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Abstract

While Mixtec languages are well-known for their tonal systems, there remains relatively little
work focusing on their consonant inventories. This paper provides an in-depth phonetic
description of the consonant system of the Yoloxochitl Mixtec language (Oto-Manguean, ISO
639-3 code xty), a Guerrero Mixtec variety. The language possesses a number of contrasts
common among Mixtec languages, such as voiceless unaspirated stops, prenasalized stops, and a
strong tendency for words to conform to a minimally bimoraic structure. Using a controlled set
of data, we focus on how WORD SIZE and WORD POSITION influence the acoustic properties of
different consonant types. We examine closure duration, VOT, and formant transitions with the
stop series, spectral moments with the fricative series, the timing between oral and nasal closure
with the prenasalized stop series, and both formant transitions and qualitative variability with the
glide series. The general effect of WORD SIZE is discussed in relation to work on POLYSYLLABIC
SHORTENING (Turk & Shattuck-Hufnagel 2000) and demonstrates the importance of prosodic
templates in Mixtec languages (Macken & Salmons 1997). The prenasalized stop data provides
evidence that such stops are best analyzed as allophones of nasal consonants preceding oral
vowels (as per Marlett 1992) and not as hypervoiced variants of voiced stops (as per Iverson &

Salmons 1996).



1. Introduction

The process of language description frequently focuses on aspects of a language that are notable
from an areal, typological, or theoretical perspective. Although Mixtec languages have relatively
less complex consonantal inventories than many languages from other Oto-Manguean families,
e.g. Zapotecan, Popolocan, Otomian, and Tlapanecan, several aspects of Mixtec consonantal
phonology have been the focus of debate in the literature. For instance, the phonological status of
prenasalized stops throughout different Mixtec languages is unresolved. Marlett (1992) argues
that they are best analyzed as allophones of nasal consonants, while Iverson and Salmons (1996)
argue that they are best analyzed as voiced stops with HYPERVOICING. Moreover, in Coatzospan
Mixtec, there is evidence for nasalized fricatives (Gerfen 2001). This stands counter to a claim in
the phonetics literature arguing that it is aerodynamically impossible to maintain nasal airflow
while simultaneously producing sufficiently high intra-oral air pressure to maintain turbulence in
the oral cavity for fricative production (Ohala & Ohala 1993).

Debates like these can certainly be informed with instrumental phonetic data from Mixtec
languages, but there are also several independent motivations for pursuing descriptive phonetic
work on undescribed or under-described languages. First, it is by no means certain that contrasts
which have been labeled identically across languages, even at the phonetic level, e.g. 'velar
ejective,' are produced similarly across languages. While some of these differences may arise
from errors in transcription, others arise from the coarseness inherent to phonetic transcription
itself. For instance, the fundamental frequency (Fy) on the vowel following the stop release is
dependent on the phonological voicing of the stop (Keating 1984; Kingston & Diehl 1994).
Thus, in a language like Hindi, where a phonetically voiceless unaspirated stop is an allophone
of a voiceless stop series, e.g. [t] is an allophone of /t/, Fy raises upon release. In a language like
English, where a phonetically voiceless unaspirated stop is an allophone of a voiced stop series in
utterance-initial position (Davidson 2016), e.g. [t] is an allophone of /d/, Fy lowers upon release.
These stops are identically, narrowly transcribed as [t] in the IPA, but they differ in phonetic
detail. Second, the establishment of these phonetic details in an individual language is the
baseline from which one may test more targeted theories of speech production. Research on
well-studied languages often relies on fundamental work in phonetic science which assumes
existing knowledge of the descriptive phonetic properties of the language, i.e. the extensive

research on voice onset time (VOT; Lisker & Abramson 1964; Abramson & Whalen 2017) was



made possible because early work investigated the descriptive properties of languages like
English, French, and Thai. Third, careful phonetic detail is useful for the purposes of historical
reconstruction (Blevins 2004, Ohala 2001) and for examining how a language's phonological
contrasts compare with those from well-studied languages. Finally, a majority of the published
phonetic literature on endangered languages has not been based on large samples, partly due to
limited use of automatic methods for acoustic analysis. The current paper relies heavily on
automated methods for the analysis of different acoustic properties, and we will discuss the
limitations as well as the advances inherent in the methods. The scripts used in this study are
listed in the appendix. We hope that this study can serve as an accessible model for modern
descriptive phonetic research.

The focus of the current paper is an acoustic examination of the different consonant types
in Yoloxochitl Mixtec, a Mixtec language in the Guerrero Mixtec branch (Josserand 1983) and
the focus of major documentation work (Amith & Castillo Garcia, n.d.). In the remainder of this
section, we provide a background discussion of the language and its phonological inventory. In
each of the following sections, the acoustics of a particular consonant type are investigated. The
phonetic data consists of field recordings of different consonant types produced in carrier phrases
by eight native speakers. Like similar studies on the phonetic structure of a language (Silverman
et al. 1995, Maddieson et al. 2009), the current study is exploratory and not driven by an over-
arching set of theoretical hypotheses. However, individual theoretical concerns pertinent to

specific sound contrasts are explored throughout the paper.

1.1 Language background

The genetic affiliation of the Mixtecan languages is provided in Figure 1. While Cuicatec and
Triqui have notably little internal diversification, Mixtec has extensive internal diversification,
possessing roughly sixty distinct varieties (recognized as separate languages in the ISO-639

standard) spoken in twelve pan-dialectal regions (Josserand 1983).



