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1. INTRODUCTION

Investigations of the motor organization of speech show that if we can identify
individual segmental requirements, we can begin to predict the manner in which
segments will influence each other in fluent speech. That is, we can model coartic-
ulation as the outcome of temporal overlap (coproduction) among characteristic
speech movements for successive segments (e.g., Bell-Berti & Harris, 1981;
Fowler, 1980; Munhall & Loéfqvist, 1992; Saitzman & Munhall, 1989). Support
for a coproduction model has largely been drawn from studies of articulators that
shape the oral tract (the lips, jaw, tongue) or of formant frequencies that reflect
oral tract shape (cf. Bell-Berti & Harris, 1981; Boyce, 1988; Fowler, 1980;
Ohman, 1966; Saltzman & Munhall, 1989). However, recent work on the velum
provides additional strong support for this framework (Bell-Berti & Krakow,
1991a).

Studies of velic movement patterns provide evidence for a segmental level of
organization, with n-ary values of velic height ranging from extreme low to ex-
treme high positions. These differences in intrinsic velic height are attributable

87

Phonetics and Phonology. Volume 5 Copyright © 1993 by Academic Press. Inc.
Nasals, Nasalization, and the Velum All rights of reproduction in any form reserved.

&bl



88 Rena A. Krakow

not only to whether a segment is nasal or oral, and whether it is a vowel or a
consonant, but to such factors as vowel height, consonant place, manner, and voic-
ing (cf. Bell-Berti, 1980; Bell-Berti, this volume; Bell-Berti & Hirose, 1975; Clu-
meck, 1976; Henderson, 1984; Matisoff, 1975; Moll, 1965; J. Ohala, 1971, 1975;
Ushijima & Sawashima, 1972). Velic gestural patterns in sequences of segments
also show that there is temporal overlap among the characteristic movements for
adjacent segments (Bell-Berti, 1980; Bell-Berti & Krakow, 1991a).

In a number of studies of velum movement, a failure to recognize that oral
segments could vary in their intrinsic velic requirements resulted in the identifi-
cation of the earliest onset of velic lowering in a CV, N sequence (C = an oral
consonant; V,, = any number of phonemically oral vowels; and N = a nasal con-
sonant) as the onset of velic coarticulation for the nasal consonant (e.g., Ben-
guerel, Hirose, Sawashima, & Ushijima, 1977; Bladon & Al-Bamermni, 1982;
Kent, Carney, & Severeid, 1974; Moll & Daniloff, 1971). However, further re-
search showed that velic lowering is also observed in the transition from a conso-
nant to a vowel in phonemically oral CV,C sequences, because oral vowels have
intrinsically lower velic positions than oral consonants (e.g., Bell-Berti, 1980;
Clumeck, 1976; Henderson, 1984; Ushijima & Sawashima, 1972). Still, it is often
the case that velic lowering for a phonemically oral vowel or vowels in a CV,N
sequence is temporally overlapped with the larger lowering gesture for the nasal
consonant, rendering the discrete movement components indistinguishable. Add-
ing time between the oral consonant and the nasal consonant, by inserting addi-
tional vocalic segments and/or by slowing the rate of speech, reduces the overlap
between the shallow velic lowering gesture for the vowel(s) and the more extreme
lowering for the nasal consonant (Bell-Berti & Krakow, 1991a).

Identification of a segmental level of gestural organization and an understand-
ing of the manner in which gestures for successive segments combine provide -
only a partial understanding of the nature of speech motor organization, however,
because there are a number of other sources of influence. These include (but are
not limited to) variations in syllable structure, syllable location in a phrase or
sentence, stress, and speaking rate. Hence, a more complete model of speech mo-
tor organization would specify the various nonsegmental as well as segmental
influences on the articulators (cf. Fujimura, 1990; Kent & Minifie, 1977; Macchi,
1988; Nittrouer, Munhall, Kelso, Tuller, & Harris, 1988; Vaissiére, 1988). Re-
search on the velum shows that the nonsegmental influences are robust and pro-
vide additional evidence that the phonetic and phonological functions of the
velum are varied and important (Bell-Berti & Krakow, 1991a; Fujimura, 1990;
Krakow, 1987, 1989; Vaissiere, 1988).

A number of specific examples help to illustrate this point: First, patterns of
coordination among velic and labial gestures distinguish syllables with final from
those with initial bilabial nasal consonants (Krakow, 1989). Second, velic move-
ment patterns provide support for the notion that declination over the course of a
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phrase or sentence is not limited to laryngeal-respiratory behavior; similar patterns
to those reported for FO and acoustic amplitude have been found for the jaw, vowel
formant frequencies, and for the velum (cf. Bell-Berti & Krakow, 1991b; Gelfer,
1987; Krakow, Bell-Berti, & Wang, 1991; Vatikiotis-Bateson & Fowler, 1988;
Vayra & Fowler, 1992). Third, velic movements provide support for the hypothe-
sis raised by Schourup (1973), based on cross-language phonological data, that
stress enhances the likelihood of assimilatory nasalization on low levels (cf.
Krakow, 1987; Vaissiere, 1988). And fourth, velic movement patterns add to our
knowledge about how speakers reorganize their gestures to produce speech at a
faster rate (Bell-Berti & Krakow, 1991a; Kent et al., 1974; Kuehn, 1976).

This article focuses on nonsegmental influences (syllable organization, syllable
position in a sentence, stress, and speaking rate) on velic movements, describing
them in terms of characteristic articulatory patterns. The data also indicate a need
to incorporate the notion of variable strategies in speech production models, since
the evidence suggests that speakers may vary in the manner in which they imple-
ment some of these nonsegmental changes (cf. Kent et al., 1974; Kuehn, 1976;
Vaissiére, 1988). The research described here, combined with studies on the seg-
mental organization of velic gestures (described in Bell-Berti, this volume), call
for a much enriched multidimensional model of velic control (see also Bell-Berti,
1980, this volume; Fujimura, 1990; Vaissiere, 1988).

