
not significant, and so we may conclude that adults showedreater variability when producing words with voiceless,
the voicing-related difference iRlcenterto the same extent rather than voiced, final stops.
for words spoken in isolation and in sentences. However, the
interaction was significant, or at least close to it, for both
children’s groups: 7-year-oldsk(1,18)=3.99, p=0.061;
5-year-olds,F(1,18)=5.87, p=0.026. Thus, there was an
age-related difference in speakers’ abilities to preserve the An analysis was undertaken to examine wWkoff was
increase inFlcenterfor words with voiceless final stops lower for children’s samples of words with voiceless final
when producing words in sentences: The older the speakestops spoken in sentences, rather than in isolation. At issue
the better this increase was preserved. In articulatory termwas whether this trend could be entirely attributed to the
this finding indicates that children do not completely main-finding that children seemed to be constrained in how much
tain the difference in jaw excursions for words with voiced they opened their vocal tracts for words with voiceless final
and voiceless final stops described by Summers when wordgops when those words were spoken in sentences. To ex-
are produced in sentences. This trend may explain, at least plore this question, the difference betweeh frequency at
part, the finding thaF1off is lower when words with voice- syllable center and at voicing offset was computed on the
less final stops are produced in sentences rather than in isorean frequencies of words with voiceless final stépss.,
lation for children’s samples, but not for adults’ samples. Itpick andbuck for each speaker, for words produced in iso-
may be that children never open the vocal tract as much dation and in sentences separately. The means for these dif-
adults do for words with voiceless final stops produced inference scores are shown in Table Il for each age group.
sentences. This issue is examined more closely in subsection A simple effects analysis was performed on these differ-
D below. ence scores to examine the effect of context, holding age

As was done withFloff, CVs were computed for constant. The effect of context was not significant for adults,

600 —

400

200

D. Age-related differences in vocal-tract closing
gestures for words with voiceless final stops
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TABLE Il. Mean differences, in Hz, betweeR1 at syllable center and at  final stops, ther2 will differ at voicing offset for these

voicing offset of words with voiceless final stops, spoken in isolation and invoicing conditions. at least when the tongue forms the con-

sentences. Standard deviations are given in parentheses. ’ S ; .
sonant closure. Furthermore2 will either rise or fall going

Isolation Sentences into closure, depending on the locations of vocalic and con-
sonantal constrictions. For these analyses, only words in
Adults 41 60 . g
(39) 34) which F2 was presumed to be rising at the end of the syl-
7-year-olds 29 79 lable (i.e., words with relatively low vocalid=2 and rela-
(96) (48) tively high F2 near the consonantal constrictiomere used.
5-year-olds 20 102

To do otherwise would have severely constrained the likeli-
hood of obtaining a statistically significant difference in
F2off as a function of final-stop voicing, if one truly exists:
was close to significant for 7-year-olds(1,21)=3.48, p In some ca§e§20ff would b.e lower for vo_iced than voige-
~0.076, and was significant for 5-year-olds(1,21) less stops;_|r_1 other cases |t_ would be higher. Accordingly,
=9.49,p=0.006. Thus, it can be concluded that for children,only the mlinlmal pairspick/pig, .bUCk/bUQ and boot/booed
but not for adults, the change Fil frequency between syl- were used in analyses &Roff. Figure 9 shows meaR2off

lable center and voicing offset was greater for words with ) . .
voiceless final stops produced in sentences, rather than THf words ending with voiced stops. .