FIGURE 1: MIXTECAN LANGUAGES (RENSCH 1976)
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As a result of this, there are a large number of languages, each of which is labelled "Mixtec", but
many of which are as distinct as modern-day Italian and Portuguese. The internal diversification
of Mixtec ostensibly began in the late Preclassical period in Mexico (Josserand 1983:458),
giving it roughly the same time depth as the diversification of Romance languages, beginning
1800-2000 years ago (Adams 2007)." Yoloxochitl Mixtec, the focus of the current study, is an
endangered language spoken in the towns of Yoloxochitl, Cuanacaxtitlan, Buena Vista, and
Arroyo Cumiapa (Castillo Garcia 2007), located approximately 20 miles north of the town of
Marquelia, Guerrero, along the southeastern coast "la costa chica" of Guerrero, Mexico. Within
Cuanacaxtitlan and Buena Vista, the shift to Spanish is nearly complete among the younger
generation, while in Yoloxéchitl speakers of all generations have maintained the language. There
are approximately 4,000 speakers remaining, though many younger speakers are more dominant
in Spanish than in Yoloxochitl Mixtec. Figure 2 shows the diversification of Mixtec and its sub-
family, Guerrero Mixtec, the larger grouping into which Yoloxéchitl Mixtec belongs.” The
numbers next to each lower branch reflect the number of language variants within that branch.

There is reasonably good mutual intelligibility across most of the Guerrero Mixtec languages

1 The rationale for this specific time depth in Josserand (1983) is perhaps a bit unclear. Note that
extensive internal diversification was already discussed in Los Reyes (1593).

2 Note that Guerrero Mixtec here refers to a genetic classification, not a geographic one, i.e. there
are Mixtec varieties spoken in the state of Guerrero that are not part of this classification.



(Castillo Garcia 2007), but only approximately 30% mutual intelligibility between Guerrero and

Southern Baja varieties spoken nearby (Lewis et al. 2013).”

FIGURE 2:  MIXTEC LANGUAGES (JOSSERAND 1983)

L
Mixtec
Amolltepec Central  Coastal Eastern M‘tl Northeastern Northern Northern Southern T Itl’ Western
) Baja (2) (N Alta(® Guerrero | epee Alta (3) Alta (3) Baja(4)  Baja(3) czoatian — Alta (14)
(C))
Alacatlatzala Alcozauca Metlatonoc Yoloxéchitl

Linguistic work on the Mixtec languages has a long history, with the first dictionary appearing in
the colonial period (de Alvarado 1593). Even more than four hundred years ago, de Alvarado
remarked on the extensive diversity of Mixtec languages. It was not until the mid-20th century,
however, that a number of phonological descriptions of different Mixtec varieties were produced,
among them work in Huajuapan Mixtec (Pike & Cowan 1967), Silacayoapan Mixtec (North &
Shields 1977), Diuxi Mixtec (Pike & Oram 1976), Alacatlatzala Mixtec (Zylstra 1980), San Juan
Mixtepec Mixtec (Pike & Ibach 1978), Ayutla Mixtec (Pankratz & Pike 1967, Herrera Zendejas
2009), Jicaltepec Mixtec (Bradley 1970), and Molinos Mixtec (Hunter & Pike 1969). Castillo
Garcia (2007) provides a phonological description of Yoloxochitl Mixtec and is the basis of
some of the phonological generalizations made here. With few exceptions (Gerfen, H. 1996,
Gerfen, C. 2001, Gerfen & Baker 2005, and Herrera Zendejas 2009), there are no studies

examining the phonetics of Mixtec consonants.”

1.2 Phonological inventory

There are only 14 consonant segments in Yoloxochitl Mixtec, shown in Table 1. Two segments

appear in parentheses (/™b, "d/). We argue in Section 5.1 that these are not phonemic in the

language, but allophonic. They are included in Table 1 because they are extremely common

allophones and appear in a number of examples throughout the paper. The glottal stop is not

3 Despite being spoken in Guerrero, the varieties which have less intelligibility with Guerrero
Mixtec, according to Castillo Garcia (2007:11), belong to Southern Baja Mixtec (Josserand
1983).

4 Moreover, given the extensive diversity of the Mixtec family, there is perhaps an inappropriate
tendency to generalize the findings from work on specific dialects to other variants simply due to
the shared use of the name Mixtec.



included in the consonant inventory either. The dental fricative is represented as /s/ and not as
/6/, since the sound is always strictly post-dental (and not interdental) in Yoloxo6chitl Mixtec and,

to our ears, more similar to /s/ in other languages than it is to /6/. Glottalization is

phonologically-contrastive and considered to be a couplet/foot-level autosegmental feature (see

below) which obligatorily occurs either intervocalically in monosyllabic words, e.g. /*do?'0%/

'basket', or preceding a medial voiced consonant, e.g. /ja?'Bi*/ 'market, price' in disyllabic words.

In our transcriptions, tone is written as a superscript number, where /1/ is low and /4/ is high.

TABLE 1: YOLOXOCHITL MIXTEC CONSONANT INVENTORY

Bilabial Dental Alveolar Post-Alveolar Palatal Velar Labialized
Velar

Plosive p t k kv

Pre-nasalized ("b) (*d) g
Plosive

Affricate tf

Nasal m n

Tap (r)

Fricative s { (x)
Approximant B j

Lateral Approximant 1

TABLE 2: YOLOXOCHITL MIXTEC VOWEL INVENTORY

Front Central Back

Close i, 1 u, 0
Mid-close ¢, & 0,0

Open a,a




While the focus of the current study is not a comprehensive phonological description of
Yoloxoéchitl Mixtec consonants, a few patterns are worthy of mention here. First, like most

Mixtec languages, Yoloxdchitl Mixtec has (C)V(V) syllable structure, though utterance-initial

words without an onset receive an obligatory and predictable [?] onset. No consonant clusters or

codas are permitted. Second, as in many other Oto-Manguean languages, bilabial plosives

(prenasalized or voiceless unaspirated) are quite rare in Yolox6chitl Mixtec. Third, the alveolar

tap /r/ occurs only in a few functional morphemes, such as the 3rd person masculine enclitic /=

ra®/ and the discourse particle indicating agreement, /ra*/. Fourth, the vowel system is relatively

simple in Yoloxdchitl Mixtec. There is a system of five vowels, each of which may be
contrastively nasal or oral, shown in Table 2. The vowel system is explored in DiCanio et al.
(2015).