2. SYLLABLES

The notion that syllables are units of motor organization goes back at least to
1928, when Stetson proposed that pulses of expiratory muscle activity divide the
speech stream into syllable-sized units. Stetson’s own data on pulmonary air pres-
sure and his observations of chest wall movement appeared to support this hy-
pothesis (see Stetson, 1951). However, subsequent electromyographic research by
Draper, Ladefoged, and Whitteridge (1960) showed that there was no systematic
relation between respiratory muscle activity and the syllable. In later studies, the
focus shifted from respiratory to articulatory patterns that might correlate with
syllable organization. For example, Kozhevnikov and Chistovich (1965) proposed
that the articulatory syllable was coextensive with the domain of anticipatory
coarticulation and studies of lip protrusion activity provided preliminary support
for this hypothesis (e.g., Daniloff & Moll, 1968; Kozhevnikov & Chistovich,
1965; Tatham, 1970). But subsequent work, showing asynchronous coarticulatory
domains for different articulators, established the fundamental flaw of this hy-
pothesis (cf. Kent et al., 1974; Kent & Minifie, 1977; Ohman, 1966). That the
proposed syllable-based temporal patterns were not generalizable across articula-
tors prompted the question of whether the regularities might rather be found in the
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patterns of coordination among the articulators (see Krakow, 1989), a suggestion
that is consistent with current approaches to characterizing linguistic units in
terms of stable patterns of gestural coordination (Browman & Goldstein, 1988;
Macchi, 1988; Nittrouer et al., 1988).

The timing of velic gestures relative to gestures that shape the oral tract pro-
vides a particularly interesting domain in which to seek stable syllable-based pat-
terns for several reasons. First, the phonetic and phonological evidence suggests
that patterns of velic lowering and nasal assimilation are affected by the position
of a nasal consonant in a word and hence, possibly in a syllable. Word-final nasal
consonants are produced with greater and earlier velic lowering than word-initial
nasal consonants, and correspondingly, nasal assimilation is more likely to affect
vowels preceding word-final nasals than those preceding or following word-initial
nasals (cf. Clumeck, 1976; Fujimura, 1990; Fujimura, Miller, & Kiritani, 1975,
1977; Henderson, 1984; J. Ohala, 1971; Schourup, 1973; Vaissiere, 1988). Sec-
ond, a conflict between studies showing that word boundaries inhibit anticipatory
velic lowering and studies showing no word boundary effect can be resolved in
favor of an argument for syllable-based patterning (see Krakow, 1989). That is,
the studies claiming to find a word boundary effect compared sequences of the
forms CV#NV and CVN#V (e.g., J. Ohala, 1971; M. Ohala, 1975), and those that
found no effect compared forms such as CYVN and CV#VN (e.g., Moll & Dani-
loff, 1971). If syllables, rather than words, are relevant and if anticipatory velic
lowering is more extensive in syllable-final than syllable-initial nasals, then one
would expect to see precisely the patterns reported: that is, less of an effect on the
vowel before the nasal consonant in CV#NYV than in CVN#V (where a sequence
with a syllable-initial nasal is compared to one with a syllable-final nasal) but no
difference between CVVN and CV#VN (where two sequences with syllable-final
nasals are compared). Third, because the velum functions as an independent. ar-
ticulatory subsystem (see Browman & Goldstein, 1986), the velic lowering ges-
ture for a nasal consonant can, at least theoretically, shift in time relative to the
tongue (for /n/) or lip gesture (for /m/) to signal different syllable organizations.

The hypothesis that oral-velic timing patterns for nasal consonants would reveal
syllable organization was explored by Krakow (1989). Figure 1 shows the utter-
ance list that was used to investigate syllable- and word-based patterns of labio-
velic coordination for bilabial nasal consonants.! The stimuli were designed to
control segmental influences while providing for the following comparisons:
word-initial versus word-final nasals (cols. 2 and 3); syllable-final nasals in word-
final versus word-medial positions (cols. 4 and 5); word-medial nasals of unclear
syllable affiliation versus word-initial and word-final nasals (col. 1 vs. cols. 2
and 3). For the purposes of this study, no a priori assumptions were made about
the syllable affiliation of a nasal consonant in word-medial intervocalic position
(or in a CVINVC sequence).
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NASAL CONSONANT POSITION

1 2 3 4 5

Word-Medial Word-Initial Word-Final  Word-Final = Word-Medial

homey hoe me home E home Lee  homely

Seymour seemore seamore  seam lore

seamy see me seam E seam Lee  seemly
helmet hell mitt helm it hem lit hemlette
pomade pa made palm aid

Figure 1. Stimuli for experiment on syllables.

Two speakers produced 12 repetitions of each sequence in a brief carrier phrase.
Vertical velic movements were tracked with the Velotrace (Horiguchi & Bell-
Berti, 1987) and an optoelectronic tracking system (see Krakow & Huffman, this
volume). The tracking system was also used to monitor the time-varying vertical
lower lip position, which is influenced by both lower lip and jaw activity. The
movement traces were aligned with reference to the onset of bilabial contact for
the nasal consonant, a measure derived with the use of an Electrolabiograph.2
Movement onsets and offsets of the lower lip and velum were determined with the
use of the corresponding instantaneous velocity traces. A noiseband around zero
velocity (determined for each subject and each articulator) was used for the pur-
pose of eliminating from the measured movements those portions of the move-
ment trajectories that appeared as drift, with velocity values hovering around zero
(Krakow, 1989).

