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Producing In! requires a lingual constriction to be formed and the velopharyngeal port (VPP) to be opened. This study examined
interarticulator timing in the speech of adults and children aged 5 and IO years. A new acoustic method was developed to
determine the time at which VPP opening began during vowels spoken in the context of 1dJ1J, and VPP closing reached
completion in vowels spoken in the context of IrLdI. Adults and children alike nasalized most of the vowels in the 1dJ1Jcontext.
This suggested that the children's speech was not more "segmental" than adults'. It suggested, further, that nasalizing vowels in
a ld.nI context is a natural speech process that need not be learned by young children. The children, like the adults, nasalized most
of the vowels spoken in the context of IrLdI. The lack of significant between-group differences, taken together with several other
findings of the study, is consistent with the view that the temporal domain of carry-over nasal coarticulation is determined largely
by the time needed to close the VPP (i.e, by inertial properties of the speech production mechanism).

Several recent acoustic studies have focused on the
question of whether the temporal domain of coarticulation is the same in the speech of children and adults
(Nittrouer,
1986; Repp, 1986; Turnbaugh,
Hoffman,
Daniloff, & Absher, 1985). The results of these studies,
which have examined the effect of vowels on the spectra
of preceding consonants, suggested that coarticulatory
effects are less prominent, or at least less consistent, in
the speech of adults than children. However, Sereno,
Baum, Marean & Lieberman (1987) showed a substantial
effect of the rounding feature of vowels (Ii! vs. lu/) on the
spectra of preceding consonants (lsl, It!) for 3 to 7 year-old
children as well as adults. Ohde (1983) noted comparable
effects of vowel identity (li,e/ vs. lu,o,o/) on the release
burst of preceding /kJ in the speech of adults and children
aged 8 to 9 years of age.
One aim of the present study was to determine whether
differences between adults and children existed in the
temporal extent of anticipatory nasal coarticulation. To
produce In!, the velopharyngeal port (VPP) must be open
during at least some part of the time the tongue forms a
constriction at the alveolar ridge. The VPP typically
begins opening at or near the onset of vowels in oral
consonant-vowel-nasal
consonant (CVN) words in the
speech of adults (Ohala, 1971; Parush & Ostry, 1986).
It is possible that VPP opening may begin closer to the
lingual constriction for In! in child than adult speech.
Kent (1983) suggested that children may be more likely
than adults to show "synchronous"
patterns of interarticulator timing in which the multiple gestures needed
for a phone coincide. Adapting a phone to the articulatory
features of an upcoming phone(s) might lead to greater
speed or efficiency (Lindblom, 1983), both of which are
regarded as indices of increased motor skill (Bruner,
1970) ..
In support of this, Thompson & Hixon (1979) found that
although 50% of adults showed nasal airflow at the midpoint of vowels preceding In!, only 14% of3 to 6 year-olds,
20% of 6 to 9 year-olds, and 43% of 9 to 12 year-olds did
I!:>
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so. This finding is consistent with the hypothesis that the
temporal domain of anticipatory nasal coarticulation increases with age. It suggests that the VPP timing patterns
of English-speaking
adults may be learned, a conclusion
consistent with the observation that the domain of anticipatory coarticulation is longer in English than in certain
other languages (Clumeck, 1976).
The apparent differences between age groups observed
by Thompson and Hixon (1979) may have derived from
differences in vowel duration, at least if the subjects
differing in age all began opening the VPP at a constant
time before In! (see Bell-Berti, 1980; Bell-Berti & Harris,
1979) and the younger children produced relatively long
vowels. To test the hypothesized increase with age in the
temporal domain of coarticulation
further, the present
study compared the duration of nasalization in vowels
spoken in CVN words by adults and children aged 5 and
10 years of age. To control for possible vowel duration
differences, vowel duration was used as a covariate in
ANOV As testing for between-groups
differences in the
duration of nasalization.
Another aim of this study was to determine whether
differences between adults and children exist in the
temporal domain of carry-over coarticulation. Adults may
not finish closing the VPP until near the end of vowels in
NVC words (Moll & Daniloff, 1971), but no previous
study has examined the temporal domain of carry-over
articulation in child speech. Carry-over coarticulation is
often regarded as arising primarily from "inertia" in the
speech production mechanism (Fowler, 1981; Sereno et
aI., 1987). If the temporal domain of carry-over coarticulation is determined by how long it takes to close the VPP
in a physiologically economical manner, then one would
not expect adult-child differences.l The second hypothe-

lSuch an expectation would not be warranted, of course, if the
most economical rate of VPP closing gestures were shown to
differ for children and adults, or if children required time to
discover the most economical rate of VPP closing.
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sis tested here was that the temporal extent of nasal
coarticulation in NVC words does not change with age.
Still another aim of this study was to compare the
temporal domain of anticipatory and carry-over coarticulation. No general consensus exists at present concerning
whether anticipatory coarticulation extends over longer
intervals than carry-over articulation (Bell-Berti & Harris,
1976; Fowler, 1981; Gay, 1977; Ohman, 1966; Parush,
Ostry, & Munhall, 1983). However, a "look ahead" model
of coarticulation (e.g., Daniloff & Moll, 1968) leads to the
expectation that a greater portion of vowels will be
nasalized in the context of Id.n/ than l11-dl. According to
look ahead models, vowels take on the specification for
the nasal feature of the first upcoming phonetic segment
for which the nasal feature is specified. The velum seems
to close more rapidly than it opens (Horiguchi & BellBerti, 1986; Kuehn, 1976) (but cf. Bjork, 1961). If Vpp
opening and closing begin near the onset of vowels in
CVN and NVC words, respectively, then the temporal
domain of anticipatory coarticulation should exceed that
of carry-over coarticulation.
The prediction generated by a look ahead model is
consistent with a finding reported by Clumeck (1976) (cf.
Ohala, 1971). He observed that a native English adult
began lowering the velum sooner (144 ms) before a
word-final nasal consonant than he finished raising the
velum (60 ms) after a word-initial nasal consonant. The
present study provided a further test of the hypothesis
that a larger portion of vowels are nasalized in CVN than
NVC words.
Finally, the study provided a means for testing a hypothesis concerning interarticulator timing in IdVn! and
InVdI syllables. The subjects in the three age groups
produced the test syllables at a normal and fast speaking
rate. If VPP opening and closing gestures are timed to
occur at a relatively constant time with respect to constriction for In!, then the absolute duration of nasalization
should remain constant at a fast compared to normal
speaking rate, but percentage of nasalization at a fast rate
of speech should increase owing to the shortening of
vowels.

