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ABSTRACT

We examined the “segmental intonation” hypothesis
[17], according to which voiceless consonants
contain spectral information that may contribute to
the percept of high or low pitch in the absence of
fundamental frequency (FO). French speakers read
target words embedded in a carrier phrase and
containing fricatives in accentual phrase-initial,
-medial or -final position (e.g. sidéré ‘stunned’,
nécessite  ‘require’, ressaisisse ‘seize again’),
expected to correspond to regions of low,
intermediate or high F0, respectively, as well as
control words containing only sonorants (e.g. laminé
‘rolled’). Analyses show lower center of gravity
(CoG) for word-initial (low FO region) than for
word-final (high FO region) fricatives. For word-
final fricatives, CoG is higher at the end than in the
beginning of the fricative, which may contribute to
the percept of the continuation of the FO rise across
the preceding vowel.

Keywords: segmental intonation, FO perturbation,
sibilant pitch, French, accentual phrase, CoG.

1. INTRODUCTION

A small but growing body of research has shown
that the spectral characteristics of voiceless
consonants vary according to intonational context, in
line with the “segmental intonation” hypothesis [17].
Rather than simply perturbing the fundamental
frequency curve of an utterance, as has been
traditionally assumed [9, 2], voiceless consonants
have been shown to contain spectral information that
may contribute to the percept of high or low periodic
pitch in the absence of fundamental frequency (FO0).

Frication noise is known to create pitch
impressions in listeners in the absence of F0. For
example, in his chapter on fricatives, Johnson [7]
notes: “When you make a series of fricatives starting
from a pharyngeal constriction and moving the
constriction forward to the alveolar ridge, you may
be able to hear a change in the ‘pitch’ of the
fricative” (p. 157). These pitch impressions,
however, have traditionally only been considered to
be relevant in particular contexts, such as

psychoacoustic contexts (“sibilant pitch”, [27]) or
whispered speech [11]. However, studies by Niebuhr
[15-19] have shown that speakers vary the spectral
energy distributions of fricatives systematically
according to the adjacent FO context. Furthermore,
perception experiments have provided evidence that
these spectral differences in voiceless obstruents
create pitch impressions in listeners that are
integrated with the voiced parts of an utterance and
interpreted as part of the global intonation pattern
[17], similar to the “picket-fence effect” in
psychoacoustics [4]. Other studies have refined the
notion of segmental intonation [6] and provided
evidence for it in languages like Polish and English
[24, 31, 32, 21]. These studies have all shown that
spectral center of gravity (CoG) can capture
segmental intonation with respect to both the
acoustic manifestations and their reflections in the
perception of fricative pitch.

Most  previous studies have examined
intonational  differences at major prosodic
boundaries conveying pragmatic differences such as
sentence modality (question vs. statement), e.g. [17,
18]. This has left open the question of whether
segmental intonation is produced with the (implicit)
goal of perceptually filling in gaps in FO or reflects a
meaning-driven change in articulatory effort. The
only studies looking at segmental intonation
utterance-medially are both on German [18, 13].
However, to decide between segmental intonation
being a filler of FO gaps or a meaning-driven effort
change, cross-linguistic studies examining similar
FO gaps in different contexts are required. One goal
of the current study is to help resolve this question.

2. METHODS

We examined whether the CoG of French voiceless
fricatives differed according to whether they
appeared adjacent to regions of low, intermediate or
high FO0. CoG was selected because it is closely
correlated with perceived fricative pitch and has
been found to respond very sensitively to changes in
fricative articulation across languages (see [1, 22]),
and also because it allows us to compare our results
with those of previous studies.



2.1. Materials

To place fricatives in regions expected to be
produced with low, high or intermediate FO, we
exploited a tonal scaling regularity reported in the
literature. In French, accentual phrases (APs) that
are not utterance-final are typically realized with an
FO rise that reaches its peak late in the last full
syllable of the AP. If an AP is long enough, another
rise is often realized with its starting point at the
beginning of the first content word of the AP.
Typically, APs that contain at least three content
word syllables are produced with this two-rise (early
rise-late rise) LiH;LoH, pattern [8, 28]. Crucially,
the late rise typically begins at a higher FO than the
early rise, i.e. Ly is higher than L, [28].

The critical intonational differences here do not
convey pragmatic differences. They are, however,
important for listeners in distinguishing between the
early rise (LiH;), which is a cue to a content word
beginning in word segmentation and lexical access
[29, 26], and the late rise (L.H.), whose peak signals
the end of the AP [12]. Previous research has
established differences in the realization of these two
rises, including the scaling differences outlined
above, as well as differences in the shape of the
peaks (simple vs. plateau) and the slope of the rise
[25, 29]. Preliminary results suggest that voiceless
segments render these intonational cues less salient,
particularly when they interrupt FO turning points
[30].