Figure 2 provides sample movement patterns for comparison pairs with word-
initial vs. word-final nasal consonants. Data from different phonetic sequences and
different subjects are used to illustrate the stability of the gestural differences in
the two conditions. The vertical line in the middle of each panel marks the onset
of bilabial contact. (Lip raising following bilabial contact represents compression
of the lower lip against the upper lip.) As shown, the lip movements associated
with the bilabial nasal were quite similar for the corresponding word-inital and -
word-final nasals. In contrast, the velic movements were remarkably different
across the word-position manipulation; most obvious, perhaps, is the presence of
the long low plateau in the sequences with final nasals and the absence of such a
plateau in the sequences with initial nasals. The velum typically reached a lower
minimum position for the word-final nasals as well. Considering the coordination
between the lip and velum, it can be seen that, regardless of the effects of segmen-
tal context and/or speaker, there were two distinct and stable patterns, one asso-
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Figure 2. Sample velum and lower lip movements (in the form of ensemble averages) for sequences with word-initial (top panels) and word-final (bottom
panels) nasal consonants from two subjects (S1 and S2). The vertical line in the middle of each pane! marks the onset of bilabial contact for the /m/. The
triangles in the panels mark velum lowering offset and the coordinated event in the lower lip movement.
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ciated with word-initial nasals and the other with word-final nasals. That is, the
achievement of the velic target cooccurred with completion of lip raising for initial
nasals but with initiation of lip raising for final nasals. As a result of this differ-
ence, the vowel preceding the final nasal was associated with considerably lower
velic height than the vowel preceding the initial nasal. This pattern is clearly con-
sistent with phonological evidence that vowels before word-final nasals are more
likely to be nasalized than are vowels before word-initial nasals.

To see whether the patterns described reflected syllable organization, word or-
ganization, or some combination, labio-velic movement patterns were compared
for sequences having syllable-final nasals in word-medial and word-final posi-
tions. Figure 3 provides sample comparisons for the two subjects’ productions of
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Figure 3. Sample velum and lower lip movements (in the form of ensemble averages) for se-
quences with syllable-final nasals in word-medial (top panels) and word-final (bottom panels) posi-
tions from S1 and S2. The vertical line in the middle of each panel marks the onset of bilabial contact
for the /m/. The triangles in the panels mark velum lowering offset and the coordinated event in the
lower lip movement.
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home Lee versus homely and seam Lee versus seemly. The patterns bear a clear
resemblance to those shown in Figure 2 for home E and seam E. A low velic
plateau is evident in all sequences with syllable-final nasals, although the plateau
is somewhat shorter for those nasals in word-medial position, reflecting the shorter
vocalic duration of the first syllable of the bisyllabic single word than the first
word of the matched bisyllabic two-word sequence. Nonetheless, velic lowering
offset and lip raising onset continued to be temporally linked for syllable-final
nasals, despite the change in word position. This inter-articulator pattern was
therefore taken to be an indicator of the presence of a syllable-final nasal
consonant.

Similarly, the pattern described for word-initial nasals was found to be syllable-
based. The pair pygmy/pig me was used by Krakow (1989) to ensure a syllable
break before the word-medial /m/ to contrast a word-medial syllable-initial nasal
and a word-initial nasal. The sequence /gm/ is not, however, compatible with any
alternative placement of the syllable boundary, limiting its use to this comparison
alone. Velum lowering offset was timed to lip raising offset in both these se-
quences for the two subjects, consistent with the pattern described for the word-
initial nasals above.

It is possible, therefore, to describe a bi-stable pattern of labio-velic coordina-
tion that distinguishes syllables with initial bilabial nasal consonants from those
with final nasal consonants: the end of velum lowering aligns either with the be-
ginning or the end of lip raising toward the position required for the bilabial nasal
consonant.

The distinct patterns of labio-velic coordination observed for syllabfé-initial
versus syllable-final nasals made it possible to compare the gestural patterns for
word-medial nasals whose affiliation is unclear; i.e., phonotactic constraints do
not decide between syilabification with the preceding vs. the following vowel -
(Figure 1, col. 1). It has been proposed that, in some instances, such a consonant
might be “ambisyllabic,” i.e., a member of both syllables. (For further discussion
of ambisyllabicity, see Kahn, 1976; Selkirk, 1982.) However, the movement pat-
terns for the sequences in column 1 indicated that the nasal consonant was typi-
cally affiliated with the preceding or the following vowel, but not simultaneously
with both. In most cases, syllabification was determined by the stress pattern, with
primary stressed syllables attracting the nasal consonant. Thus, for example, the
nasal consonants in seamy and homey appeared to be syllable-final (velic lowering
offset timed to lip raising onset), whereas the nasal consonant in pomade appeared
to be syllable initial (velic lowering offset timed to lip raising offset), for both
speakers. Figure 4 provides sampie movement patterns showing stress-based syl-
labification of medial nasals.

The remaining two sequences of this type, helmet and Seymour, showed more
variable patterning. The movement patterns of one subject (S1) showed syllable-
final organization of the nasal consonant for both of these words, linking the nasal



Nonsegmental Influences 95

vertical position

vertical position
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Figure 4. Sample velum and lower lip movements for sequences with word-medial intervocalic
nasals, from S2. Three tokens are displayed in each pane! with different line types. The vertical lines
in the panels mark the onset of bilabial contact for the /m/. The triangles mark velum lowering off-
set and the coordinated event in the lower lip movement. The nasal consonant in pomade shows
syllable-initial organization whereas the nasal consonant in seamy shows syllable-final organization.
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Figure 5. Labio-velic coordinative patterns for tokens of helmet (top panels) shown above tokens of helm it or hell mit, depending upon
whether the patterns for helmet resemble those for helm it or hell mitr. The vertical line in the middle of each panel marks the onset of bilabial
contact for the /m/. The triangles mark velum lowering offset and the coordinated event in the lower lip movement. Three tokens are displayed in
each panel. S1 had a consistent pattern, while S2 alternated between two patterns.
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with the primary stressed syllable. However, the patterns of the second subject
(S2) varied from token to token for these sequences. Some tokens of helmer
showed syllable-final organization of the nasal consonant, and some showed syl-
lable-initial organization (Figure 5). Similarly, some tokens of Seymour showed
syllable-final, and some syllable-initial organization of the nasal consonant. Still
other tokens of Seymour were hard to characterize as one or the other type.

