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Abstract

Previous phonological analyses of dorsal segments in Sibe
(Tungusic; Xinjiang, China) have treated the velar and uvu-
lar series as allophonic, with velar segments adjacent to /i o u/
and uvular segments adjacent to /a o/. In this paper, we use a
spontaneous speech corpus to examine the acoustic correlates
of coarticulation of dorsal fricatives and vowels in Sibe. The
first two spectral moments and mid-frequency spectral peak of
dorsal fricatives were measured over the fricative onset in VC
sequences and offset in CV sequences. Differences in spectral
measures suggest that dorsal fricatives coarticulate with both
preceding and following vowels primarily in terms of tongue
dorsum backness, but with some role of height possible. These
findings reflect a more complex relationship between Sibe vow-
els and dorsals than previously described; the distribution of
labels used for the dorsal fricatives also suggests a gradient as-
similation process.

Index Terms: dorsal fricatives, spectral moments, Sibe, coar-
ticulation, acoustics

1. Introduction
1.1. Vowel-dorsal coarticulation in the Altaic area

Coarticulation, assimilation, and harmony processes involving
vowels and dorsal consonants are an areal feature of languages
of Northeast and Central Asia, especially within the Turkic,
Mongolic, and Tungusic language families which form the Al-
taic linguistic area [1, 2, 3, 4]. Entire words are described as
having a specification for backness affecting both the vowels
and consonants. In Kazakh, for example, dorsal consonants
in native words are found in complementary distribution: velar
segments occur adjacent to front vowels, and uvular segments
adjacent to back vowels [3]. Likewise, front and back vowels
in native Kazakh words do not co-occur, which means that, at
least word-internally, native words cannot contain both velars
and back vowels, nor uvulars and front vowels. Kyrgyz vowel
harmony has likewise been described in phonological terms as
the spreading of a backness feature [5]. Vowels within a Kyrgyz
word must match in terms of this backness feature. By contrast,
Turkish does exhibit vowel backness harmony, where all vowels
in the root share the same backness specification, but does not
exhibit the vowel-consonant interaction observed in Kazakh or
Kyrgyz [6].

These descriptions have tended to claim that vowel har-
mony and consonant assimilation are implemented in terms of
the same single articulatory feature (i.e. tongue body backness
or tongue root retraction). Acoustic studies have seemed to
bear this out: in Kazakh, velar fricatives exhibited higher values
for spectral center of gravity compared to uvulars, indicating a

fronter constriction, and vowels have lower F2 values adjacent
to uvular consonants [7]. However, the actual phonetic basis
of this consonant-vowel interaction is rather poorly understood,
and may well be more complex than typically described: when
tongue articulation is more closely investigated, the mechanism
of vowel production is seen to be more nuanced. Tongue ultra-
sound imaging studies have revealed that speakers of Kazakh,
Kyrgyz, and Turkish articulate front and back vowels with the
expected differences in the backness of the tongue body, but
Kazakh and Kyrgyz also recruit the tongue root for producing
the front-back distinction, i.e., tongue root retraction and tongue
dorsum backing are co-produced [8].

These findings are important for the description of other,
similar systems of vowel-consonant coarticulation or harmony:
description of the process in terms of a single feature may not
account for the full range of articulations produced by speakers.
Further complicating the description of these harmony systems,
some are known to be gradient or variable in their implemen-
tation. Prior acoustic investigation of the Kazakh vowels and
dorsal consonants suggest that speakers do not strictly adhere
to the co-occurrence restriction with back vowels in the pro-
duction of their dorsal consonants, and that this co-occurrence
restriction was not productive in nonce words.

1.2. Vowel-dorsal coarticulation in Sibe

Sibe ([eiva], ISO 639-3 sjo) is an endangered Tungusic lan-
guage spoken in northwestern China. The Tungusic languages
exhibit systems of vowel harmony and vowel-consonant assim-
ilation similar to those described above [1, 2]. The Sibe dorsal
consonants [k g q ¢ x Y B] are conventionally described as
alternating based on the height of adjacent vowels: the uvulars
[q @ % ®] have been described as co-occurring with [— high]
vowels /a o/, whereas velars [k g x y] are often described as
co-occurring with the [+ high] vowels /i 9 u/ [9]. For exam-
ple, the words [xox] ‘woman’ and [yay] ‘man’ follow a similar
static co-occurrence restriction to that observed in Kazakh and
Kyrgyz.