A set of target words was constructed using the
Lexique database [14] to identify candidates with the
required properties. They were three-syllable content
words, with a voiceless fricative in word-initial,
-medial or -final position. Given the tonal scaling of
the LiH;L,H, pattern, these positions correspond to
relatively low, intermediate or high FO in the
adjacent region. Examples are given in Table 1.

Table 1: Example target words for /s/

Position Expected Word Gloss

in relative FO

LiH L-H, of adjacent

AP region

1nitial low sidéré ‘stunned’
medial intermediate | nécessite  ‘require’
final high ressaisisse  ‘seize again’
all-sonorant control laminé ‘rolled’

The three voiceless fricatives of the French phoneme
inventory — /s/, /[/, and /f/ — were included in the
recordings. The segmental context surrounding the
target fricative was controlled to minimize the
influence of coarticulation. Four words were
selected for each of the three positions, giving a set

ntal frequency (Hz)

undamer

mental frequency (Hz)

da

Fun

of 12 items per fricative. In addition, there were six
control words containing only sonorant segments.
Each item was repeated three times in the list,
and the order of the list was pseudo-randomized.
Here we report results for the sibilant fricative /s/.
Analysis of the other two fricatives is ongoing.
Target words were embedded in the carrier in (1).

(1) Et « X » t'était proposeé.
‘And “X” was suggested to you.’

2.2. Participants

Participants were 15 female native speakers of
French, who had been raised in mainland France,
and were currently attending university.

2.3. Procedures

Participants were instructed that they would read
sentences with the structure given in (1), which
could be imagined as part of a conversation about a
crossword puzzle.

Each participant was recorded individually in a
sound attenuated room. The words in the carrier
phrase were presented one-by-one on a computer
screen. Participants were instructed to read the
sentence first silently and then out loud, at a normal
speaking rate. Recordings were made using an AKG
C520 head-worn microphone and a Zoom H4nSP
Handy recorder at a sampling rate of 44.1 kHz.
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Figure 1. Example productions of a.) an all-sonorant
control word and target words with /s/ in b.) word-initial,
c.) word-medial, and d.) word-final position, LiHiL2H2
AP pattern.



Each sentence was saved as individual sound file,
and an automatic segmental and syllabic annotation
was generated using the EasyAlign forced alignment
plug-in [5] for Praat [3]. For each sound file, the
waveform and spectrogram and associated
annotation were inspected, and clear errors in critical
boundaries (e.g. beginning and end of target
fricatives) were manually corrected. Example
productions are shown in Fig. 1.

2.4. Analyses

Acoustic analyses were performed in Praat, and
statistical ~ analyses were performed using
generalized linear mixed models in R [23] and the
package /me4.

3. RESULTS
3.1. Intonation patterns

A first step inspection of the all-sonorant control
items (e.g. laminé) was manually performed to
confirm that speakers had produced the required
two-rise LiH|L,H> pattern across the target AP,
resulting in the exclusion of the data of six of the 15
participants. These participants produced a variety of
other patterns, including falls, e.g. a slightly falling
LiHH,, and pitch patterns consistent with narrow
focus (see [20] for this common issue with sentence-
list elicitations). In a second step automated by a
Praat script, the FO of the control items was
measured at three different points: midpoint of the
first third of syllable 1, midpoint of the first third of
syllable 3, midpoint of the last third of syllable 3,
corresponding to word-initial, -medial, and -final
position, respectively, for the critical target words.
After this second check, the data from one additional
participant were excluded. All analyses are based on
the data of the eight participants who produced the
required intonation pattern (see Fig. 2).
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Figure 2. Mean FO of all-sonorant control items at
word-initial, -medial, and -final position.
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A linear mixed-effects model was fitted to the mean
FO values, with Position in the word (word-initial,
word-medial, word-final) as fixed effect, Participant
and Item as random intercepts. A significant
difference was found between FO in word-initial
position (209 Hz, SD = 19) and in word-medial
position (225 Hz, SD = 21, b = 16.304, SE = 1.821,
t=8.954 , p < 0.0001), and between FO in word-
initial position and in word-final position (253 Hz,
SD= 34, b=43.826, SE = 1.821, t= 24.069, p <
0.0001). Note that because there is a rise across the
final syllable, FO in word-final position is higher
than that in word-medial position (see Fig. 1a).

We then took CoG measurements within a
frequency range of 2 and 12 kHz on the basis of
spectral slices, with a 10 ms Gaussian window
centered on the first, second, and last third of the
fricative. Mean CoG was calculated on the basis of
these slice values.

3.2. Center of gravity

We first compared mean CoG across the three
positions in the word (Fig. 3).
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Figure 3. Mean center of gravity for /s/ by
position of the fricative in the word.