It seems clear that the question of ambisyllabicity and of variation in the pro-
duction of sequences of this sort requires a larger data set, with additional subjects,
sequences, and tokens. However, some preliminary observations can be made.
First, despite some evidence of variability in patterning, the vast majority of the
tokens in this set (Figure 1, col. 1) were organized such that the nasal consonant
appeared syllable-final or syllable-initial, but not a combination. And generally
the nasal consonant affiliated with the syllable that received primary stress.
Hence, these data provide little suppport for the notion of ambisyllabicity as a
combination of syllable-initial and syllable-final attributes, but the data do suggest
that some word-medial consonants are likely to show free variation with respect
to syllable affiliation. Considering the two that varied here, i.e., the nasal conso-
nants in helmet and Seymour, the following observations can be made: A speaker
may affiliate a medial consonant with the upcoming syllable instead of the preced-
ing syllable which bears primary stress (1) when the stressed syllable already con-
tains a post-vocalic consonant, as in the case of helmer, or (2) when the following
syllable receives secondary stress, as in the case of Seymour. Further study is
necessary to determine, with greater certainty, the kinds of sequences that are
likely to vary in this way.

Returning, however, to cases in which the nasal consonant is unambiguously
syllabified (e.g., those in Figure 1, cols. 2-5), much stronger claims can be made.
For such sequences, there are characteristic patterns of inter-articulator timing
associated with bilabial nasal consonants in different syllable positions. A consis-
tent pattern of bi-stability distinguished sequences with syllable-initial versus syl-
lable-final nasals: the end of velic lowering coincided with the end of lip raising
for the syllable-initial nasals (whether word-medial or -initial), but with the begin-
ning of lip raising for the syllable-final nasals (whether word-medial or -final).
These results strongly support the notion of the syllable as an articulatory unit and
suggest as well that additional insight into the question of ambisyllabicity is likely
to be found in speech production data.

3. SENTENCES

Recent work on velic movements shows that, in addition to the effects of a
segment’s position in a syllable, there are effects of a segment’s position in larger
domains——such as a phrase or sentence (the span of a breath group). Over the
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course of such domains, one observes an overall decline in peak velic position for
obstruents (Bell-Berti & Krakow, 1991b; Krakow, Beil-Berti, & Wang, 1991).
This pattern is similar to the declination of fundamental frequency over the course
of a phrase or sentence, long noted in the phonetics literature (see Brekenridge,
1977; Cooper & Sorenson, 1981; Gelfer, 1987; Maeda, 1976). While FO declina-
tion has been treated by some as resulting from intentional control of muscles
affecting FO (Breckenridge, 1977; Cooper & Sorenson, 1981), Gelfer’s (1987)
acoustic and physiological research shows that FO declination, along with a con-
comitant decline in acoustic amplitude, is largely the passive consequence of de-
clining subglottal pressure over the course of a sentence.

Recent findings of declination in measures of the jaw (Vatikiotis-Bateson &
Fowler, 1988; Vayra & Fowler, 1992), the velum (Bell-Berti & Krakow, 1991b),
and vowel formant-frequency patterns (reflecting tongue-jaw positions) (Vayra &
Fowler, 1992) lend support to the notion that declination is a general phenomenon,
with effects on laryngeal-respiratory and supralaryngeal events in the production
of spoken sentences (Fowler, 1988). For example, kinematic data collected by
Vatikiotis-Bateson and Fowler (1988) showed weak but consistent declination in
the extent, peak velocity, and duration of jaw opening and closing gestures over
the course of reiterant speech utterances. Vayra and Fowler (1992) examined mea-
sures of F1 and F2 for the vowels in isolated trisyllabic Italian pseudowords. The
results showed that the vowels became more centralized from early to late: open
vowels became less open (F1 decreased) and closed vowels became less closed
(F1 increased), results consistent with increased relaxation or reduced energy later
in the utterance. The F2 measures indicated that there was also centralization
along the front-back dimension.

These results, along with informal observations of what appeared to be decli-
nation patterns in velic data collected for other purposes, prompted a systematic .
investigation of possible velic declination (Bell-Berti & Krakow, 1991b; Krakow,
Bell-Berti, & Wang, 1991). The set of seven utterances constructed for the study,
ranging in length from three to nine syllables, is listed in Figure 6. Each natural
sequence was paired with a reiterant sequence consisting of the appropriate num-
ber of repetitions of the syllable ten. The natural sentence was produced first,
followed by, and functioning as a model for, the reiterant version. The natural
sequences were designed to minimize phonetic context effects on the velum (and
still be meaningful); the reiterant sequences were designed to eliminate such ef-
fects entirely. Each of the subjects produced 12 randomized repetitions of each
natural—reiterant sentence pair. Velum movement was monitored with the Velo-
trace and a modified Selspot system. Measurements were made of peak velic po-
sitions for each /t/ in the reiterant sentences and for the first and last /s/ in the
natural sentences (i.e., the /s/ in Sue and the /s/ in Sid).

Figure 7 provides sample movement patterns for some of the reiterant se-
quences, showing that the velum is consistently lower at the last than at the first
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NATURAL SENTENCES BEITERANT SENTENCES

Sue saw Sid. Ten ten ten.

Suzy saw Sid. Tenten ten ten.

Suzy saw sad Sid. Tenten ten ten ten.

Suzy saw sexy Sid. Tenten ten tenten ten.

Suzy saw sad sexy Sid. Tenten ten ten tenten ten.

Suzy saw sexy sassy Sid. Tenten ten tenten tenten ten.
Suzy saw sad sexy sassy Sid. Tenten ten ten tenten tenten ten.

Figure 6. Stimuli for velum declination experiment.

ten ten ten...
® o g

vertical
position

time 2.5 sec

Figure 7. Sample velum movements for tokens of reiterant sentences of varying length from a
subject in the declination study. The natural sentences that served as models appear above the move-
ments for the reiterant sentences. Each peak in the movements is associated with a /t/ from one of the
reiterant syllables.
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peak of each sentence. A lower velic peak at the end than at the beginning of the
sentences was observed for all sequence types (whether natural or reiterant, short
or long) and for all subjects. A reduction in the height of velic peaks over the
course of a sentence is consistent with a notion of decreasing energy over its time
course, as higher velic positions are normally associated with increased activity of
the levator palatini (see Bell-Berti, this volume, for a review of muscle activity in
velopharyngeal function).3 The patterns shown in Figure 7, however, indicate that
while there was a general decline, there were also some local increases and de-
creases, similar to patterns observed for FO and acoustic amplitude (Gelfer, 1987).