The feature for which Yoloxdchitl Mixtec differs most from certain other Mixtec
languages is in word-level constraints on phonological structure. In his early work on Mixtec,
Kenneth Pike (1944) argued that the grammar of Mixtec as a whole is best understood with
reference to a unit called the couplet. A couplet is a phonological unit consisting of either two
syllables or more. Pike coined this term in order to capture the generalization that most Mixtec
words in the dialects he examined consisted of either CVV roots or CVCV roots.” Most words in
Mixtec languages consist of units of this size. The couplet has been a useful unit in the analysis
of phonological features in Mixtec, such as nasalization and glottalization (Hinton 1991,
Macaulay 1996, Macaulay & Salmons 1995), as well as a useful template for explaining
processes of sound change (Macken & Salmons 1997). While many words in Yoloxochitl Mixtec
consist of a bimoraic couplet and this is the minimal size for content words, the language also

possesses a fair number of trimoraic roots. In Yoloxdchitl Mixtec, words may be of the maximal

size/shape CVCVCV, CVCVYV, or CVCV?V. Note that *CVCVCVYV is not a possible shape,

suggesting that the mora is the appropriate unit for measuring word size.

5> The Mixtec couplet is functionally equivalent to a bimoraic foot.



2. Stress and the phonetics of the word

Like many Oto-Manguean languages, words in Yoloxo6chitl Mixtec have stress in addition to
lexical tone. The typical Mixtec pattern is for stress to appear in the penultimate syllable of
disyllabic lexical roots. In certain Mixtec varieties, stress shifts rightward when an enclitic is
attached, suggesting that stress is assigned at the phonological word level, not at the couplet
level. In Yolox6chitl Mixtec, stress falls on the final syllable of the couplet (the lexical root), not
on the penult. The main acoustic realization of stress is increased duration. Final vowels are
approximately 30-50% longer than penultimate vowels in words produced in isolation (DiCanio
et al. 2012, 2018). Moreover, there is a distributional asymmetry with respect to tone on roots,
with far more tonal contrasts occurring on root-final than penultimate syllables (DiCanio et al.
2014). These two factors suggest that root-final syllables are stressed compared to non-final
syllables.

In several Mixtec languages, researchers have also observed a process of consonantal
lengthening in couplet-medial position, e.g. CVCV, yet it is unclear if this process is related to
stress at all. Longacre cites this process in his early work on Proto-Mixtecan (1957). Later work
on individual languages with penultimate stress has reported a similar pattern. For instance,
consonantal lengthening occurs on the post-tonic (ultimate) syllable in Acatlan Mixtec (Pike &
Wistrand 1974) and in Ayutla Mixtec (Pankratz & Pike 1967). In Ayutla Mixtec, medial stop
consonants may also be optionally pre-aspirated. It is notable that both these varieties of Mixtec
are spoken in Guerrero. Use of lengthening and preaspiration is also a characteristic of final
stressed syllables in Itunyoso Triqui (DiCanio 2010), suggesting that this could be an
areal/family feature. Given its proximity to these languages, Yoloxo6chitl Mixtec should be
examined to determine whether its medial consonants are also lengthened. Since there is
phonological evidence that ultimate syllables carry stress in Yoloxochitl Mixtec, it needs to be
determined whether vowel lengthening co-occurs with onset consonant lengthening. In order to
assess these issues, we examined the durational aspects of consonants in Yoloxo6chitl Mixtec in a
variety of contexts in carrier phrases.

As is common in phonetic descriptions, the terms “consonant duration” and “vowel
duration” will be used as terms of convenience for the acoustic segments to be measured.
Consonant duration will apply to stop closures, fricative noise, and resonances as appropriate.

This is not intended to deny the existence of consonantal information in vocalic formant



transitions, which could be classified as belonging to the consonant and vowel equally.
Similarly, the vowel duration will be the duration of the vocalic segment, even though that
includes some consonantal information and excludes some vowel information (such as the

shaping of fricatives noises; Whalen (1983), Soli (1981)).

2.1 Method

Consonant duration was examined in three contexts in Yoloxodchitl Mixtec: in word-initial

position in monosyllabic words, e.g. /ka*a?*/ ‘'metal’, in word-initial position in disyllabic words,
e.g. /ka’ka®/ 'lime (stone)', and in word-medial position in disyllabic words, e.g. /ja’ka?/
'eranary.’ With a few exceptions, one word for each of the three contexts was chosen for each

consonant in the language. The exceptions were the consonant /°g/, which does not occur in

word-initial position, and the consonant /r/, which was excluded from analysis owing to its

limited distribution in content words. In addition to this set of 43 words, an additional seven

words were included in case the speakers were unfamiliar with particular target words. Each of

these 50 words was elicited in a carrier sentence /ni'-"da'?ju’' =ra' TARGET ka'a®/ 'PERF-

shout=3S TARGET here', 'He/she shouted TARGET here.” Each carrier phrase was produced 5
times, for a total of 250 sentences per speaker. The vowels adjacent to the consonant in the target
words were always /a/.