The articulatory and acoustic dimensions involved in
vowel-dorsal consonant coarticulation in Sibe have yet to be
explored acoustically. Furthermore, as previously noted for
Kazakh [7], however, vowel-dorsal co-occurrence restrictions
in Sibe appear to vary in spontaneous speech. Previous im-
pressionistic analyses suggest that speakers do not consistently
produce uvulars and velars in the expected places, even across
different productions of the same lexical item [10, 11]. This
apparent loss of predictability in the distribution of velars and
uvulars with respect to adjacent vowels raises the possibility
that the two series are not allophonic variants of each other as
typically described. It remains unclear the extent to which tran-
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scribers’ perceptual biases may impact the transcription of this
variability.

1.3. Research questions

In this paper, we use acoustic measures of fricative spectra to
gain insight into the phonetics of coarticulation of the Sibe dor-
sal fricatives and their surrounding vowels: is the basis for
Sibe dorsal consonant production a single articulatory dimen-
sion such as tongue dorsum height or backness, or a more com-
plex combination of such factors? We assess several measures
expected to inversely vary with the length of the oral cavity in
front of the fricative constriction (i.e., a longer cavity yields a
lower measure): the first two spectral moments, center of grav-
ity and standard deviation; and mid-frequency spectral peak
[12, 13]. Differences in these measures may reflect differences
in the relative anteriority of articulation (velar or uvular) of the
dorsal fricatives, allowing for patterns associated with particular
neighboring vowels to emerge from the data.

We also carry out a supplementary analysis on the tran-
scribed labels (uvular [y] versus velar [x]) to assess the relation-
ship between perceived fricative place and the various acoustic
measures. This serves to assess the biases that may have played
arole in past impressionistic analysis, and to assess whether the
impressionistic labels are determined primarily by the identity
of surrounding vowels or by spectral characteristics of the frica-
tive consonants themselves.

2. Methods
2.1. Materials

A Sibe spontaneous speech corpus was collected in Xinjiang be-
tween 2018 and 2021 for an educational WeChat channel; ma-
terials were taken as the basis of this study with the permission
of the collectors. All recordings were made using various lapel
microphones connected to a Sony PCM-D50 recorder. Record-
ings were processed at a sampling rate of 44,100Hz/16-bit.

Using a working orthography devised by the first and third
authors, roughly three hours of continuous speech from seven
speakers in the corpus were transcribed in Praat [14]. The re-
sulting transcripts were used to generate a pronunciation dictio-
nary, train an acoustic model, and carry out forced alignment
using the Montreal Forced Aligner (MFA) [15]. Initial output
alignments were hand-corrected as necessary.

The hand-corrected segment start and end points were used
to extract short portions of target velar and uvular fricatives for
inclusion in two models described in more detail below. One
model is concerned with anticipatory coarticulation with fol-
lowing vowels in CV sequences, and the other is concerned
with carryover coarticulation with preceding vowels in VC se-
quences. For CV sequences, the final 20% of the fricative’s
duration (the offset) was analyzed, and for VC sequences, the
initial 20% of the fricative’s duration (the onset) was analyzed.
Analysis of the offset and onset portions was chosen to maxi-
mize influence from the following and preceding vowel. Inter-
vocalic fricatives are counted twice in Tables 1-2, as both the
offset and onset of these tokens are examined for anticipatory
and carryover coarticulation, respectively.

This procedure yielded 3,524 tokens, inclusive of both
fricative offsets and onsets (Table 1). The number of offset
and onset tokens varies according to the adjacent vowel, reflect-
ing the natural probability of the vowels in Sibe in spontaneous
speech. Speakers contributed a comparable amount of tokens
(Table 2) with the exception of M4, who contributes fewer than
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50 tokens due to taking few speaking turns in the corpus.

2.2. Analysis

The first two spectral moments, spectral center of gravity
(COG) and spectral standard deviation (SD) [12], as well as
the mid-frequency spectral peak (MFSP), were extracted for all
target dorsal fricative onsets and offsets in R using a modified
version of the Multitaper Spectral Analysis on Sound Segments
script by Wilson & Chodroff [16]. Intervocalic fricatives were
variably voiced by speakers throughout the corpus. To avoid
any confound of voicing in the spectral moments analysis, a
Hann stop-band filter was used to remove frequencies lower
than 550 Hz in the recordings, effectively removing the voicing
source following [17, 18, 13]. All measurements were averaged
across eight tapers in the 20% onset or offset window. Outliers
for each measure more than two standard deviations from the
mean for a given CV and VC pair were excluded from analysis.

Table 1: Fricative portion tokens by preceding and following
vowel context.

Vowel Offset (CV) Onset (VC)
i/ 108 381

/o/ 766 259

lal 461 497

o/ 147 218

u/ 485 202

Total 1,967 1,557

Table 2: List of speakers (F = female, M = male) with number
of targets contributed per speaker.