To determine the nature of such local effects on the velic movements, it was
necessary to examine changes in velic measures in the middle of the utterances
and to control for possible stress effects or effects of syllable position within a
word. For this purpose, the reiterant syllables corresponding to the bisyllabic
words (Suzy, sexy, and sassy) in the natural sequences were examined. Peak velic
position was obtained for the reiterant syllables corresponding to the stressed and
unstressed syllables in each bisyllabic word. In this way, it was possible to com-
pare velic peaks for stressed syllables occurring earlier and later and for unstressed
syllables occurring earlier and later. Comparisons were made in a pairwise fashion
because some sentences had only two of the three bisyllabic words.

The mean peak velic positions in the reiterant syllables corresponding to the
bisyllabic word pairs are plotted in the panels of Figure 8 for each subject. The
measures were obtained only from those sentences which contained both members
of a given comparison pair. The earlier word of the pair occurs at the left of each
panel and the later word at the right. The following effects were observed. First,
there was a consistent decline in peak velic position from earlier to later stressed
syllables. Second, more often than not, unstressed syllables also showed a decline,
but when present, it was always weaker than the decline in the stressed syllables.
Stronger declination effects for stressed syllables were also reported by Vayra and
Fowler (1992), based on their measures of jaw position and of F1 formant values
for the vowel /a/ produced by Italian speakers. Third, in all but two comparisons
between earlier and later means, velic peaks were higher for stressed than for
unstressed syllables. Whether these effects are attributable to stress or within-
word declination, or to a combination of the two, is unclear because stressed syl-
lables were always first syllables and unstressed syllables were always second
syllables. However, there are data that indicate that stress probably played an im-
portant role in these velic patterns. For example, Vaissi¢re (1988) showed that
velic peaks for the oral consonants in CVN sequences were higher in stressed than
in unstressed syllables-—just the pattern that was observed in the velic declination
data. There is also evidence to suggest that supralaryngeal declination is largely a
phrasal rather than a word-level phenomenon. According to Vayra and Fowier
(1992), declination patterns of the jaw and formant frequencies observed in iso-
lated trisyllables are weakened or disappear when the trisyllables are embedded
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Figure 8. Means for peak velum position associated with the /t/ of the reiterant syllables in earlier
and later positions in the sentences. “Earlier” and “later” measures are, respectively, at the left and
right of each panel. Panels at the left compare peaks in reiterant versions of Suzy and sexy, those in
the middle compare peaks in reiterant versions of Suzy and sassy, and those at the right compare peaks
in reiterant versions of sexy and sassy. Measures of stressed syllables are represented with filled
circles, measures of unstressed syllables with open circles. Data are shown for the three subjects.
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in carrier phrases. Given Vayra and Fowler’s results and those of Vaissiére (1988),
the present findings suggest that there is a reduction in the contrast between velic
peaks in stressed and unstressed syllables as they occur later in a sentence.

In general, there is evidence of declination of velic height over the course of a
sentence from the first to the last syllable of a sentence and also over the medial
regions of a sentence, with local perturbations due to stress and possibly also to
syllable position in a word. Taken together with the recent studies of formant
frequency and jaw declination, the velic data provide support for the notion of
declination as a more general phenomenon in speech production than was previ-
ously assumed. To date, declination patterns have been observed in respiratory-
laryngeal behavior, in velic and mandibular movements, and in vowel formant
frequencies. All are compatible with a notion of decreasing energy later in a
sentence.

4. STRESS

The preceding section prompts the question of whether there are manifestations
of stress on velic movement patterns, apart from the higher peaks observed for
oral consonants in stressed syllables (Vaissiere, 1988). In his cross-language sur-
vey of nasalization, Schourup (1973) reported a relation between stress and nasal-
ization: stressed vowels appeared more likely than unstressed vowels to become
nasalized by assimilation. Although very few experimental studies have addressed
stress effects on the velum, the results appear to be generally consistent with
Schourup’s report. Vaissiére’s (1988) subjects showed not only higher velic peaks
for oral consonants in stressed syllables, but also lower velic valleys for nasal
consonants in the stressed syllables. And Krakow’s (1987, 1989) subjects kept the
velum lowered for a longer time in stressed than in unstressed syllables beginning
or ending with a nasal consonant.

Schourup was also interested in the relation between vowel height and nasaliza-
tion, noting like others before and after him (e.g., Beddor, 1982; Chen, 1975;
Henderson, 1984; Lightner, 1970) that low vowels are more likely to become na-
salized than high or mid vowels. Taking the vowel height patterns together with
his observations on the effects of stress, Schourup concluded that stressed low
vowels are particularly susceptible to contextual nasalization. This raises the ques-
tion of whether velic movements for all vowels are similarly affected by stress, a
question that has not been systematically addressed in any of the studies in the
literature.

Vaissiere’s work shows that for consonants (at least for obstruents and nasals),
adding stress enhances intrinsic velic positional differences: the high velic posi-
tions associated with obstruents become higher, whereas the low velic positions
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associated with nasal consonants become lower. Although vowels tend to have
velic positions intermediate between those of obstruents and nasal consonants,
high vowels have intrinsically higher velic positions than low vowels. The differ-
ence is so robust that it affects velic positions for adjacent obstruents or nasal
consonants (Bell-Berti, Baer, Harris, & Niimi, 1981; Henderson, 1984). Thus it is
possible that adding stress will merely enhance the intrinsic vocalic contrast by
raising velic positions for high vowels but lowering them for low vowels.