METHOD
Subjects
The subjects were recruited through an ad placed in
the university newspaper. Those selected were all monolingual native speakers of American English with normal
hearing and a normal history of speech development
according to self-report (or that of their mother). The
subjects all lived in Birmingham, Alabama and had, with
but few exceptions, been born and raised there. Three
groups of 10 subjects each were formed. Subjects in the
5-year-old group (4 boys, 6 girls) had a mean age of 5.95
years (SD = 0.5), subjects in the 1O-year-old group (6
boys, 4 girls) had a mean age of 10.9 years (SD = 0.7), and
subjects in the adult group (all women) had a mean age of
34.8 years (SD = 3.3).
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Mother-child pairs were used to help ensure dialectal
homogeneity.2 Each adult subject had one or two children participating in the study.

Procedures
The six test syllables were formed by inserting Itl, Iii
and lul into the following consonant contexts: IrLd/, 111-n!,
l11-d/, Id.n/. Only high vowels were used because pilot
work revealed that the acoustic method used to infer the
onset and offset of changes in the VPP (see below)
worked much better for high than low vowels. The
subjects were given ample practice producing the test
syllables in the carrier phrase "A half _ for Sam" prior to
the experiment because three of the test syllables (lnin!,
InIn!, InIdI) do not occur in English. The test syllables
were flanked by voiceless fricatives (IfI) in the carrier
phrase to ensure the VPP would be in constant position
(closed, or very nearly closed) before and after the test
syllables.
Vowels spoken in the context of IrLdl and 111-n!were
examined to assess the subjects' velopharyngeal functioning and to help validate the acoustic method used to
measure the duration of nasalization in vowels spoken in
the context of In!. The VPP may not close completely
during vowels in a IrLdI context, but its size is typically
much smaller in the context of 111-n!than IrLdI (Bell-Berti,
Henderson, & Honda, 1981; Moll, 1962; Ushijima &
Sawashima, 1972). It is uncertain whether children and
adults differ in general VPP functioning (Bjork, 1961;
McKerns & Bzoch, 1970; Mourino & Weinberg, 1976;
Simpson & Colton, 1980). One would nevertheless expect
children as well as adults to produce vowels in the
context of 111-n!with greater average nasalance (see below) than vowels in a IrLdI context.
The data were gathered in a single session lasting less
than 45 min. Ten successive repetitions of each of the six
syllable types were cued by presenting at regular intervals a 3 x 5 inch card with one of the syllables written on
it. The order of vowels and consonantal contexts was
counterbalanced
across subjects. Several 5-year-olds who
could not read had to be told the CVC syllable written on
the cards.
The subjects produced the utterances in the same order
at a fast speaking rate after producing them at a normal
rate. To help the subjects follow the instruction to speak
more rapidly than normal, the experimenter raised the
cue cards more rapidly in the normal than fast-rate condition and gave regular prompts (e.g., "go fast now")
between utterances. Some subjects omitted the indefinite
article "a" from the carrier phrase at the fast rate but none
seemed (to the author) to omit phonetic segments from
the CVC test syllables. The children received a small
2This should increase the generalizability
of the results obtained here. It should be noted that the urban speech of Birmingham is not a "lazy velum" dialect in which the VPP remains
relatively open during a wide range of nasal and nonnasal
phonetic segments.
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FIGURE 1. Schematic diagram of the matched circuits used to condition the outputs of a matched
pair of directional mic'rophones positioned on opposite sides of an aluminum plate.

monetary reward immediately after producing the 10
utterances in each of the 12 (6 syllable types x 2 speaking
rates) blocks.

Instrumentation
A review of existing methods indicated the need to
develop a new technique with which to examine the
timing, of VPP opening and closing gestures. Neither
x rays nor a nasal catheter can be used judiciously in
experiments involving children. The hydrokinetic formula has been used successfully to estimate VPP size
(Lubker, 1969; Lubker & Moll, 1965; Moon & Weinberg,
1985; Warren, Dalston, Trier, & Holder, 1985), and might
be adapted to a study of interarticulator timing. It was not
used here, however, because it is relatively intrusive and
could potentially affect VPP timing, especially in children.
The difficulty in detecting reliably the temporal onset
or offset of nasality in vowels through an examination of
spectral changes is well known (d. Warren, 1975). Even if
a method 'could pe developed for detecting the onset/offset of a nasal formant or some other acoustic manifestation
of nasality in a vowel (see below), it is likely that the
method could not be generalized to other vowels, or
extended to talkers differing in age or gender.
Stev~ns and his colleagues (Stevens, Kalikow, & Willemain, 1975; Stevens, Nickerson, Boothroyd & Rollins,
1976) used an acoustic method to determine the onset of
nasalization in vowels. They showed that the onset of
nasal cavity resonance could be located accurately by
monitoring the output of an accelerometer attached to the
nares. Others (e.g., Horii, 1983) improved on this method
by using a ratio of the signal intensities transduced by