isolation. In articulatory terms this means that children began A four-way ANOVA was pgrformed orF2off with age
closing the vocal tract before the offset of voicing for wordsan_d,Sex as the. b.etwee.n-subjects factors, and contex_t and
with voiceless final stops produced in sentences. This patter¥PiCing as the within-subjects factors. Both between-subjects
of articulatory organization can be seen in Fig. 8. Althoughmam effects were found to be statistically significant, as ex-
this figure shows spectrograms of speech samples from quF'Cted: for age,F(2,18)=29.69, p<0.001; for sex,

one child, these patterns are typical of what all children dioF(1’18_): ,3,7'01’ p<0.001. The main effect.of .voif:ing was
when producing words in sentences. Clearly Ere trajec- also significant,F(1,18)=55.50, p<0.001, indicating that

tory for buckis different from what is found in Fig. 1, show- F20ff was higher preceding voiced rather than voiceless

ing spectrograms from an adult's samples. For the most par?,mps' This finding demonstrates 'that the vqcal folds were
this articulatory pattern was not found for children’s word @Pducted sooner relative to the lingual closing gesture for
samples obtained in isolation, although a few children exhib?/0rds with voiceless, rather than voiced, final stops. The
ited the pattern even for words in isolatignote the large Main effect of context was not significant, nor were any of
SDs in Table Il for children’s samples in isolatjonThis the interactions.

articulatory pattern was not observed in adults’ samples, re- S Was done for other measures, CVs were computed

gardless of whether samples were obtained in isolation or if°" F20ff. and means are shown in Fig. 10. Both groups of
sentences children appear to have been more variable than adults in

their attainment of2off. Unlike measures of variability for

Dv and F1 (at both voicing offset and syllable cenker

7-year-olds seem to have been as variable as 5-year-olds for
If the vocal folds are abducted earlier relative to theF2off across voicing conditions and contexts.

closing gesture for words with voiceless, rather than voiced, A three-way ANOVA with age as the between-subjects

(63 (40

frequencies, and supports the suggestion E2aiff is higher

E. F2off

5—yr—old male
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FIG. 9. MeanF2off (Hz) for males and females in each age group, for words FIG. 11. MeanF2center(Hz) for males and females in each age group, for
with voiceless(pick, buck andboot and voiced(pig, bug andbooed final words with voiceless(pick, buck and boo and voiced(pig, bug and
stops, spoken in isolation and in sentences. Error bars represent SDs.  booed final stops, spoken in isolation and in sentences. Error bars represent
SDs.

factor and context and voicing as the within-subjects factors
was performed. Indeed, the main effect of age was found téation. This result may not reflect a simple increase in vari-
be significant, F(2,21)=11.50, p<<0.001, supporting the ability for words produced in sentences, but instead may in-
suggestion that children were more variable than adults. ldlicate that speakers adjusted the precise place of stop closure
addition, the main effect of context was significant, depending on what gesture was required for the next word in
F(1,21)=8.18,p=0.009. This finding reflects the fact that the sentence. The failure to find an agmntext interaction
variability for F2off was greater for words spoken in sen- indicates that this cross-word coarticulation was no greater in
tences rather than in isolation: Across speakers CV washildren’s than in adults’ samples. Similarly, Nittrou&©93
0.087 for words in sentences versus 0.075 for words in isoreported that coarticulation across word boundaries was no
greater in children’s than in adults’ samples.
30

voiceless
[ voiced F. F2center

Figure 11 shows group means fBRcenter It appears
20 from this figure that the only factors that affectedcenter
were age and speaker sex. In particular, frequency of
F2centerseems to be largely unaffected by the voicing of the
final stop. To evaluate these observations, a four-way
ANOVA was performed. The main effects of age and sex
were indeed significant: agé(2,18)=69.68,p<<0.001; and
sex, F(1,18)=37.01, p<0.001. Contrary to impressions
from Fig. 11, the effect of voicing was also significant,
7 . 7 . ; R F(1,18)=13.43,p=0.002. However, the magnitude of this
Adults T-yr—olds 5-yr-olds difference was quite small: across speakers, contexts, and
FIG. 10. Mean CVs foiF2off for each age group, across tokens of words WordS’cmenten’.vaS Just 40. Hz hlgher n .WOI’dS with vq|ced
with voiceless(pick, buck andboo and voiced(pig, bug andbooed final final stops than in those with voiceless final stops. This con-
stops, spoken in isolation and in sentences. Error bars represent SDs.  trasts greatly with the 160-Hz difference observedRaoff.