To address this question, Velotrace data were collected as two subjects pro-
duced 12 tokens of the sequences /mdbab/, /mabdb/, /mibab/, /mibdb/, /bdbam/,
/babdm/, /bdbim/, fbabim/in a brief carrier phrase. This set of sequences provided
comparisons between velic positions for stressed and unstressed /i/ and /a/ follow-
ing an initial nasal and preceding a final nasal. Positional measures, designed to
span the duration of each vowel adjacent to a nasal consonant, were obtained for
a number of acoustically based reference points: for words with initial nasal con-
sonants, velic height was measured at first vowel onset, midpoint, and offset; for
words with final nasals, velic height was measured at second vowel onset, mid-
point, and offset.

The results for syllables with initial nasals are shown in Figure 9, which dis-
plays, for each subject, the velic height measures obtained for the three measure-
ment points averaged over the 12 tokens of each sequence. Intrinsic differences in
velic height between /a/ and /i/ were evident for both subjects in stressed and
unstressed syllables: the velum was lower for /a/ than for /i/ at all corresponding
measurement positions. For S1, stress enhanced these intrinsic differences: In syl-
lables beginning with a nasal consonant, the velum was higher for /i/ when
stressed than when unstressed, but lower for /a/ when stressed than when un-
stressed, for most of the vowel’s duration. For S2, however, the velum was lower
for both stressed /a/’s and stressed /i/’s following the initial nasal than for un-
stressed /a/’s and /i/’s, respectively.

Figure 10 shows the corresponding data for vowels preceding final nasals in
/bam/ and /bim/. Again, it can be seen that there were intrinsic differences in velic
height between the two vowels, with lower positions for /a/ than for /i/; for these
sequences, the differences were evident at the vowel midpoint and offset for both
subjects. And, as with the vowels following a nasal consonant, stress effects on
vowels preceding a nasal consonant were different for the two subjects. For S1,
the velum was higher for stressed than for unstressed /i/, but lower for stressed
than for unstressed /a/. For S2, however, the velum was lower in stressed than in
unstressed syllables for both /a/ and /i/.

Clearly, the two subjects used two different strategies for stressing syllables, at
least with respect to velic movements. For one subject, stress enhanced the already
existing contrast between the high and low vowels by increasing velic height in
the former case and decreasing height in the latter. For the other subject, stress
resulted in a lower velum, regardless of vowel height. Similar variability in the
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Figure 9. Mean velum position at the onset, the middle,
and the offset of stressed (squares) and unstressed (triangles)
vowels following an initial nasal consonant. The vowels /a/ and
/i/ are represented in the left and right panels, respectively. Data
are shown for the two subjects.
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Figure 10. Mean velum position at the onset, the middle,
and the offset of stressed (squares) and unstressed (triangles)
vowels preceding a final nasal consonant. The vowels /a/ and /i/
are represented in the left and right panels, respectively. Data are
shown for the two subjects.
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effects of stress has been found for the tongue. For example, Kent and Netsell
(1971) found that stress enhanced the intrinsic differences in tongue position for
different segments for their two speakers. That is, /i/ had a higher-fronter tongue
position and /&/ had a lower-fronter tongue position when stressed than when
unstressed. These data parallel the present findings for S1. In contrast, Houde
(1967) reported that for his speaker the tongue positions for high and low vowels
(/i/, lu/, /a/) were consistently lower in stressed than in unstressed syllables. These
data parallel the current findings for S2. It would be interesting to know whether
the two subjects whose velic movements were examined here and showed differ-
ing effects of stress would show parallel differences in their tongue movements.

As for Schourup’s claim that stress increases the likelihood of assimilatory na-
salization on vowels, the present data suggest that this may not hold for both high
and low vowels for all speakers. However, a more specific claim of Schourup that
vowels most likely to be contextually nasalized are low, stressed, and precede a
final nasal consonant does find support in these data. For both subjects in this
study, the velum was lowest for stressed /a/’s preceding a final nasal consonant
(cf. Figures 9 and 10).

5. SPEAKING RATE

Another nonsegmental variable affecting velic movement patterns is speakihg
rate. Studies of the velum (Bell-Berti & Krakow, 1991a; Moll & Shriner, 1967),
like those of other articulators (cf. Browman & Goldstein, 1991; Hardcastle, 1985;
Munhall & Lofqvist, 1992; Saltzman & Munhall, 1989), indicate that as the rate
increases, there is greater overlap among articulatory gestures for adjacent and
near-adjacent segments. For example, Bell-Berti and Krakow (1991a) showed
that, at a speaker’s self-selected normal rate, the velic movement pattern for a
sequence like “It’s a Zansal again” contains a small lowering movement from the
peak for the obstruent /s/ of /its/ toward a somewhat lower position for the /ola/
sequence, followed by a more extreme lowering movement for the nasal conso-
nant. At a rapid rate, however, the small movement for the vocalic portion (includ-
ing the /1/, which behaves much like a vowel in intrinsic velic positioning) is
usually overlapped with, and visually indistinguishable from, the large movement
for the nasal consonant (Figure 11a). That the vocalic portion is associated with a
small lowering gesture underlyingly is supported not only by the normal rate data
but also by corresponding minimal contrasts containing no nasal consonant, at the
normal and rapid speaking rates (Figure 11b). Thus the evidence supports the view
that an increase in speaking rate is associated with greater overlap of gestures for
adjacent (and near-adjacent) segments. Furthermore, cross-speaker comparisons
showed a relation between speaking rate and extent of overlap. That is, the speaker



106 Rena A. Krakow

a b
NASAL 9 lansal ORAL 2 lasal
S S \—JN
normal
rate
R A L n, . . R A i .
3 S S
rapid
rate
4 -2 0 2 4 6 4 -2 0 2 4 6
time (in units of 100 ms.) time (in units of 100 ms.)