accelerometers
placed on the nares and larynx. This
controls for variations in vocal effort level.
An acoustic technique was also used in the experiment
reported here. The degree of oral-nasal coupling was
estimated by calculating nasalance, a ratio of sound intensity radiated at the lips and nares, according to Fletcher's (1976) formula:
Nasalance = [oral intensity/(oral + nasal)] 100
The average nasalance scores obtained for words and
sentences are correlated with auditory judgments of the
degree of perceived nasality because nasalance varies
according to the degree of acoustic coupling of the oral
and nasal cavities (Dalston & Warren, 1986; Fletcher,
1976; see also Horii, 1983; and Redenbaugh
& Reich,
1985, for a related technique). Degree of acoustic coupling varies, albeit not necessarily in a linear manner,
according to VPP orifice size. It may also be influenced by
the degree of impedance of the nasal cavity, and the
time-varying impedance of the oral cavity.
A pair of small, highly directional microphones (Shure,
Model SM lOA) were positioned in front of tJIe nares and
mouth as illustrated in Figure 1. Cross-talk between the
oral and nasal channels was reduced by about 11 dB by
placing an aluminum plate (approximate dimensions: 0.4
x 10 x 12 cm) between the two microphones.3 The

3The extent to which the plate reduced cross-talk between the
oral and nasal channels was estimated in the following way. A
white noise was emitted from an earphone placed in a piece of
foam simulating a human head. The oral and nasal microphones
were positioned with reference to the earphone in a way that
corresponded to their positioning with reference to the mouth
during data acquisition. Two-channel recordings were made of
the noise with the plate present, and again after its removal. Threesecond noise segments transduced by the oral and nasal micro-
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FIGURE 2. An adult female's production of oral (0) and nasal (N) intervals in sustained Iii. The
top two panels show the intensity, in volts, of the nasal (Vo) and oral (Vo) microphone signals, the
third panel shows misalance (Nas), an·d the bottom panel displays the output of 32 channel
filterbank. These data were sampled at 100 Hz.

plate's curved edge was held against the prolabium by
adjustable straps. The microphones were held by cantilevers at a distance of 2 mm from the plate. The nasal
microphone was positioned 5 mm anterior to the nares.
The oral microphone was positioned 5 mm anterior to the
corner of the mouth.
The signals transduced by the two microphones were
conditioned by matched Circuits. After preamplification
using the left and right chanriels of a BIG (Model T4M)
tape recorder, the signals were further amplified by fixed
lOx voltage amplifiers with flat (to within 3 dB) responses
up to 10 kHz. The amplified signals were then passed to
rms-to-dc converters (Analog Devices, Model AD536).
The external capacitors chosen for use with these circuits
yielded a time constant (2.5 ms) that permitted variations
in signal intensity to be followed as rapidly as possible
without resolving individual glottal pulses. During data
acquisition; the DC signals from the oral and nasal channels were digitized with 16-bit amplitude resolution at
200 Hz and stored on disk, along with the output of a
32-channel filter bank.
. CaliQiationw"as performed individually. for each subject. The gain of the nasaf cha~nel preamplifier was

adjusted to give a throughput of 6 volts (+1- 0.5 volt)
during multiple productions of the In! in "A half Inisl for
Sam." Nasalance was expected to be relatively great in
the In! because VPP orifice size is usually large, and oral
airflow is normally blocked by lingual-palatal constriction. The oral channel preamplifier was adjusted to give a
6-volt throughput c:luring multiple productions of the Iii in
"a half Isisl for SalT!." Nasalance was expected to be
relatively low in the Iii because of the small VPP orifice
size associated with Iii spoken in the context of Is_s/.
Figure 2 illustrates the rapid changes in nasalance that
occurred as an adult female talker opened and closed the
VPP rapidly during a sustained production of Iii. The two
top panels display the intensity, in volts, of the signals
picked up by the nasal and oral microphones (Vn and Vo,
respectively).
The third panel displays the nasalance
scores derived from Vn and Vo. The bottom panel is a
digital sound spectrogram derived from the filter bank.
Figure 2 shows that nasalance varied between two
relatively discrete levels (about 20 and 50). An additional
"nasal formant" can be seen at· the frequency of the
lowest bandpass filter (200-310 Hz) during the nasalized
but not the non nasalized intervals in the vowel.

phones were digitized, and average RMS intensity calculated.
The nasal signal was 17.1 dB less than the oral signal (55.1 dB)
when the plate was present; but only 6.1 dB less than the oral
signal (51.6 dB) when the plate ·was removed. The absolute level
of the oral signal was greater with than without the plate (55.1 vs.
51.5 dB) because the plate reflected some of the signal emitted
by the earphone back to the oral microphone:
.

Segmentation
Segmentation was performed by an assistant who was
unaware of the hypotheses being tested. Data displays
such as the ones seen in Figure 3 Were examined from the
screen of a high-resolution graphics terminal (Tektroniks
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Production by an adult female of "a half Ididl for Sam"
(top) and "a half lnin! for Sam" (bottom). The top two panels in
each half show the intensitY, in volts, of the nasal (Vo) and oral
(Vo) microphones. Nasalance ("Na~") is shown in the third panel.
The vowel po'rtion in Idid! (top) and Inin! (bottom) is designated

FIGURE 4. Production of "a half Idid! for Sam" (top) and "a half
Inidl for Sam" (bottom). The top two panels show the intensity, in
volts, of the nasal (V 0) and oral (V 0) microphones; the dimension-

"v."

less nasalance score (Nas) is shown in the third panel. The vowel
portion in Idin! (top) and Inidi (bottom) is designated "v"; and the
portion of the vowel that was nasalized is designated "np." ..