A linear mixed-effects model was fitted to the CoG
values, with Position in the word (word-initial,
word-medial, word-final) as fixed effect, Participant
and Item as random intercepts. A significant
difference was found between the mean CoG in
word-initial position (7860 Hz, SD = 995) and in
word-final position (7960, SD = 989, b = 141.26,
SE=76.54, t= 2.285, p = 0.0231). This CoG
difference of about 100 Hz is slightly smaller than
those reported in previous studies (e.g. [17, 21]), but
note the same also applies to the associated FO
difference. No difference between mean CoG in
word-initial position and in word-medial position
was found (7688 Hz, SD = 874, b = -141.26,
SE =76.54, t=-1.846, p = 0.0661).

It is clear from Figs 1 and 2 that the position of
the fricative in the word corresponded to the
expected differences in adjacent FO (initial: low FO,
final: high FO, medial: intermediate FO). There is,



however, another intonational difference between
the word-final position and the other two positions,
one that is apparent in the all-sonorant control items
(Fig. 1a). In the materials, word-initial fricatives are
at the boundary between the proclitic function word
et and a content word and thus straddle a (missing)
FO “turning point”, the low starting point of the early
rise (LiHi) of the LiH;L,H, pattern. Word-medial
fricatives, which are in onset position of the last
syllable, also often straddle a missing turning point,
the Low starting point of the late rise (L,H). The
realization of a word-medial fricative at a turning
point is less systematic, however, since L, can be
realized earlier or later, for example, well into the
vowel of the last syllable. The word-final position,
however, corresponds to the continuation of a fairly
linear rise in FO starting from the L, of the late rise
(L,H>) and continuing across the vowel nucleus of
the last syllable. We examined whether this
difference was reflected over the time course of the
fricatives.
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Figure 4. Center of gravity for /s/ by position in
word and fricative time slice: 1% third (yellow),
2 third (white), 3 third (gray).

Fig. 4 shows CoG across the first, second, and third
time slices (thirds) for each of the positions of the
fricative in the word. In word-final position, there is
a steady CoG rise from the first to the last fricative
time slice. A linear mixed-effects model was fitted
to the CoG values with Time slice (1st third, 2nd
third, 3rd third) as fixed effect, Participant and Item
as random intercepts. CoG in the last third (8524 Hz,
SD = 1029) was higher than CoG in the second third
(8245 Hz, SD=1091, b = -313.2, SE = 130.954,
t =-2.392, p=0.0174) and from CoG in the first
third (7347Hz, SD = 1164, b = -1283.05,
SE = 133.76, t=-9.592 , p < 0.0001). For /s/ in both
word-initial and in word-medial position, CoG is
higher at the midpoint (second third) than that at the
first third and the last third (all p’s <0.0001).

3.2. Intensity

A final mixed effects model examined mean
fricative intensity, since this parameter can also
cause changes in perceived fricative pitch (see [17]).
No differences were found. We thus have no
evidence that intensity differences play a role in
French segmental intonation.

4. DISCUSSION

The results provide confirmation for and extend a
number of research findings on segmental
intonation. First, sibilants in regions of low F0O have
lower mean CoG than those in regions of high FO.
This cue to fricative pitch had been found in many
other studies for a number of other languages [15-
19, 21, 24, 31, 32], but never in non-utterance-final
position in a language other than German [13, 19].
CoG differences in most earlier studies were larger,
but also co-occurred with larger FO differences. The
present study found a CoG difference of 100 Hz for
an FO difference of about 40 Hz (or 3.2 st). In[17], a
CoG difference of about 500 Hz was found for an FO
difference of about 120 Hz (or 12.3 st). Across all
studies, a rule of thumb emerges that for /s/ every 2—
3 st causes a CoG change of about 100 Hz. Different
proportions seem to apply to other fricatives.

Second, unlike in earlier studies, the critical FO
differences were not associated with meaning
differences. The current study provides the first clear
empirical evidence that segmental intonation does
not reflect a meaning-driven change in articulatory
effort, but rather is produced with the (implicit) goal
of perceptually filling in gaps in FO [17, 18].

Third, the development of CoG over time
differed for fricatives that interrupted fairly linear
stretches of FO (word-final /s/) and those that
interrupted turning points (word-initial and -medial
/s/). This finds a parallel (albeit a preliminary one) to
findings that the voiceless fricatives can perceptually
bridge gaps in FO when they interrupt a fairly linear
stretch of FO, but not when the perturbation occurs at
an FO turning point [13]. Similarly, [24] also
stressed the need to look at CoG time courses. This
study found differences in the development of CoG
over time between low and high boundary tones,
pointing to tonal-target realizations inside voiceless
fricative segments. In our study, the fact that the
CoG across word-final /s/ continues the F0 rise on
the preceding vowel also points to a “non-tonal”
tonal target at the end of the /s/. Other researchers
have reported voice quality correlates to pitch targets
[10]. These findings suggest that models of
intonational phonology should take into account
correlates of pitch other than FO.
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