coefficient of variation
1
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.30 TABLE IV. Mean F2 frequency(Hz) at syllable center across words spoken

voiceless in sentences. Standard deviations are given in parentheses.
c [l voiced
2 7 Buck Boot Bug Booed
o
'g 20 - Males
> Adults 1198 1296 1223 1279
s (70) (197 (85) (297)
- n 7-year-olds 1474 1711 1554 1634
g (82) (219 (123 (104
'O .10 5-year-olds 1582 1642 1635 1667
& (87) (278 (56) (287)
8 _ Females
o Adults 1426 1635 1478 1573
(107 (126 (114 (104
= - P 7-year-olds 1740 2152 1829 2017
Adults 7-yr—olds 5-yr—olds 99 (66) (89 (174
5-year-olds 1849 2065 1889 2043
FIG. 12. Mean CVs foF2centerfor each age group, across tokens of words (131 (303 (119 (369

with voiceless(pick, buck andboot and voicedpig, bug andbooed final

stops, spoken in isolation and in sentences. Error bars represent SDs.
for all speaker groups in this study. Table IV show&center

As done with all measures, CVs were computed forfor these words spoken in sentences. These tables indicate

F2center Figure 12 shows these values. Here, the only effecthat F2centerwas actually higher foboot and booedthan

that appears to be significant is age, and a three-way ANOVAor buckandbug but not only for children’s groups. Adults

(agexcontexvoicing) confirmed that impression: Only the showed this effect as well. Presumably this was due to an-

effect of age was significank(1,21)=12.41,p<0.001. As ticipatory tongue fronting, which was predicted, but no evi-

with F2off, 7- and 5-year-olds appear to have been similarlyjence of an age-related difference in the amount of this

variable, but more variable than adults. tongue fronting was found. This last result differs from pre-
dictions.

G. Tongue fronting for alveolar stops

One stated objective of this study was to examinelV. DISCUSSION
whether there was evidence of a greater synergy between

. . The goal of the study reported here was to use acoustic
tongue gestures required for vowel and consonant production : o .
. . : ; , o : measures to examine the organization of articulatory gestures
in children’s than in adults’ samples. Specifically, it was

for words with voiceless and voiced final stops, produced by

thought that young children might front the tongue more thanadults and children in isolation and in sentences. In general,

adults in anticipation of upcoming alveolar stops, Preciselyit was found that children distinguished between words with

because this hypothesis was to be tested, a word pair that . . . .
: voiceless and voiced final stops in the same ways that adults
consisted of the back vowel /u/ and an alveolar stop was . . . . :
) L do. But, children were more variable in their productions,
used:bootandbooed In the absence of anticipatory tongue

. : and children’s organization of jaw and vocal-fold gestures
fronting, we would expecE2centerin bootandbooedto be . ) ) .
. for words with voiceless final stops produced in sentences
lower than inbuckandbug For example, Peterson and Bar-

: differed from their organization of these gestures for words
ir;\e)//A(/li ?zn:gﬁnazrznlenn/u;rgg ?:ii?dorz;{(l)'gb'?ez Ilﬁvéirowfieanproduced in isolation and from the organization of adults’

F2centerfor boot, buck, booedandbug spoken in isolation gestures for these wordsither in isolation or in sentences

A. Dv
TABLE ll. Mean F2 frequency(Hz) at syllable center across words spoken The durations of the vocalic word portions were similar
in isolation. Standard deviations are given in parentheses.
across tokens produced by speakers of all ages, and these
Buck Boot Bug Booed portions were shorter for words with voiceless final stops
Males than for words with voiced final stops. For words with
Adults 1182 1245 1185 1235 voiced final stops, there was a significant differenceDin
(68) (186) (99) (223 depending on whether the word was spoken in isolation or in
7-year-olds 1664 1834 1578 1824 a sentence. The fact that this particular context effect was
(164 (213 @ (94) attenuated for words with voiceless final stops suggests that
5-year-olds (11559 (23%35 (9;305 (3013;567 there may be some limit to how short the vocalic portion of
Females a word can realistically be: it simply takes time to open the
Adults 1491 1653 1532 1623 vocal tract as needed for the vowel being produced. It may
(98) (174 97) (164 be that speakers operate near this effective limit when they
7-year-olds 1794 2127 1823 2032 produce monosyllables with voiceless final stops, regardless
(80 (169 (189 (109 of whether they are produced in isolation or in sentences.
5-year-olds 1833 1863 1819 2073 . o
(136 (266) (145 (409 At the same time, variability ibv was greater for words