Speakers were recruited from within the Yoloxdchitl community and recorded in a quiet
room in the nearby town of San Luis Acatlan. Eight male native speakers (mean age = 47.1
years) were recruited. It was not possible to recruit female speakers for this study. The research
team was all male and no women were able to participate during the few days of recording. In
total, 2,000 utterances were analyzed (250 sentences x 8 speakers). The recordings were made on
a Marantz PMD 670 solid-state recorder with a Shure SM10a head-mounted microphone at a
sampling rate of 48 kHz. The sentences were produced in Yoloxochitl Mixtec by the first author
or fourth author as a prompt to the speaker. A repetition task was used here since the population
is almost entirely illiterate in Yoloxochitl Mixtec, and very little functional literacy in Spanish
exists among the native speaker population as well. One limitation of this method is that speakers

may imitate certain phonetic characteristics that are produced by the speaker rather than speak
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freely. An alternative would be to ask speakers to translate spoken Spanish sentences into
Mixtec. However, this method involves the speaker switching language modes and, as a result,
their responses may shift when compared to interactions composed entirely in their native
language (c.f. Drager et al. 2010, Olson 2013). This is especially relevant in the context of
research on endangered languages where accommodation towards a higher prestige language
(Spanish) may be strong (c.f. Bourhis & Giles 1977, Babel 2009).

Each of the target words was acoustically segmented and labeled in Praat (Boersma &
Weenink 2016) by the second author. Five percent of the target consonants chosen at random
were segmented by the first author and checked against the second author's segmentation.
Consonant boundaries for all words fell within £5 ms between the segmenters. For stop
consonants, two separate portions were segmented: closure and VOT. Glides were assumed to
begin/end at the midpoint between the onset/offset of the steady-state of the adjacent vowel's
formants. The segmentation of the phonetic components of all other consonants (nasals,
fricatives, prenasalized stops, affricates) was based on typical acoustic patterns: nasal murmur,
frication, and closure.

The duration data were extracted automatically from the segmented sound files using a
script written for Praat. The durational data were statistically analyzed with two separate
repeated measures analyses of variance. In the first analysis, only the disyllabic words were
examined. CONSONANT DURATION was treated as the dependent variable, while CONSONANT
CLASS (stop, fricative, affricate, approximant, nasal, prenasalized stop) and POSITION (initial,
medial) were treated as independent variables. CONSONANT DURATION here included the sum of
the closure duration and VOT; i.e. all stop components. The model evaluates the effect of
position and consonant type on consonant duration. In the second analysis, only consonants in
word-initial position were examined. CONSONANT DURATION was treated as the dependent
variable, while CONSONANT CLASS and WORD SIZE (monosyllabic, disyllabic) were treated as
independent variables. This model evaluates the effect of word size and consonant type on
consonant duration. The interaction of each set of independent variables was included in the
models. In both models, SPEAKER was treated as an error term. All statistical analyses were made

using R version 3.33 (R Development Core Team, 2016).
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2.2 Results

There was a marginal main effect of POSITION on consonant duration in disyllabic words (F[1, 2]
= 13.2, p = 0.07). Consonants produced in word-medial position were slightly longer than those
produced in word-initial position (132.1 ms vs. 109.4 ms). The pattern was most apparent for
obstruents (stops, fricatives, affricates) but weaker for sonorants (prenasalized stops, nasals,
approximants). The effect of consonant class on consonant duration was much stronger (F[5, 35]
=15.9, p <.001). A significant interaction between position and consonant class was also found
(F[5, 35] = 4.3, p < .01). Post-hoc Tukey tests showed a significant effect of position for each
consonant class (p < .01) except the prenasalized stops. Figure 3 shows the duration data by
consonant class and context.

For the model examining durational differences in word-initial position (the second
statistical model described above), there was a significant main effect of WORD SIZE on consonant
duration (F[1, 2] = 542.1, p < .01). Consonants produced in monosyllabic words were longer
than those produced in disyllabic words (151.7 ms vs 109.4 ms). The durational difference here
i1s approximately twice the size of the durational difference observed in the previous analysis
(42.3 ms compared to 22.7 ms) analyzing the effect of POSITION. The main effect of consonant
class also emerged as significant within this model (F[5, 30] = 16.2, p < .001). A significant
interaction between consonant class and word size was also found (F[5, 34] = 8.7, p < .001).
Similar to the findings above, post-hoc Tukey tests showed a significant effect of size for each

consonant class (p <.01) except the prenasalized stops.
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FIGURE 3: CONSONANT DURATION ACROSS CONTEXT AND WORD SIZE
(ERROR BARS REFLECT STANDARD ERROR.)
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The effect of WORD SIZE on consonant lengthening in the Yoloxdchitl Mixtec data is more robust
than that of WORD POSITION. The pattern here reflects the well-known inverse relationship
between word size and syllable duration; the duration of individual syllables shortens as the
number of syllables in the word increases (Jones 1942-1943, Lehiste 1970, Lindblom et al.
1981), also known as POLYSYLLABIC SHORTENING (Turk & Shattuck-Hufnagel 2000, White &
Turk 2010). The magnitude of the effect is unexpectedly large, with disyllabic onsets
approximately 39% shorter than onsets in monosyllables. In contrast, Swedish shows a reduction
of approximately 15% in consonant duration in stressed syllables for each additional syllable
added to the word (Lindblom & Rapp 1973), while Hungarian shows a decrease in vowel
duration of just 17-25% for each additional syllable added to the word (Tarn6czy 1965, cited in
Lehiste 1970). Considering that the syllable nucleus typically undergoes greater length
contraction in polysyllabic shortening than the onset (Turk & Shattuck-Hufnagel 2000), one

anticipates an even smaller contraction for onset duration with polysyllabic shortening here.
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Thus, a 39% reduction in consonant duration in Yoloxdchitl Mixtec might seem large by
comparison.