4012). The vowel interval ("v") extended from the release
of the initial consonant, defined by the sudden increase in
oral channel intensity, to constriction of the final consonant, defined by a rapid increase in nasalance and/or a
marked decrease in oral channel intensity. Note that
nasalance averaged about 18 for the vowel in IdidJ (top),
and about 60 for the vowel in Inin! (bottom).
Figure 4 illustrates the procedures usel:! to define the
nasalized portion of vowels ("np"). Na'salance remained
nearly constant at about 10 for the first one-third of the
vowel, then rose rapidly to about 75. The nasalized
portion of the vowel in the Idin! token shown in Figure 4
(top) extended from the rapid increase in nasalance that
was inferred to have occurred at the onset of VPP opening, to constrictic)ll of the final consonant (as defined
earlier).
One potential problem connected with using a change
in nasalance to mark the onset of VPP opening is that
nasalance may vary as the result of changes in oral cavity
impedance. Figure 3 shows that nasalance increased

slowly in vowels spoken in the contexts of Id...dl and Ill-n!.
This may have occurred because VPP orifice size i!1creased, lingual constriction became tighter, or both.
These slow increases in nasalance did not pose a serious
segmentation problem, however, because the nasahince
changes that accompanied VPP opening were more substantial and abrupt.
Previous work (e.g., Ohala, 1971) has demonstrated that
VPP opening sometimes begins before the 0Ilset of vowels in CVN words. A relatively constant, low level of
nasalance was not evident prior to a rapid nasalance
increase in approximately 7% of the vowels spoken in the
Id...n! context. In these instances, VPP lowering was inferred to have occurred prior to vowel onset, and the
duration of nasalization was equated with vowel duration.
This procedure is likely to have underestimated
the
actual duration of the interv~l between onset of VPP
opening and lingual constriction for the syllable-~nal In!.
Fortunately, the percentage of sucp' "fully nasalized"

FIGURE 3.
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vowels spoken by subjects in the three groups did not
TABLE 1. The mean average nasalance of vowels spoken at two
differ significantly (see below).
rates. The means are based on 10 individual subject means for all
three age groups; intersubject standard deviations are in parenFigure 4 (bottom) illustrates how the nasalized portion
theses.
of vowels in the In..dJ context were segmented. Nasalance
decreased slowly and continuously through most of the
17
M
20
16
21
17
57
56
63
58
59
18
19
61
58
57
19
61
59
60
18
Context: l<ldl
5-yr
57
21
17(12)
59(13)
61(11)
16
55
20
60(11)
19
22
60
18
17
16
716
(9)
(6)
(8)
(9)
(9)
(8)
(5)
(7)
65(10)
59(10)
19(13)
62
60
17
58(12)
58
18
57(11)
56
63
64
(7)
(5)
(6)
(4)
(8)
(4)
lO-yr
(6)
15(10)
vowel in InidJ before
reaching
relatively normal
stable, low Adults
fast
M
normal
M normal
fast
Ma fast
fast
Context: IrLnI
level of about 20 nearnormal
the vowel's end. The nasalized
portion was defined as extending from vowel onset to the
end of the decrease in nasalance, which was inferred to
Iii
have occurred when VPP closing reached completion.
Nasalance did not reach a constant, low level at the end of
lul
the vowel in approximately 33% of the InVdJ syllables
examined. In these instances, VPP closing was inferred to
have occurred after vowel offset. The duration of nasalization was equated to overall vowel duration, which is
III
likely to have underestimated the interval between reIii
lease of In! constriction and the physiologically defined
completion of VPP closing.
Iul
Measurement reliability was estimated using the testretest approach. An assistant measured the duration of
vowels and vowel nasalization in 10 tokens of dune, nude,
and din spoken by a randomly selected adult subject. The
same measures were made the next day by the assistant.
The average unsigned differences in segment durations
served as within-subject factors. Missing values were
were 2.3 ms (SD = 5.8) for the "v" intervals, and 5.1 ms
replaced using a cell averaging technique (Timm, 1970).
(SD = 8.0) for the "np" intervals. The author also meaA pooled error term was not used in this or subsequent
sured the selected intervals. His measurements differed
ANOVAs because F-max tests revealed that the factors
from those of the assistant by an average of 2.1 ms (SD =
and their interactions frequently did not have homoge4.3) for the "v" intervals, and 4.2 ms (SD = 4.6) for the
neous error variances. Significant interactions were ex"np" intervals.
plored by tests of simple main effects and simple simple
main effects, as necessary. Significant effects of the Group
and Vowel factors were further explored using the NewData Analyses
man-Keuls test. An alpha level of 0.05 was used as the
per-experiment error rate.
Vowel duration and the duration of nasalization was
The same procedures were used to test for betweencalculated by multiplying the number of samples within
group differences in vowels spoken in the IrLnI and In..dJ
the "v" and "np" intervals by 5 ms. Percentage of nasalcontexts. The dependent variables examined in these
ization was computed by dividing the duration of nasalANOVAs were vowel duration, average nasalance, duraization by total vowel duration, then multiplying by 100.
tion of the nasalized portion of vowels, and percentage of
The average nasalance of vowels was calculated by comnasalization. A total of 14 (3.9%) mean values were
puting the mean of the nasalance values in all samples
missing because fewer than three tokens were available.
within the vowel interval. The percentage of "fully naOf these, four were for 10-year-olds and ten were for
salized" vowels was calculated for vowels spoken in the
5-year-olds. The frequency with which subjects fully
IrLn! and In..dJ contexts by determining how often the
nasalized vowels in the In..dl and IrLnI contexts were
duration of nasalization was equated with vowel duration.
analyzed using a nonparametric analyses of variance
Mean values were calculated from each subject's mul(Kruskal-Wallis).
tiple productions. The mean nasalance of Iii, III, and lul in
the IrLdJ and In..n! contexts was based on the first eight
tokens to which the segmentation criteria could be apRESULTS
plied. In no instance was a mean value based 'on fewer
than three tokens. Five (1.4%) values (one each for two
Nasalance in the kLd/ and /llJI/ Contexts
lO-year-olds and three 5-year-olds) were declared missing. The missing data resulted primarily from decreases
in level of vocal effort. Signal intensity was never readThe mean nasalance in vowels spoken in the contexts
justed following calibration, nor were the children who
of IrLdl and In..n! is presented as a function of vowel and
began talking softly urged to speak more loudly.
speaking rate in Table 1. Nasalance was Significantly
The 360 mean nasalance values (3 groups x 10 subjects
higher in the context of In..n/ than IrLd/ (59 vs. 18) [F(1,27)
x 3 vowels x 2 utterances x 2 speaking rates) were
= 1056]. There was little overall difference in nasalance
submitted to a four-way ANOVA in which Vowel, Consobetween the adults, lO-year-olds, and 5-year-olds (39, 38,
nant Context (lrLdl versus In..nI) and Speaking Rate all
and 39, respectively). This is hardly surprising given that
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65
58
25
13
38
645
79
4(10)
4034%
4096%
50
4638
94058%
987
010
429
14
339
8646
67
4650
19
11%
46
17
8%
6%
525
18%
75
113
4%
10%
92
13
54
Adult
5425
17
4617
754
37
71
17
82
27
842%
083
25
38
836%
57
67
29
14
27
733%
040
021
Adult
Fast rate
56048(5)
(12)
(23)
(14)
(11)
(21)
(29)
(6)
(35)
(12)
5-yr
lO-yr
(26)
TABLE2.
The
percentage of vowels
spoken in the context of In..dl
l rate data
at
andtwo
IlLn/
that 1O-year-oldhas
were
Each fully
percentage
nasalized
is based
by
subjects
on 24(see
inobservations.
three
The
forrates.
one
been
excluded
text).age groups
Context: In..d/