Figure 11. (a) Sample velum movements for tokens of It’s a lansal again, showing two-stage
lowering between the /s/ of It's and the /n/ of lansal at a normal speaking rate (top panel) and single-
stage lowering at a rapid rate (bottom panel). The vertical line in the middle of each panel marks the
release of the /s/ of It's, as determined from the acoustic waveform. (b) Sample velic movements for
tokens of It’s a lasal again, showing velic lowering for the vocalic sequence following the /s/ of It’s
at both normat and rapid speaking rates. The velum rises again for the /s/ of /lasal/ at both rates. The
vertical line in the middle of each panel marks the release of the /s/ of It’s, as determined from the
acoustic waveform. (The same speaker is represented in both parts.)

with the fastest self-selected “normal” rate in Bell-Berti and Krakow {1991a)
produced most utterances with single-stage velic lowering (overlapping vocalic
and nasal consonantal gestures), whereas the speaker with the slowest *“normal”
rate produced many more utterances in which two or more stages of lowering were
evident. '
Other studies on the effects of speaking rate show a reduction in the magnitude
of velic movements at faster rates (e.g., Kent et al., 1974; Kuehn, 1976). Both
types of observation (i.e., a decrease in multistage gestures and a reduction in
positional extremes) are predicted by the coproduction model, as both are out-
comes of increased temporal overlap of gestures, although no single study has -
looked for both in the same data. A reanalysis of the sequences with nasal conso-
nants examined in Bell-Berti and Krakow (1991a), and listed in Figure 12, sup-
ports the claim that the two types of observation are related effects of increasing
gestural overlap. The position of the velum at the release of the /s/ of It’s or It’s
say was measured for each sequence containing a nasal consonant in that study
(Figure 13). The results show that the velic peak was consistently higher in the
normal than in the fast rate productions, indicating that there was less overlap
between the gesture for the nasal consonant /n/ and that for the obstruent /s/ at the
normal than at the fast rate. In addition, the velic peak was higher when more



Nonsegmental Influences 107
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Figure 12. Stimuli for rate experiment.

vocalic segments intervened between the /s/ and the /n/, as shown in Figure 13.
That is, increasing the duration of the vocalic string by slowing the rate or by
adding segments, one obtains a larger separation between the extreme (opposite)
positional requirements of the /s/ and the /n/. The same manipulations have been
shown by Bell-Berti and Krakow (1991a) to increase the likelhood that separate
vocalic and nasal consonantal lowering movements will be seen (Figure 14).

Velum position at /s/ release
18

16
14
12
10

vertical position (arbitrary units)

e N A~ O O

& &
s:'& §\§ §§

sequence

Figure 13. Mean velum position at the release of the /s/ of {t’s or It’s say obtained from 12 tokens
of each of the sequences shown along the x-axis at each of two speaking rates. Normal rate sequences
are represented with solid bars, rapid rate sequences with striped bars. (The same speaker is repre-
sented here as in Figure 11.)
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Figure 14. Sample velum movements for sequences produced at normal (left panels) and rapid
(right panels) rates. The number of segments intervening between the /s/ of It’s or It’s say and the
following /n/ increases from the top to the bottom panels of the figure. The arrows mark the emergence
of a second stage of velic lowering.

The effects of rate manipulations on velic positional extremes have also been
addressed in studies by Kent et al. (1974) and Kuehn (1976). Both these studies
suggest that subjects may vary in the manner in which they implement a rate
change and lead to the conclusion that speaker-related differences are so robust
and interesting that additional larger scale studies of this issue are called for. For
example, Kent et al. reported that both subjects in their study reduced the time
taken to produce the sentence Soon the snow began to melt by about half when
they switched from a moderate, conversational rate to a maximum, rapid rate
(Figure 15). Although both also maintained the relative timing of velic peaks and
valleys, the rate change was accomplished in different ways by the two speakers:
One speaker (S1) increased the velocity of his faster utterances considerably, and
showed a minimal change in movement extent. The other speaker (S2) showed
little change in the velocity of his movements but a considerable reduction in the
movement extremes. Since the time taken to produce a sentence may be reduced
by an increase in the velocity of movement, a decrease in movement extent, or by
some combination of these changes, speakers may vary in their strategy. Similar
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Figure 15. Vertical velum movement patterns obtained from a cinefluorographic study as two
subjects produced Soon the snow began to melt at moderate (thin lines) and rapid (thick lines) speaking
rates. The rapid movements, which took about half the time of the normal rate movements, are time-
normalized and overlaid on the normal rate movements. Two time scales are provided. Adapted from
Kent et al. (1974) with permission.

differences among subjects are reported in studies of the effects of rate changes
on lip and tongue movements (see, for example, Kuehn & Moll, 1976). Perhaps
some speakers (or some speakers in particular situations) feel more constrained to
maintain or approximate positional extremes than others; such speakers may be
concerned with the effects of the rate change on intelligibility.

Another speaker-to-speaker difference in how rate affects velic movements was
reported by Kuehn (1976), who showed that a reduction of postional extremes at
rapid rates might, for some speakers, be observed only at the peaks or the valleys.
The two subjects in Kuehn’s study showed reduced range and duration of velic
movement in rapid utterances that required opposite extreme velic positions in
succession (e.g., VCNV or VNCV sequences). One subject (S1) reduced the range
of movement by producing less extreme high positions (leaving low positions
unaffected), whereas the other subject (S2) reduced the range by producing less
extreme low positions (leaving high positions unaffected) (Figure 16).

Kuehn’s account of the difference between the two subjects suggests that it is
important to bear in mind that different speakers might use a different part of the
total range of velic movement available at their normal rates. That is, Kuehn had
noted that the speaker (S1) who reduced peak velic height in the faster condition
had, at the normal rate, raised the velum beyond the level necessary to obtain
sufficient velopharyngeal closure; the other speaker (S2) raised the velum just
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Figure 16. Vertical velum movement patterns obtained from a cinefluorographic study for two
utterances (fapma/ and /ampa/) produced by two subjects at a rapid speaking rate. The horizontal
lines at the right of each graph mark the vertical range of velic displacement during the same sequences
produced at a normal rate. Adapted from Kuehn (1976) with permission.

high enough to achieve adequate closure of the port at his normal rate. Hence,
Kuehn’s point is that, when asked to speak more quickly, S1 had raising to spare
(so to speak), whereas S2 did not. For S2, the high peak could not be reduced
without undesired acoustic consequences.