On the other hand, another study investigating the influence of stress and accent on
polysyllabic shortening in English yielded findings similar to those observed for Yoloxochitl
Mixtec (White & Turk 2010). Those authors compared the degree of consonantal shortening for
left-headed keywords (mace > mason > masonry) and right-headed words (port > report >
misreport) where such words were either prosodically accented or unaccented. Syllable onset
consonant duration was measured in this English study in a way similar to that of the current
study. While White and Turk found little evidence of polysyllabic shortening in left-headed
words, right-headed words showed a similar pattern to that observed for Yoloxochitl Mixtec. The
two languages are compared in Figure 4, below, where the onset duration for the stressed
syllable is shown for two different word contexts.® Only consonant duration from the initial
consonant in monosyllables and the medial consonant in disyllables is included as a comparison
here. The appropriate comparison of English data against Yoloxochitl Mixtec data is with the
right-headed English words, as both the medial disyllable and initial monosyllables here are in
the onset of a stressed syllable. Recall that words in Yoloxochitl Mixtec are also obligatorily

right-headed.

FIGURE 4: CONSONANT DURATION ACROSS LANGUAGE AND WORD SIZE
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Examined this way, the magnitude of the effect of polysyllabic shortening on consonants

in English varies substantially. In left-headed words, the onset consonant of the stressed syllable

6 The English data here reflects words in the accented condition.
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is just 6.6% longer in monosyllables than in disyllables. In right-headed words, this difference is
32%. For Yoloxdéchitl Mixtec, this difference is 15%. The observed difference of 39% mentioned
above reflects the durational difference between onsets in unstressed syllables in Yoloxochitl
Mixtec and monosyllabic words. Yet, the fairer comparison here is the duration of the onset of
only the stressed syllable across words of different sizes.

The data from White & Turk (2010) show that the position of stress in the word mediates
the effect of polysyllabic shortening. They also help clarify how final stress in Yoloxochitl
Mixtec influences consonant duration. There is a relatively large difference between penultimate
and final consonant durations in disyllabic words (109 ms vs. 132 ms, or 21%), but a separate
process of polysyllabic shortening on stressed syllables (comparing monosyllabic and disyllabic
words) with a smaller magnitude from that observed for comparable English (right-headed)
words. In sum, the polysyllabic shortening in Yoloxochitl Mixtec is best compared to English
when the position of prosodic prominence is made consistent (final) across languages. Seen this
way, polysyllabic shortening in Yoloxo6chitl Mixtec is not as sizable as one might expect from

older findings in the literature, i.e. Lehiste (1970).

3. Voiceless stops
The stop inventory of Mixtec languages is consistent across much of the family (Josserand
1983). Yoloxoéchitl Mixtec possesses four voiceless unaspirated stops at bilabial, dental, velar,
and labialized velar places of articulation. There is no voicing distinction, although there is a
series of prenasalized stops. There is one post-alveolar affricate in the language.

Many Mixtec variants also have patterns of stop lenition. In Yoloxochitl Mixtec,

voiceless velar stops undergo variable lenition and may be produced as voiced velar fricatives or

frictionless continuants/approximants, [y, y*], or, in the case of the non-labialized velar, they

may be deleted altogether (Castillo Garcia 2007). However, it should be noted that these lenited
variants are rare in the elicited data here. A similar pattern of velar lenition is discussed in
Acatlan Mixtec (Pike & Wistrand 1974), Silacayoapan Mixtec (North & Shields 1977), San Juan
Mixtepec Mixtec (Pike & Ibach 1978), Ayutla Mixtec (Pankratz & Pike 1967), Jicaltepec Mixtec
(Bradley 1970), San Miguel el Grande Mixtec (Pike 1944), and in Alacatlatzala Mixtec (Zylstra
1980). This process of variable lenition in Yoloxdchitl Mixtec may be driven by tendencies in

the production of velar stops, much in the way that variable lenition asymmetrically influences
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stops/affricates with particularly short closure duration more so than those with longer closure
durations. For instance, in Itunyoso Triqui, post-alveolar affricates have the shortest closure
duration among the lenis stops and affricates and, as a result, undergo greater lenition than other
stops and affricates (DiCanio, 2012).

In the phonetic description of stop contrasts, researchers typically focus on the durational
aspects of the different components of the stop (closure and VOT) and evidence for place of
articulation (via an examination of formant trajectories). It is these aspects of the stop and
affricate system that we will examine here with a descriptive analysis. As duration varies with

word size in Yoloxéchitl Mixtec (see section 2), this factor is also considered.

3.1 Method

For the analysis of closure duration and VOT, the same data and methods discussed in section
2.2.1 are applied here. Closure duration was measured as the time from the abrupt cessation of
formant amplitude and voicing on the preceding vowel to the burst release of the stop or
affricate. VOT was measured as the duration of the burst in addition to aspiration. Figure 5
provides an example of how each stop was labeled. The label "bs" here stands for "burst." While
both bursts and a possible short period of aspiration were coded here below, they were combined

as a single measure "VOT" in the analysis.
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FIGURE 5: LABELING OF STOP CONSONANT COMPONENTS
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For the analysis of place of articulation, the formant transitions from the stop release into the
following vowel were analyzed. The first three formant values were extracted over a 100 ms.
duration at 10 ms intervals starting from the end of the aspiration duration (marked "asp" in
Figure 5). The window length was 25 ms, 5 formants were specified, and there was a 6.25 ms
step size. Formant values were extracted automatically using a script written for Praat (Boersma
& Weenink 2016) and statistically analyzed using R (R Development Core Team 2016).