M normal
fast
normal M fast

normal
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TABLE3. The mean duration (in ms) of vowels spoken at two
rates. The means are based on 10 individual subject means for
the adults and 5-year-olds, and 9 for the 10-year-olds.
Intersubject standard deviations are in parentheses.

Context: In..d!
Adults

M
283
271
222
192
250
198
218
186
169
301
262
244
291
290
185
257
269
274
234
166
188
152
253
229(32)
278(56)
248(32)
272(59)
280(36)
204(25)
5-yr
158(29)
159(23)
232(19)
221(63)
166(45)
200(50)
159(34)
256(53)
263(41)
279(36)
171(20)
250(35)
180(27)
203(44)
313(64)
311(61)
209(24)
185(39)
291(48)
268(.'33)
266(62)
261(51)
277(64)
233(57)
139(29)
181(32)
288(53)
226(50)
242(48)
254(46)
lO-yr

Context: IILn/

nOlmal

III

Iii
lul

III

Iii
lu!

the device was calibrated individually for each subject
prior to data acquisition. Neither the main effect of
Group, nor any interaction involving Group, reached
significance. Nasalance was significantly higher for IiI (41)
than for lut (38) or !II (36). Nasalance at the normal and fast
rates (38 vs. 39) did not differ significantly.
One 10-year-old boy showed a much smaller nasalance
difference (viz. 14) between vowels spoken in the IcLdl
and In..n! contexts than did any other adult or child. For
him, nasalance was much lower than average in the In..n!
context and considerably higher than average in the IcLd/
context. This child may have differentiated Idl and In! less
according to VPP orifice size than did the other subjects,
perhaps due to a structural or acquired functional abnormality in VPP functioning. As a precaution, therefore, his
data have been excluded from the subsequent analyses.

Vowels in the

Id..n/

and

IfLdJ

Contexts

Percentage
of fully
nasalized
vowels. The mean frequencies with which the subjects in each group fully
nasalized vowels in the In..d/ and 1cLn/ contexts are presented in Table 2. Relatively few vowels in the 1cLn/
context were fully nasalized at the normal and fast speaking rates (6% and 7%, respectively). Averaged across
rates, there was little difference between the adults, 10-