with voiceless, rather than voiced, final stops. This observa-
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tion agrees with the notion that the coordination of gestured57 ms obtained in the current stu@gr words spoken in
involved in producing words with voiceless final stops isisolation or the 146 ms reported by Chdi970. At the
likely more difficult than the coordination of gestures in- same time, Krause reported a mdawof 269 ms for words
volved in producing words with voiced final stops. For with voiced final stops spoken by adults, which is similar to
words with voiceless final stops, the speaker must abduct thise 251-ms mean found in the current stuétyr words spo-
vocal folds at some point in the vocal-tract opening/closingken in isolation and the 238-ms mean reported by Chen.
gesture. Accomplishing this goal at precisely the same pointherefore, it is not that children’s differences v for
across words surely requires great skill. On the other handyords with voiceless and voiced final stops were unusually
obtaining consistency iDVv's across tokens of words with large in Krause’ study, but rather that adults’ differences were
voiced final stops would seem easier. Woicing offset forsomewhat small. In particular, adults in that study produced
words with voiced final stops was defined here as the point avords with voiceless final stops that had rather I@hg.

which the vocal tract reaches closure, anddsoeffectively

measures only the duration of the opening/closing gestured. F1off

Noqetheless, 5-year-o!ds had more difficulty than adults  The first thing to be said abo#tl frequency at voicing
achieving consistency iDv, regardless of whether the goal ffset is that its utility in aiding the listener make decisions
was simply to produce equally timed opening and closingapoyt the voicing of syllable-final stops would appear to be
gestures(as in words with voiced final stopsor to abduct |imited because it does not vary as a function of voicing
the vocal folds at a precise point in the opening/closing gesyhen the preceding vowel is close. Nonetheless, examination
ture (as in words with voiceless final stopshis enhanced ot F10ff informs us about gestural organization in the pro-
difficulty was observed for 5-year-olds regardless of whetheyction of consonant—vowel—stop sequences when we ex-
words were spoken in isolation or in sentences. Seven-yeagmine it for words with open vowels.
olds, on the other hand, showed more consistency in the  an age-related difference in gestural organization that
timing of these gestures when they were producing words i"émerges from the analysis &floff is that children begin
isolation. When they had the more difficult task of orches-¢|psing the vocal tract before the cessation of voicing for
trating the gestural score for the production of an entire sengpjceless final stops—especially when trying to organize ar-
tence, however, they showed increased variability. Apparticulatory gestures over the length of a sentence. Adults, on
ently children are fine-tuning their speech production skillsthe other hand, abduct the folds before they begin closing the
past the age of 7 years. vocal tract whether they are producing words with voiceless
It is interesting to compare adults’ results Ov across  final stops in isolation or in sentences. While children are
contexts with the cross-linguistic data. In this study adultssomewhat restricted in the extent to which they open their
demonstrated exactly a 100-ms differenceDm for words  yocal tracts(i.e., lower their jaws when producing words
with voiceless and voiced final stops spoken in isolatios  with voiceless final stops in sentences, rather than in isola-
ing means across all voiceless and voiced tokembich is  tjon, this finding cannot completely account for the age-
what others have reported for English speakerg., Chen, related difference in patterns 6fLoff across contexts. After
1970; Crowther and Mann, 1984For words spoken in sen- reaching maximum jaw opening, adults apparently maintain
tences in this study, the voicing effect diminishes to 40 msstable jaw positions until they abduct their vocal folds, as
which is similar to differences reported for non-native En-Summerg1987) reported. Children begin to raise their jaws,
glish speakers producing English words in isolation or inand this effect is more pronounced for words spoken in sen-
short, consistent carrier phrasgsg., Crowther and Mann, tences rather than in isolation. This finding mandates revi-