Speaker Age Total tokens
Fl 65 498

F2 85 626

M1 40-42 713

M2 66 338

M3 68 846

M4 75 24

M5 76 479

Total 3,524

Acoustic measures were submitted to mixed-effects linear
regressions for each combination of measure and position (on-
set or offset). Each model included fixed effects of preceding
or following vowel and speaker gender, with a random slope
for consonant duration by speaker, and a random intercept for
word. The random slope for duration is included to account for
duration-related gestural undershoot in a speaker-specific way.
The intercept reference was set to [a] so that comparisons could
be made with respect to height and backness of other vowels.

Impressionistic fricative labels ([x] or [y]) were provided
for each dorsal fricative by the third author, a Sibe speaker who
assisted with transcription. We visualize all acoustic data split-
ting by these impressionistic labels, but they were not included
as a factor in the linear models. These impressionistic labels
were, however, subject to an additional analysis in Section 3.3
to assess the relationship between perceived fricative place and
the various acoustic measures (see Figure 3).



3. Results

The offset data plotted in Figure 1 suggest an association of low-
ered center of gravity (COG) and standard deviation (SD) with
lower and backer following vowels. An association of lower
mid-frequency spectral peak (MFSP) with higher vowels is also
suggested by the distribution of the raw data, though as will be
seen below, the linear mixed effects models offer a different
characterization of MFSP more similar to the pattern for COG
and SD. Figure 2 suggests a similar pattern for fricative onsets.
We turn to the linear mixed-effects models to confirm these pat-
terns.

3.1. Fricative offsets by following vowel

In the offset (CV) model for COG, the intercept for the ref-
erence level [a] (8 = 836.103, #[5.023] = 19.394, p < 0.001)
reached significance. The vowels [i] and [9] significantly raised
offset COG relative to baseline; [i] had a larger effect ([i]: 5 =
793.860, 1[765.447] = 23.321, p < 0.001) compared to [o] (5
= 115.132, 1[519.896] = 6.018, p < 0.001). The effects of the
back vowels [0] and [u] failed to reach significance.

In the offset model for SD, the intercept for reference [a]
reached significance (5 = 309.266, 1[5.971] =4.877, p < 0.01).
Relative to this baseline, the vowels [i], [], and [u] all signifi-
cantly raised offset SD: the effect of following [i] is largest (5
= 971.307, t[1185.995] = 20.954, p < 0.001), followed by [o]
(B = 348.843, 1[739.104] = 13.051, p < 0.001), then [u] (B =
161.736, 1[858.171] = 5.498, p < 0.001). The effect of [0] rela-
tive to baseline failed to reach significance.

Finally, in the offset model for MFSP, the intercept for ref-
erence [a] reached significance (3 =735.232, 1[4.882] = 26.370,
p < 0.001). Following [i] raised offset MFSP (8 = 181.050,
t[477.785] = 8.567, p < 0.001), and following [o] lowered oft-
set MFSP (8 = —42.480, 1[392.140] = —2.272, p < 0.05); the
effects for [o] and [u] did not reach significance.

3.2. Fricative onsets by preceding vowel

In the onset model for COG, the [a] intercept reaches signifi-
cance (8 =798.0099, #[4.5258] = 11.266, p < 0.001). The non-
back vowels [i] and [9] exhibit significantly raised COG rela-
tive to this baseline, with a larger effect for [i] (5 = 616.3253,
1[847.4821] = 15.527, p < 0.001) than [o] (8 = 247.9935,
1[857.7469] = 6.114, p < 0.001). As in the onset model, the
effects for the back vowels [0] and [u] failed to reach signifi-
cance.

In the onset model for SD, as with the offset model, the [a]
intercept was significant (5 = 236.087, 1[4.638] = 3.420, p <
0.05). The vowels [i], [2], and [u] significantly raised SD, again
with a larger effect for [i] (8 = 783.396, 1[974.190] = 20.876, p
< 0.001) compared to [o] (8 = 379.811, £[929.146] = 9.767, p
< 0.001) and [u](B =206.487, £[857.296] = 4.939, p < 0.001).
The effect of the vowel [o] relative to baseline did not reach
significance.

Finally, in the onset model for MFSP, the intercept [a] again
reached significance (6 = 745.307, #[7.985] = 23.673, p <
0.001). The high front vowel [i] was the only vowel with a
significant effect on MFSP relative to baseline, somewhat rais-
ing it (8 = 221.603, £[299.235] = 7.925, p < 0.001). The effects
of preceding [9], [o], and [u] failed to reach significance.