year-olds, and 5-year-olds (8%, 4% and 7%, respectively)
in the frequency of fully nasalized vowels in the IcLn!
context. No between-group
difference was significant at
either rate.
More vowels were fully nasalized in the In..dl than 1cLn/
context. The effect of Group was nonsignificant for vowels spoken in the context of In..dl at the normal rate [H(29)
= 2.63], but significant at the fast rate [H(29) = 4.67]. At
the fast rate, the adults fully nasalized significantly more
vowels in the In..d/ context than did the 5-year-olds (58%
vs. 33%), but did not differ from the 1O-year-olds (42%).
The difference between the 1O-year-olds and 5-year-olds
was nonsignificant.
Vowel duration.
Table 3 presents the mean duration of
vowels in the two contexts. Averaged across vowels and
rates, vowel duration was significantly longer in the
context of IcLn! than In..dl (248 vs. 216 ms) [F(1,26) =
143.4]. The Group x Rate interaction reached significance because the 5-year-olds showed a smaller difference between normal and fast-rate vowels (272 vs. 234
ms) than did the 1O-year-olds (257 vs. 184 ms) or adults
(277 vs. 168 ms) [F(2,26) = 107.2]. The effect of Group
was significant at the fast but not at the normal speaking
rate. Post-hoc tests showed that, at the fast rate, the
5-year-olds' vowels were significantly longer than were
the adults' and 1O-year-olds'.
Duration
of nasalization.
Table 4 presents the mean
duration of vowel nasalization. Averaged across vowels
and rates, the duration of nasalization produced in the
1<Ln! context by adults, 1O-year-olds, and 5-year-olds differed little (199, 173, and 198 ms, respectively). There
was also little difference between the adults, 1O-yearolds, and 5-year-olds for vowels spoken in the In..d/
context (172, 166 and 180 ms, respectively).
To explore the significant four-way interaction yielded
by the ANOV A [F(4,52) = 2.65], the effect of Group was
tested for all 12 Vowel x Rate x Consonant Context
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TABLE4. The mean duration (in ms) of the nasalization in vowels
TABLE 6. The mean percentage of vowels nasalized at two
speaking rates. Intersubject standard deviations are in parenthespoken at two rates. The means are based on 10 individual
ses.
subject means for the adults and 5-year-olds, and 9 subject means
for the 10-year-olds. Intersubject standard deviations are in
parentheses.
74
M77
72
73
79
Context: IrLnI
87
81
75
85
76
73
81
92
81
79
75
83
86
79(12)
68(14)
66(11)
77(10)
5-yr
70(19)
79(18)
87(14)
67(17)
83(13)
86(12)
82(10)
92(13)
93(11)
(9)
79(11)
76(12)
73(16)
77(12)
81
(9)
80
81(12)
88(12)
77(16)
76(14)
89
88(18)
79(18)
lO-yr
80
75(13)
82
74(10)
84
80(11)
77(13)
(7)
(8)
(7)
M fast
M normal
normal
Adults
Context: Ill.-dl
fast
179
145
148normal
III
Iii
lut
Iii M
lut
111
201
189
174
144
187
216
159
218
170
232
158
192
140
198
246
Context: IrLnI
204
138
246(71)
147(36)
147(28)
202(25)
148(28)
181(48)
151(30)
178(46)
236(67)
222(41)
190(43)
254(73)
165(46)
144(32)
157(35)
185(34)
146(30)
183(44)
231(54)
210(49)
190(56)
184(45)
5-yr
193(41)
187(36)
157(37)
177(63)
185(49)
193(73)
175(47)
127(38)
199(53)
201(35)
224(48)
123(25)
lO-yr
132(57)
139(43)
L

Adults

111

Iii
lut

II!
Iii
lut

combinations. The effect of Group never reached significance. (Given the large number of tests, a probability of
less than .003 would be needed to meet the per-experiment error rate of .05.) To control for variations in vowel
duration, a second series of 12 ANOV As was performed in
which vowel duration served as a covariate. As summarized in Table 5, the effect of Group was never significant.
Not surprisingly, the duration of nasalization was
shorter in vowels spoken at the fast than at the normal rate
(155 vs. 208 ms). The Group X Rate interaction was
significant because the 5-year-olds showed less shortening of nasalization at the fast compared to normal rate (176
vs. 202 ms) than did the lO-year-olds (145 vs. 194 ms) or
adults (143 vs. 225 ms) [F(2,26) = 9.31]. The effect of
TABLE5. The results of one-way analyses of covariance examining the effect of Subject Group on the duration of nasalization.

Fnormal
0.23
2.74
2.37
2.04
MS
0.04
0.41
0.87
1.90
1.89
5.12
1.78
247
0.55
Rate
721
846
787
361
16
352
2,040
1,290
2,432
4,567
1,670

Context: IdJtJ

p'

-d1

.014
.083
.170
.172
.150
.113

.188

Note. There were 2,25 degrees of freedom for all tests because
the data for one subject was excluded (see text).
'A p-value of .003 is needed for a per-experiment error rate of .05.

Group was significant at the fast but not at the normal
rate. Post-hoc tests showed that, at the fast rate, nasalization was significantly longer in the 5-year-olds' vowels
than in the lO-year-olds' or adults'.
The duration of nasalization was longer on average in Iii
than in Iu/ or III (190, 182, and 173 ms, respectively). It
was slightly longer in the context of ld.nI than IrLd/ (190
vs. 173 ms). The Context x Rate interaction was significant because nasalization was longer in the ld.nI than IrLd/
context at the normal (222 vs. 193 ms) but not fast
speaking rate (158 vs. 152 ms) [F(I,26) = 8.15]. Nasalization was significantly l~nger at the normal than fast
speaking rate in both consonant contexts.
Percent nasalization.
Mean percentage of nasalization
scores are presented in Table 6. Averaged across speaking rates and vowels, there was a slight decrease with age
in percentage of nasalization for vowels spoken in the
IrLd/ context: adults (87%), lO-year-olds (81 %), 5-year-olds
(77%). In the context of ld.nI, the adults nasalized a
somewhat larger percentage of vowels than did the 10year-olds or 5-year-olds (80% vs. 74% and 74%, respectively).
The effect of Group [F(2,26) = 3.55] but not the Group
x Context interaction was significant. Post-hoc comparisons revealed that, averaged across the two contexts, the
adults nasalized a significantly greater percentage
of
vowels than did the 5-year-olds (84% vs. 76%) but did not
differ significantly from the lO-year-olds (77%).
Percentage of nasalization was greater in the context of
IrLd/ than Id.nl (82% vs. 76%), and greater at the fast than
normal rate (81% vs. 77%). A significant Context x Rate
interaction was obtained because percentage of nasalization in the Id.nI and IrLd/ contexts did not differ significantly at the normal rate (77% in both instances) but was
significantly smaller in the ld.nI than IrLd/ context at the
fast rate (75% vs. 86%) [F(1,26) = 20.6]. Percent of
nasalization was not significantly greater at the fast than
normal rate for vowels spoken in the Id.nI context. For
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44
40
37
38
42
40
41
38
43
M
48
42
45
46
46
44
46
41(10)
39
44
43(12)
49
42(10)
37(11)
45(11)
41(12)
48(10)
45
51
44
41
37(10)
45-yr
83 42
(7)
(9)
(8)
(3)
(7)
(9)
(8)
(4)
(6)
45
38(13)
43(11)
38(12)
44(11)
38
TABLE 7. nonnal
Mean
lO-yr
average nasalance in vowels spoken in the
IrLd/context
Id..nIin and
IrLd/ at two rates. 1ntersubject
standard
deviationsof are
parentheses.
Context:
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than Iu/ than III. In the context of ID-d/, nasalance was
significantly greater in Iii than Iu/ or !II.