The studies done to date on velic movements at different speaking rates indicate
that speakers may vary in the extent to which their fast productions approximate
the extreme positions of their normal rate productions, since a rate change may be
achieved by increasing the velocity and/or decreasing the range of movement.
And, when a movement reduction occurs, it may affect both extremes of the nor-
mal range of movement, or just one.
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6. DISCUSSION

Recent research has helped to elucidate the segmental organization of velic ges-
tures and to highlight the fact that differences between oral and nasal consonants
are only one aspect of this organization; that is, there are also differences related
to vowel height and to consonant place, manner, and voicing (see Bell-Berti, this
volume, for a review). Furthermore, the research described in this chapter shows
that, in addition to such segmental influences, there are influences of syllable or-
ganization, syllable position in a sentence, stress, and speaking rate.

Each of these nonsegmental influences was examined here in turn, but it was
possibie to see that velic movement patterns are affected simultaneously by a va-
riety of segmental and nonsegmental influences. For example, the sequences ex-
amined in the section on stress (N\"C, NVC, CVN, CVN) showed the combined
effects of stress, nasal consonant position, and vowel height. The highest velic
positions were found in /i/ following initial nasals—stressed /i/ for S1, but un-
stressed /i/ for S2. The lowest velic peaks for both subjects were found in stressed
/a/ preceding final nasals. Despite subject-based differences in how stress affected
velic height for /i/, the two subjects systematically distinguished the two vowels
(/a/ vs. /i/) in stressed versus unstressed syllables in the contexts of initial versus
final nasal consonants.

Similarly, the declination data showed the overlapping effects of word stress
and syllable position within a sentence. That is, although there was a general de-
cline in the height of velic peaks over the course of a sentence, the decline was
greater for stressed than for unstressed syllables. In most cases, stressed syllables
were charecterized by higher velic peaks (for /t/) than unstressed syllables, but
the greater decline in the stressed peaks meant that the contrast between stressed
and unstressed syllables was reduced in later sentence positions. It can also be
assumed that there are constraints on declination that are segment-related. That is,
reduction in the peak positions for /t/ over the course of a sentence must have
limits: a certain minimum height is required to produce an obstruent.

Thus, identification of different nonsegmental influences on velic movements
makes it possible to consider how the different segmental and nonsegmental influ-
ences combine to shape the movement patterns. However, a larger scope of inves-
tigation is still necessary because the relation between velic activity and the ac-
tivities of other articulators must also be considered. As described in the sections
on stress, declination, and speaking rate, it is important to note that certain patterns
of velum movement have parallels in the patterns of other articulators. Such pat-
terns may reflect general characteristics of the speech production mechanism. For
example, the declination pattern observed in velic positions over the course of a
sentence adds to a growing body of literature showing that a reduction in energy
at later positions in a sentence occurs in laryngeal-respiratory behavior (from mea-
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sures of F0, acoustic ampiitude, and subglottal pressure) and in the activities of
the articulators (from measures of the jaw, the velum, and vowel formant frequen-
cies). Another example of a general pattern was found in the section on stress.
That is, one subject increased the height of the velum for stressed /i/’s as compared
to unstressed /i/’s, but decreased the height of the velum for stressed /a/’s as com-
pared to unstressed /a/’s. This subject enhanced the intrinsic differences in velic
height between the high and low vowels. The other subject, however, consistently
lowered the velum in stressed syllables relative to the corresponding unstressed
syllables, regardless of vowel height. It was noted that similar cross-speaker dif-
ferences have been reported for tongue movements. Some speakers use higher
positions for stressed than unstressed /i/, but lower positions for stressed than
unstressed /a/. These speakers are enhancing the intrinsic contrast between the
tongue positions for high and low vowels. Other speakers use lower tongue posi-
tions for stressed vowels, regardless of height.

In addition to examining the combined effects of different segmental and non-
segmental influences on the velum and to finding parallel patterns across articu-
lators, it is also crucial to investigate those patterns which are specified by the
coordination among articulators. For example, the coordination of velum lower-
ing offset to the lip raising movement for a bilabial nasal consonant distin-
guished syllables with initial nasal consonants from those with final nasal conso-
nants—across subjects, sequences, and tokens, regardless of whether the nasal
consonants were at the middle or at the margins of a word. For syllable-initial
bilabial nasals, the achievement of the low velum target and the high lower lip
target coincided. For syllable-final bilabial nasals, however, the achievement of
the low velum target was timed to the beginning of lower lip raising toward its
target position.

This article, coupled with the article by Bell-Berti (this volume), shows how
much has been learned about velic movement patterns in recent years. In contrast
to earlier views of the velum as a functionally simple articulator, it is clear today
that a variety of segmental and nonsegmental influences interact to shape velic
movements. An understanding of these influences is critical to our understanding
of the nature of speech motor organization and of the relation between speech
motor organization and language sound structure.
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NOTES

'The location of primary stress in these utterances was based on its fixed location in the
single-syllable words of each set (i.e., each row in the figure). The location of primary stress
in the two-word items was matched to the one-word item in the same set. Thus, for ex-
ample, because homey and homely have primary stress on the first syllable, so did hoe me,
home E, and home Lee in this experiment. Since most of the items had primary stress on
the first of the two syllables, a second set of utterances was constructed in Krakow (1989)
to balance the position of stress. The results confirmed the findings of a bi-stable gestural
organization for the syllable-initial vs. syllable-final nasals that is reported here, despite the
presence of stress effects on other aspects of the movement.

2Lip contact data during /m/ were obtained with the use of an Electrolabiograph, a modi-
fied Electro-Glottograph, which supplied contact information on the lips rather than the
vocal cords. (For additional information, see Krakow, 1989).

3This velic declination study was limited to measures of peaks for obstruents. However,
additional measures, including peak-to-valley displacements, ought to be examined in fu-
ture studies. Such measures should shed light on whether there is centralization of both
peaks and valleys in later sentence positions or whether there is some other pattern.
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