1992; 1994; Flege, Munroe, and Skelton, 1992; Flege andion of the conclusion of Nittrougl 993 that by 3 years of
Port, 1981.% Presumably, in the natural, running speech thatage children have acquired mature patterns of jaw move-
non-native speakers customarily hear, the differenc®n  ments. At least for some syllable shapes, it appears that chil-
for words with voiced and voiceless final stops is closer todren as old as 7 years have not completely mastered mature
the 40 ms measured in this study for words in sentencegaw patterns. Thus, this finding is one specific example of the
Perhaps non-native English speakers imitate exactly whauggestion that the emergence of mature gestural patterns is
they hear. The question then becomes: Why do nativeot uniform, that instead children attain mature patterns for
English-speaking adults elongaf@v before voiced stops some word forms sooner than for othéesg., Greeret al,,
when producing words in isolation? That question is not an2000; Nittrouer, 1998
swerable with these data. Regarding variability,F1off was less variable for all
The results reported here do not agree with those o$peakers than wadv. The reason for this enhanced consis-
Krause(19823, who reported that young children showed atency may have to do with the fact tHav can be influenced
greater difference than adults ibv for words spoken in by several articulatory parameters, such as how rapidly or
isolation depending on the voicing of the final stop. Inslowly the opening gesture is made, how long any steady-
Krause’s study the mean difference between voicing condistate vocalic portion is, and when vocal-fold abduction oc-
tions was 97 ms for 6-year-olds and 60 ms for adults. Theurs. HoweverF1loff is determined only by the degree of
reason for this discrepancy in results, however, probably hagocal-tract openness at the time the vocal folds are abducted.
more to do with Krause’s findings for adults than with thoseApparently speakers tolerate some variability in the several
for children. Adults’ mearDv for words with voiceless stops parameters that affe@v, but execute the vocal-fold abduc-
was 209 ms in Krause’s study, considerably longer than thé&on gesture at a relatively stable point in the opening/closing
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gesture across tokens of each word. At the same time, thEhis could have shown up as greater tongue fronting in an-
finding of increased variability irF1off for children’s pro- ticipation of the alveolar stops iboot and booedin chil-

ductions of words with voiceless final stops indicates thadren’s than in adults’ samples. If present, the acoustic conse-
their coordination of vocal-fold abduction and jaw gesturesquence of this gestural pattern would have been a greater

for these words was particularly unstable. difference betweemr2centerfor buck/bugand F2centerfor
boot/booedin children’s than in adults’ samples. However,
C. Flcenter the degree of tongue fronting was similar for adults and chil-

The results of this study replicate those of Summersdren. At the same time, children were more variable in their

(1987: speakers open the vocal tract more for words Withattamment of~2centerthan adults were.

; . . . As was found withF1 measures, there was no effect of
voiceless, rather than voiced, final stops, and-%oenteris ) . . )
. : : ! ._shortened vocalic segments for words with voiced final stops
higher for words with voiceless final stops. Although this : . .
spoken in sentences, rather than in isolation, on F2 measures.

estural pattern was attenuated somewhat for children prqQ-". L
gucing w?)rds in sentences. it was nonetheless found IC;zgw_enherFZoff nor F2centershowed a significant context ef-
’ ' ect.

garding variability, it was found that adults more consistently In summary. several conclusions can be drawn from
achieved the sameélcenterthan they achieved the same hese anal sesy’First children as old as 7 years of age still
Floff. This finding indicates that adults were more consisten% raanize tr)(eir .esturés for the productions ):)f words c?iﬁ‘er-
in how they organized and produced vocal-tract gestureg 9 9 P )
: . ; ently from adults for some syllable shapes. Second, children
over the first part of the word than in how they did so over : : ; ; S
are generally more variable in their execution of linguistic

the latter portion of the word. Children did not always show . .