Id..nI

DISCUSSION

vowels in the ID-d/ context, percent nasalization was
significantly greater at the fast than normal rate.
There was little overall difference in percentage of
nasalization in Iii, III, and Iu/ (80%, 80% and 77%, respectively). A significant Vowel x Rate interaction was obtained because the difference in percent of nasalization
observed at the normal and fast rates was greater for lul
(74% vs. 80%) than Iii (78% vs. 82%) or than III (80% at
both rates) [F(2,52) = 7.46]. The effect of Rate was
significant at the normal but not fast rate. At the normal
rate, percent of nasalization was significantly smaller for
lul than for Iii or III.
Average nasalance. The mean average nasalance in
vowels is presented in Table 7. There was little overall
difference in nasalance between the adults, lO-year-olds,
and 5-year-olds (44, 41, 43). Neither the main effect of
Group nor any interaction involving this factor reached
significance. A Context x Rate interaction was obtained
because nasalance was significantly greater in the 1dJt/
than ID-d/ context at the normal rate (45 vs. 40) but not the
fast rate (41 vs. 44) [F(I,26) = 26.2]. Nasalance was
significantly greater at the fast than normal rate in the
ID-dl context, but significantly less at the fast than normal
rate in the 1dJt/ context.
A significant Vowel x Rate interaction was obtained
because nasalance differed significantly at the normal and
fast rates for Iu/ (41 vs. 44) but not !II (41 vs. 40) or Iii (46
vs. 45) [F(2,52) = 3.79]. The effect of Vowel was significant at both speaking rates. At the normal rate, nasalance
was significantly greater in Iii than lul or III. At the fast
rate, Iii and Iu/ had significantly higher nasalance than III.
A Context x Vowel interaction was obtained because of
the greater differences between !II, Iii, and lul in tlle
context of 1d-n!(40,47, and 43, respectively) than ID-d/ (41,
45, and 41, respectively) [F(2,52) = 4.10]. The effect of
Context was nonsignificant for all three vowels, but the
Vowel effect was significant in both contexts. In the
context of 1dJt/, nasalance was significantly greater in Iii