Ten of the words in the data set contained stop consonants varying by position, and they
were the items examined here. Following the methods described in section 2.1, each word
occurred in a carrier sentence that was repeated five times (though some speakers produced only
four usable repetitions). A total of 427 tokens were examined across eight speakers. For the
duration data, two statistical tests were run. In the first, the overall duration of the stops was
compared. A single factor ANOVA was used with TOTAL DURATION treated as the dependent
variable and STOP POA (place of articulation) as the independent variable. SPEAKER was treated
as an error term. In the second, the duration of individual components of the stops (closure,
VOT) were compared. A two-factor ANOVA was run with PERCENT DURATION treated as the
dependent variable and with STOP POA and COMPONENT (with two levels: closure, VOT) treated

as independent variables. SPEAKER was treated as an error term. Estimating the duration results
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in terms of percentages provides an additional way of normalizing the data across different
speakers. For the statistical analysis of formant trajectories, three sets of two factor analyses of
variance were used, one for each of the first three formants. In each model, the FORMANT VALUE
was treated as the dependent variable, while the STOP POA and TIME INTERVAL (10 samples of 10
ms) treated as independent variables. SPEAKER was treated as an error term in these models as

well.

3.2 Results

3.2.1 Duration

The analysis of the fotal duration of stops (closure plus VOT) did not reveal a significant main
effect of STOP POA on duration (F[3, 21] = 0.94, p = .438) (see Table 5). For the analysis of the
duration of the stop components, we are particularly interested in how stop components (closure,
VOT) vary in percent duration with the stop place of articulation, not with how each of the
components varies in duration with each other (e.g., VOT is usually shorter than the stop closure
duration). So, the durational aspects of each component are examined via the interaction of STOP
POA and COMPONENT. The results from the ANOVA found a significant and strong interaction
between STOP POA and COMPONENT on the percent duration of the stop components (F[3, 21] =
25.8, p <.001). The closure duration of the bilabial stop was longer than that of the dental stops,
which was in turn longer than that of the velar and labialized velar stops. As expected from the
lack of an effect on total duration, the exact opposite pattern was true with respect to VOT, i.e.
velar > dental > bilabial. The possible influence of position (word-initial, word-medial) on
component duration percentage was also considered in this statistical model, but it was not

significant. Thus, the stop duration results are pooled together across positions in Table 5 and in

Figure 6.

TABLE 5: STOP DURATION ACROSS CONTEXTS (IN MS)

[p] [t] [k] [k™]
Closure 135.9 (36.1) 124.7 (48.2) 108.4 (42.7) 122.3 (35.4)
(p<.001)
VOT 11.3 (4.6) 16.9 (6.8) 26.6 (7.8) 31.5(12.2)
(p<.001)
Total Duration  147.2 141.6 135.0 153.8

(ns)
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A post-hoc Tukey's HSD test was applied to the ANOVA model to examine for which place of
articulation closure duration varied the most. Most of the possible pairings (VOT)-VOT),
VOTy-VOTy, VOTiw-VOT ), VOTjw-VOTyy, VOT,-VOTyy, Closureyy-Closurey,, Closures-
Closureyy, Closurey-Closureyy, Closure,,-Closurey, Closure-Closure,,) were significant (p <

.001), though no significant differences were found for the VOT;~-VOTxw, and Closure-

Closurexy, pairs. These latter two cases are to be expected, though, as [k] and [k¥] share the

same place of articulation.

FIGURE 6: STOP DURATION AND DURATION PERCENTAGE
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Pooled across speakers, these results show a strong, largely reciprocal effect of place of
articulation on the stop component; i.e. the stops produced at a more anterior place of articulation
had a longer closure duration and the shortest VOT, while stops produced at a more posterior
place of articulation has a shorter closure duration and a longer VOT. While the place effect on

VOT appeared robust across all speakers, there was some variation observed with respect to

whether VOT values for /p/ were shorter than those for /t/. The between-speaker differences are

shown in Figure 7 below:
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FIGURE 7:  STOP COMPONENT DURATION ACROSS SPEAKERS
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In Figure 7, we observe the general trend where the VOT for velar stops is longer than that of
anterior stops across most speakers, but the differences between the VOT of bilabial and dental
stops are small or restricted to certain speakers. There is virtually no difference observed for
three of the eight speakers (EGS, MFG, MSF) and VOT for the dental stop is almost as long as
that of the velar stops for three of the eight speakers (FNL, MSF, VRR). For only three of the
speakers does the canonical "bilabial < dental < velar" VOT duration pattern hold (CTB, ECG,
RCG). Variation in dental stop VOT duration across speakers appears to be most responsible for
the inconsistent pattern here. While bilabial stops and velar stops have more consistent VOT
values, dental stops have VOT values either similar to those of the velars (for speakers FNL,
VRR), similar to those of the bilabial stop (for speaker EGS), or somewhere in-between (the
remaining speakers). Taking an average VOT value across speakers will show the canonical
"bilabial < dental < velar" VOT duration pattern, but this pattern does not seem to be consistent

across all speakers.

3.2.2 Formant Trajectories

Formant transitions between the stop and the following vowel are shown in Figure 8. Analyzing
the effect of sToP POA on formant values, a significant main effect was found for F1 (F[3, 21] =
25.7, p < .001), F2 (F[3, 21] = 20.5, p < .001), and F3 (F[3, 21] = 3.4, p < .05). A post-hoc
Tukey's HSD test was applied to each of these models to evaluate which place of articulation had

greatest influence on formant transitions. While all stops had significantly different F1 values
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from each other, the largest significant comparison was between the labialized velar stop and the
remaining stops. The same pattern was found for F2. The largest significant comparison for F3
was between both labial stops ([p] and [k"]) and the non-labial stops. In Figure 9, the robust
pattern for the labialized velar stop is not only visible early in the acoustic transition between the

stop and the following vowel, but occurs long into the vowel's production. The lowered F2

values following [k™] suggest that the following vowel undergoes significant retraction in this

context.