. . . o gestures than are adults. Overall, learning to coordinate the
this consistency in gestural organization for early word por‘various estures involved in oroducing sneech with aoproori-
tions. In particular, 7-year-olds showed greater variability for g b gsp pprop

Flcenterof words with voiceless, rather than voiced, final atgly timed e\{ents IS a d|ff|cglt task that extends well !nto
stops childhood. Third, the acoustic correlates of syllable-final

It is interesting that the context-related changes observef'c!Nd are attenuated som PTWhat. when words are.pr(.)du_ced
In sentences, rather than in isolation. In general, this finding

for the tempora(Dv) and spectralF1off andFlcentej mea- serves as a reminder that we must be careful about general-

sures are uncorrelated. That By was shorter for words izing results obtained for speech samples produced in isola-
spoken in sentences rather than in isolation, but primarily for 9 P pies p

words with voiced final stops. On the other hafdoff and tion to our understan_dlng of speech produced in na_tural con
) . , texts. A final conclusion to emerge from these data is that the
Flcenterdiffered across contexts for children’s samples, but . .
. . ) acoustic correlates of speech production are spread through-

only for words with voiceless final stops. Thus, the changesout the word. This finding highlights a fact long understood
in Dv associated with context did not affect spectral mea- ' g highlig g

sures. In articulatory terms this means that changes in vot-)y speech scientists, and yet frequently overlooked in appli-

calic durationper sedid not influence the articulatory ges- cations to technology and clinical work: there are no discrete

tures themselves, or the organization of these gestures. acoustic segments that correspond to linguistic units in the
speech stream.

D. F2off

Results forF2off reveal thatF2 frequency at voicing ACKNOWLEDGMENTS
offset can provide information regarding the voicing of
syllable-final consonants. For the words analyzed here, with ~ This work was supported by research Grant No. RO1
rising F2 at syllable offsetF2off was generally higher for DC00633 from the National Institute on Deafness and Other
voiced than for voiceless final stops. Although not reported, L£ommunication Disorders, the National Institutes of Health,
similar trend would be expected and was observed in casu#p Susan Nittrouer. The contributions of Lesley Larive and
inspection of words with falling=2 at syllable offset. For Tammy Mertes to the collection and analysis of these stimuli
example, across all speakéigoffwas 2687 Hz fofeetspo- ~ are gratefully acknowledged.
ken in isolation and 2461 Hz fdieed spoken in isolation.
Variability in children’s samples was similar fd¥2off and 'Because the me_thods _of acoustic a_nal_y_sis were so regimented th_ere could
FLoff(except that 7-year-olds showed variabilty comparable 51 S°TPUG1Y o STt el A2 g o ach exeerinener
to that of 5-year-olds in all conditions fdf20ff), but adults  across experimenters were identical. All indications were that experiment-
demonstrated decreased variability féRoff compared to  ers adhered to those procedures. Thus, inter-rater reliability was effectively
Fioff. Particularly for adults’ speeclr2off appears to pro- 1.0-

2 . . . )
. . . . ‘. . Although the alpha level of 0.05 is typically set, many investigators recog-
vide very reliable information about the voicing of the final nize the potential interest of “marginally” significant statistical tegts.,

stop. those withp values slightly above 0.05For that reason, all tests with
resultingp values of less than 0.10 will be reported throughout this paper.
E. F2center If an exactF- ort ratio is not given, it can be assumed that the value had an

associate of greater than 0.10.
One predicted finding that was not observed had to ddOne study(Flege and Port, 198did report voicing differences fabv in

with tongue gestures. It had been predicted that Ch"drensamples from English-speaking adults of just 40 ms. Interestingly, the
) carrier phrase in that stud{l say again to Bob’) was slightly

migh.t demonstrate greater synergy betweer.‘ tongue gesturgshger than others, which are commonly just three worgsg.,
required for vowel and consonant production than adults. Say again.”)
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