This study made use of a new acoustic method to
estimate what portion of vowels adjacent to In! were
nasalized. The subjects in all tl1ree age groups began
opening the VPP long before the lingual constriction for
word-final In!. No significant differences were found to
exist between groups for vowels spoken in the Id-n!
context. Averaged across tl1ethree vowels, the duration of
nasalization observed for the adults, lO-year-olds, and
5-year-olds rate differed little for speech produced at a
normal rate (246, 201, and 218 ms, respectively) or at a fast
rate (148, 145, 179 ms).
This finding is not consistent with Kent's (1983) hypothesis that children may show a more nearly synchronous (or "segmental") pattern of interarticulator timing
than adults. It appears to diverge from the results obtained by Thompson and Hixon (1979), which suggested
that the temporal domain of anticipatory nasal coarticulation increases with age. The difference between the two
studies may have been due to the methods used. Whereas
the percentage of vowels showing nasal airflow at the
midpoint of the vowel was tabulated in the Thompson
and Hixon study, tl1e duration of nasalization was measured in the present study.
The lack of a significant difference between children
and adults is consistent with the view that anticipatory
nasal coarticulation is a "natural" speech process
(Donegan, 1986; Nathan, 1983). Perhaps talkers of all
ages begin opening the VPP near the onset of vowels in
the Id-n! context because doing so requires less effort than
opening the VPP rapidly soon before the lingual constriction for final In!. This "ease of articulation" hypothesis
could be tested by examining the speech of children
learning a language in which the temporal domain of
anticipatory coarticulation is shorter than it is in English
(say about 100 ms; see Clumeck, 1976). If the hypothesis
is correct, then the duration of nasalization should decrease with age. This is the opposite of what one would
expect if articulation became increasingly less "segmental" with age.
The conclusion that the domain of anticipatory
coarticulation does not increase with age needs to be
qualified. A developmental effect might conceivably be
observed in children younger than 5 years of age. It
would be interesting to use the noninvasive acoustic
technique used here to examine the speech of children
just beginning to produce recognizable nasal consonants
in word-final position. Perhaps they would show the
"synchronous" interarticulator timing pattern hypothesized by Kent (1983).
The results of tl1isstudy was consistent with the finding
by Sereno et al. (1987) that vowel identity exerts an
important influence on the spectra of preceding consonants for young children as well as adults (see also Ohde,
1983). They appear to diverge from the results of other
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acoustic studies that have suggested that vowel effects on
the spectra of preceding consonants are more prominent,
or at least more consistent, in the speech of children than
adults (Nittrouer, 1986; Repp, 1986; Turnbaugh, et aI.,
1985), and from Repp's (1986) finding that in producing
schwa, an adults showed more anticipation of upcoming
stressed vowels than did children.
It should be noted that whereas the studies just mentioned examined the acoustic effects of anticipatory lingual coarticulation, the present study examined the time
at which the VPP began to open with respect to lingual
constriction for word-final In!. Repp (1986) noted that the
various "coarticulatory" effects examined in previous
research may have "diverse origins" and hence have
"different roles in speech development" (p. 1618). It
would be premature to draw a general conclusion concerning the nature of anticipatory coarticulation or its
development from this or other studies. Further research
is clearly needed.
Another important finding pertained to the duration of
nasalization in vowels spoken in the context of IfLd/. The
mean values observed for the adults, lO-year-olds, and
5-year-olds at the normal rate (204, 187, and 187 ms,
respectively) and fast rate (138, 144, and 174 ms) did not
differ significantly. This is consistent with the belief that
the temporal extent of carry-over coarticulation is determined largely by inertial properties of the speech production mechanism, and that children do not need more time
than adults to close the VPP after release of In! constriction.
The data presented here are not consistent with the
predictions generated by "look ahead" models of nasal
coarticulation (e.g., Daniloff & Moll, 1968). Because feature specifications would be assigned prior to phonetic
implementation, one would expect VPP opening to begin
at the onset of vowels spoken in the context of Id..n!, and
VPP closing to begin at the onset of vowels spoken in the
context of IfLd/. However, 93% of vowels were not fully
nasalized in the Id..n/ context, and approximately 33% of
vowels were fully nasalized in the IfLd/ context.
A look ahead model leads to the expectation that
vowels will be nasalized to a greater extent in the context
of Id..n! than IfLd/. In fact, the duration of nasalization was
significantly greater for vowels spoken at a normal rate in
the Id..n! than IfLd/ context. However, the difference was
not significant at the fast rate. Contrary to expectation,
percentage nasalization was not greater in the Id..n! than
in the IfLdl context at the normal rate, and it was actually
less in the Id..n! than in the IfLdl context at the fast rate.
Average nasalance (see Methods) was significantly
greater for vowels spoken at a normal rate in the context
of Id..n! than IfLdl (45 vs. 40). This difference was probably
due to differences in degree of oral-nasal coupling, for
percentage of nasalization for vowels in the Id..n! and IfLdl
contexts did not differ significantly. This conclusion is
consistent with studies showing that the velum is lower
in vowels that precede than follow a nasal consonant
(Bell-Berti et aI., 1981; Henderson, 1984; Moll, 1962;
Ushijima & Sawashima, 1972). Average nasalance was
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nonsignificantly smaller for fast-rate vowels in the context
of Id..nI than IfLdl (41 vs. 44). It is uncertain whether the
small nasalance difference seen at the fast rate was due to
differences in percentage of nasalization (75% for Id..n! vs.
86% for IfLd/), differences in degree of oral nasal-coupling, or both.
Finally, the data bear on the nature of VPP timing. If
VPP opening gestures were timed to occur at a fixed time
before lingual constriction for word-final In/, then the
absolute duration of nasalization should be the same for
normal- and fast-rate vowels, whereas percentage of nasalization should increase at a fast rate owing to the
shortening of overall vowel duration. Contrary to the
expectation generated by a "fixed timing" hypothesis (see
Bell-Berti, 1980; Bell-Berti & Harris, 1979), the duration
of nasalization decreased at the fast compared to normal
rate (158 vs. 222 ms). Percentage of nasalization did not
differ significantly at the fast versus normal rate (75% vs.
77%, respectively) because overall vowel duration and
the duration of nasalization decreased proportionally.
The data therefore suggest that talkers may time VPP
opening to begin at the same relative time within the
vowel interval. If so, VPP timing in IdVn! syllables should
be regarded as "phase locked" (e.g., Kelso & Tuller,
1984) rather than "time locked".
The data suggest that neither a fixed nor a relative
timing strategy was used in producing the InVd/syllables.
The duration of nasalization decreased significantly at the
fast compared to normal rate (152 vs. 193 ms), whereas
percentage of nasalization increased significantly (86%
vs. 77%). The decrease in the duration of nasalization at
the fast rate may have been determined by limits on how
much VPP closing gestures can be shortened. Bjork
(1961) observed that Swedish adults decreased a VPP
closing gesture by about 30 ms at a fast compared to
normal rate.
It was hypothesized that percentage of nasalization
would increase more at the fast compared to normal rate
for vowels in the IfLd/ than Id..n! context because the
temporal extent of carry-over is determined by inertial
properties of the speech production mechanism that cannot be modified voluntarily. In support of this, percentage
of nasalization increased significantly at the fast compared to normal rate in the IfLd/ context (by 9%), but
showed a nonsignificant decrease (of 2%) in the Id..n!
context.
In summary, this study showed that the multiple gestures needed for In! are not "synchronously" timed in the
speech of adults or children aged 5 and 10 years. No
difference between adults and children in the temporal
domain of nasal coarticulation was observed in InVd/
syllables. The data are consistent with the belief that
carry-over coarticulation depends on inertial properties of
the speech production mechanism. No differences between adults and children were observed in the temporal
domain of anticipatory nasal coarticulation in IdVn! syllables. This suggests that nasalizing vowels in IdVnl syllables is a natural speech process that need not be learned.
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