Analyzing the effect of TIME on formant values, a significant main effect was also found
for F1 (F[1,4]=12.3,p <.05), F2 (F[1,4]=39.2, p<.01), and F3 (F[1, 4] =38.2, p <.01). This
finding reflects the observation that formants change in time in the transition between the stop
and the following vowel. As such, it is an unsurprising finding. Yet, like the examination of the
durational differences above, we are particularly interested in the interaction between STOP POA
and TIME, as this reflects differences in the temporal extent in which stops of differing place of
articulation influence formant values. A significant interaction was found for F1 (F[3, 21] = 20.6,
p <.001), F2 (F[3,21]=6.1,p <.01), and F3 (F[3, 21] = 19.7, p <.001). Post-hoc Tukey's HSD
tests were applied to the ANOVA models to evaluate how the temporal extent of the formant
transition varied with place of articulation. In general, formant transitions for both velar stops

were longer in duration than those for dental and bilabial stops. The F1 and F2 transitions

following [k] extended up to 40 ms. into the vowel, while F3 was significantly lowered

throughout the 100 ms. window. The formant transitions following [k"] extended well into the

vowel, but such effects were strongest for F2, as previously mentioned.
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FIGURE 8:  STOP-VOWEL FORMANT TRANSITIONS
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33 Discussion

3.3.1 Duration

The durational characteristics of stops in Yoloxdchitl Mixtec are similar to those found in many
other languages. In particular, stop closure duration increases and VOT decreases as stop place
of articulation becomes more anterior. This inverse relationship between aspiration duration and
closure duration in relation to place of articulation is well-known (Umeda 1977, Lisker &
Abramson 1964, Cho & Ladefoged 1999, Gordon et al. 2001, Maddieson 1997, Weismer 1980).
The observation that stop VOT increases with more posterior places of articulation was first
observed in classic work by Lisker and Abramson (1964), where they showed the effect across a
range of languages. However, the first attempt to link this pattern with that of closure duration
was made by Weismer (1980). Citing this later work, Maddieson (1997) suggests that the
relation between closure duration and VOT is maintained by a stable abduction-adduction cycle
of the vocal folds for all stops. Stops with an earlier release and shorter closure duration only
have longer VOT by virtue of there existing a stable duration of devoicing. This has been shown
for English (Weismer 1980), Western Apache (Gordon et al. 2001:427), Chickasaw (Gordon et
al. 2000), Waima’a (Stevens and Hajek 2004), and for several languages in a cross-linguistic

survey on VOT (Cho & Ladefoged 1999).
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When compared with the language data in Cho & Ladefoged (1999), the average VOT
values for Yoloxochitl Mixtec appear typical among languages with voiceless unaspirated stops
(see Figure 9). The VOT for bilabial stops is approximately 10 ms, the VOT for alveolar or
dental stops lies between 10-25 ms, and the VOT for velar stops lies between 25-50 ms. Certain
languages, like Hupa, Montana Salish, Navajo, and Yapese have slightly longer VOT values for
velars than the other languages shown.

FIGURE 9:  UNASPIRATED STOP VOT VALUES ACROSS LANGUAGES
(ADDITIONAL, NON-MIXTEC DATA FROM CHO & LADEFOGED (1999))
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The comparative data also shows cross-linguistic variation in whether bilabial stops have
significantly different VOT from alveolar/dental stops. Cho & Ladefoged (1999:220) find no
general trend here across languages, but certain individual languages, like Chickasaw, Gaelic,
Hupa, and Tsou, suggest it to be a pattern. However, as we observed above with the Yoloxéchitl
Mixtec data, this may result as an effect of averaging across those speakers who have particularly
long VOT values for alveolar/dental stops with those who have shorter values. If this were true,
the results would produce a lack of consistency in the relative VOT difference between bilabial
and alveolar/dental stops within a given language, a finding which accords with the observation
made by Cho & Ladefoged.

In the Yoloxo6chitl Mixtec data, velar stops had the shortest closure durations of all stops.
In some rare cases, most notably for speaker MFG, closure was absent and the stop was

produced as a voiceless fricative, [x]. These comprised half of the tokens for this speaker (7/14
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repetitions). This speaker also had the shortest velar stop closure duration of all speakers. This
finding fits well with the observation that there is variable lenition of velar stops in Yolox6chitl
Mixtec. As mentioned previously, voiceless velar stops undergo variable lenition or may be
deleted altogether in Yoloxochitl Mixtec (Castillo Garcia 2007) as well as in other Mixtec
variants. This tendency may arise out of a general pattern of consonant undershoot (Gay 1981),
where the tendency for closure to be shorter in velar stops results in the failure to achieve dorso-
velar contact. Stops that are generally produced with shorter overall closure duration are more
likely to undergo processes of lenition in certain prosodic contexts or during faster speech rates.
A similar type of process occurs in Itunyoso Triqui, a related Mixtecan language. Singleton
affricates have the shortest closure duration of all obstruents and undergo both spirantization and

passive voicing more often than other stops do (DiCanio 2012).

3.3.2 Stop formant transitions

In the context of low vowels such as /a/, one anticipates different formant transitions for each
place of articulation (Stevens 2000). For bilabial stops, all formants should rise in frequency
following stop release. For alveolar stops, F2 and F3 should decline, but F1 should rise. For velar
stops, F1 and F3 should rise, but F2 should decline. Generally speaking, labialization should
cause formant lowering due to the increased constriction at the most anterior point in the front
cavity. This would have the effect of causing a rising trajectory for F1 and F2 on a following low
vowel (Ladefoged & Maddieson 1996, Suh 2009).