3.3. Acoustic basis of transcriptional labels

As seen in Figures 1-2, in most vowel contexts, only a small
difference can be observed in spectral measures between the on-
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sets and offsets of fricatives labeled velar [x] and uvular [y]. In
order to assess the relationship between the acoustic measures
and labels typically chosen for (non-contrastive) dorsal fricative
place, we provide count data for each transcribed label in each
vowel context in Figure 3. The uvular [y] transcription is pri-
marily associated with the retracted vowels [a] and [o], whereas
dorsal fricatives associated with [i] are mostly transcribed as
velar [x].

We additionally compared the two labeled groups ([x] and
[%]) on each acoustic measurement (COG, SD, MFSP) at onset
and offset, using Welch’s paired t-tests (two-tailed). T-tests for
each measure (COG, SD, MFSP) showed significant differences
between the tokens assigned each label. Fricative offsets la-
beled as uvular had significantly lower COG (M = 827.437) than
those labeled as velar (M = 1015.041), #[841.55] = —10.027,
p < 0.001. Likewise, fricatives labeled as uvular had signifi-
cantly lower SD (M = 465.010) than those labeled as velar (M
=784.717), 1[940.10] = —13.913, p < 0.001. Fricatives labeled
uvular also had lower average mid-frequency spectral peaks (M
=729.0451) than those labeled as velar (M = 746.2047), but the
difference was not significant (#[808.66] = —1.5881, p > 0.05).

T-tests also revealed significant differences in spectral mo-
ments measurements between fricative onsets labeled as uvu-
lar or velar. Both offsets and onsets of fricatives (in CV and
VC sequences, respectively) labeled as uvular had lower cen-
ter of gravity (M = 859.024) than those labeled as velar (M
= 1315.330), #[708.93] = —14.498, p < 0.001; spectral stan-
dard deviations were also lower for those labeled uvular (uvular
M = 482.791, velar M = 1033.881, #[833.99] = —18.016, p <
0.001). Mid-frequency spectral peaks were likewise lower for
fricatives labeled uvular (M = 751.572) than those labeled velar
(M =900.818), 1[670.80] = —6.5419, p < 0.001.

4. Discussion

In this study, we examined Sibe dorsal fricatives at offset and
onset to determine the relevant dimensions (height, backness)
of Sibe vowel-dorsal coarticulation through acoustic measures.
Linear mixed effects models revealed differences in spectral
moments (COG, SD) and mid-frequency spectral peak depen-
dent on the vowel preceding onset or the vowel following oft-
set. Variation in COG and SD at fricative onset and offset was
primarily driven by the frontness of the flanking vowel, counter
to the analysis in [9], which described height as the relevant
factor. This suggests a tendency for a more anterior (velar) ar-
ticulation with more anterior vowels, and more posterior (uvu-
lar) articulation with the back vowels: essentially, the closer
to [i] the articulation of a vowel, the higher the COG and SD.
Modeled MFSP also appears to vary mainly according to the
frontness of the adjacent vowel, with /i/ conditioning a higher
MEFSP than all other vowels. From prior studies of sibilant frica-
tives, MFSP is known to be tightly related to the anteriority of
constriction [13, 17, 18]; this finding again suggests that an ar-
ticulatory back-front dimension drives most variation in dorsal
place.

As with neighboring languages, previous phonological de-
scriptions of Sibe describe the vowel-dorsal consonant coartic-
ulation system as being one-dimensional, limited to one axis of
movement, with height favored as the basis [9]. This study’s
findings suggest that the uvular variants of the Sibe dorsal con-
sonants are gradiently conditioned by the backness of the sur-
rounding vowels. We cannot rule out, however, a role of vowel
height, as evidenced by occasional significant main effects of
the high back [u] on acoustic measures. Alternately, a more
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biomechanically realistic dimension such as lingual retraction
or constriction against the epilarynx [19] may provide a simple
basis for this harmony, as evidenced by [a] and [o] frequently
grouping together in their effects on fricative acoustics.

T-tests revealed significantly higher spectral center of grav-
ity and standard deviation for fricatives labeled velar compared
to those labeled uvular, as well as lower MFESP, for both fricative
onset and offset measures, across all vowel contexts. These re-
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sults suggest that transcriptional labels do reflect acoustic vari-
ation in dorsal fricative production and are not simply a product
of perceptual integration with the surrounding segmental envi-
ronment. Nonetheless, phonological descriptions of these lan-
guages may not capture the full range of articulations performed
by speakers, giving acoustic and articulatory investigations of
these languages extra urgency: these languages are at risk of
disappearing before acoustic or articulatory investigations can
be carried out. Our results have implications for the phono-
logical literature on vowel-vowel and vowel-dorsal consonant
coarticulation in Sibe specifically and in the Altaic area in gen-
eral; they also highlight the importance of phonetic investiga-
tion when describing systems of assimilation or coarticulation
to produce a more accurate account of a language’s phonology.
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