The data in Yolox6chitl Mixtec show several similarities to these predictions, but a few
minor differences as well. The formant transitions following the release of [p] closely match the
predicted values. F1 and F2 show a rising trajectory, while F3 is relatively flat. Meanwhile, the
formant transitions following the release of [t] are somewhat different. F1 rises and F3 declines,
as predicted, but F2 is relatively flat and does not exhibit a characteristic falling trajectory
predicted from previous work. The formant transitions following [k] are similar to the predicted
trajectories, namely F1 rises while F2 falls. However, F3 falls slightly instead of rising out of the
velar constriction. Finally, the formant transitions following [k"] match the predictions in overall

trajectory. F1 and F2 both rise throughout the 100 ms interval following aspiration. The F2 dip in

the initial 20 ms of the vocalic segment is notable though. This dip reflects the transition from
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the velar constriction into the glide portion of the stop. A labiovelar glide will contain a
particularly low F2 target which will cause an initial fall prior to the rise in F2.

These results suggest that both the formant measurements and the controlled nature of the
elicited data in Yoloxochitl Mixtec match the predictions from the established literature. The few
exceptions also have ready explanations. First, the flat F2 following [t] reflects the fact that this
stop is dental instead of alveolar. Dental consonants have a lower F2 locus, at around 1400 Hz,
than alveolar consonants do, where the F2 locus is centered around 1800 Hz (Delattre, 1968).
The location of F2 on the following vowel [a] in our data is between 1400-1500 Hz. Thus, the
stop-vowel formant transition is flat. Second, though one anticipates a rise in F3 for velar stops,
the data here show a level or falling pattern. At this time, we have no explanation for this pattern.
Finally, the "dip-rise" pattern for the F2 transition for the labialized velar stop is explained by

speaker variability in stop production. Some speakers produced the labialized velar stop as a

stop+vowel sequence, e.g. [kiia] instead of [k™a]. The net effect of such a production would be to

delay labialization and lower F2 in the stop-vowel transition.

4. Fricatives
The main differences in the consonant inventories across Mixtec languages are found within
their fricatives. Diuxi and Huajuapan Mixtec each have six fricatives (Pike & Oram 1976, Pike

& Cowan 1967), while most other variants have 3-4 fricatives.” Yoloxéchitl Mixtec contrasts

only two fricatives: /s/ and /f/. However, virtually all described Mixtec languages contain a
dental or alveolar sibilant, /s/, and an post-alveolar sibilant, /{/. Where the fricative systems differ
is in whether they contain an interdental series, /0, 8/ (which may occur in lieu of dental or
alveolar fricatives), and whether they contain velar/glottal fricatives as well, /x, h/. In
Yoloxdchitl Mixtec, there is some degree of free variation between the post-alveolar fricative /f/

and a velar fricative /x/ (Castillo Garcia 2007). Certain speakers freely produce [x] in lieu of [{]

or vice-versa. However, the more typical production for this contrast is as an post-alveolar

7 The voiced bilabial fricative, /f/, is excluded here, as it typically patterns with glides or

sonorants in Mixtec languages and is rarely produced with noticeable frication. It is better
described as a frictionless continuant.
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fricative (ibid). Interestingly, the rarity of the velar fricative /x/ is a shared property of Ayutla
Mixtec (Pankratz & Pike 1967), Alacatlazala Mixtec (Zylstra 1980), and Huajuapan Mixtec
(Pike & Cowan 1967). The first two of these variants are also spoken in Guerrero, Mexico.

There is a large set of acoustic features which may distinguish voiceless fricatives in the
languages of the world. With some exceptions, such as Nartey (1982) and Gordon et al. (2002),
most of the acoustic analyses of fricatives have been based on relatively well-described
languages like English. Among the studies that investigate fricative acoustics, many have
substantial methodological differences. Such differences have, in part, led to varying conclusions
regarding the utility of certain acoustic measures. While Yoloxochitl Mixtec contrasts only two
fricatives, our analysis here has paid careful attention to the methodological aspects when

analyzing their different acoustic realizations.

4.1 Method

The fricative data come from the same data set discussed in Section 2.1. Three target words for
each fricative were produced five times in carrier sentences by each speaker, for a total of 240
analyzed fricative durations (3 words x 2 fricatives x 5 repetitions x 8 speakers). Six different
measures were collected from each fricative: duration, average intensity, and the first four
spectral moments. The spectral moments characterize the distribution of aperiodic energy in the
spectrum in terms of the center of gravity, standard deviation, skewness, and kurtosis; moments
1-4, respectively.

The adjacent vocalic context may cause substantial differences in the acoustics of
fricatives, especially if there is lip-rounding (McGowan & Nittrouer 1988, Whalen 1981). While
all the fricatives produced in the carrier sentences had adjacent /a/ vowels, the spectral moments
were based on the fricative noise between the initial and final 10% of the fricative duration.
Extracting measures from this middle 80% prevents low amplitude frication and V-C and C-V
boundaries from being analyzed. Furthermore, spectral moment estimates are sensitive to the
frequency range used for the analysis. For instance, the center of gravity of a flat spectrum in an
analysis ranging from 0-20 kHz is located at 10 kHz, while the same center would be located at 5
kHz were the range only 0-10 kHz. High amplitude lower frequencies, unrelated to the main
source of the fricative energy may also introduce bias in spectral moment estimation. To control

for these effects, all speech signals with fricatives were resampled from 48 kHz to 44.1 kHz and
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high-pass filtered with a cut-off of 300 Hz., as per Maniwa et al. 2009. This method ensures that
the frequency range for spectral analysis is not influenced by low frequency energy that is often
present for reasons other than the fricative itself.

Previous descriptive work on the acoustics of fricatives has estimated the spectral center
of gravity by averaging together single window fast Fourier transforms (FFTs) of fricative
spectra across words and speakers (Gordon et al. 2001, 2002). One consequence of this
procedure is that single window FFTs extracted from fricative mid-points result in spectral
estimates with a large error. As the signal is aperiodic, spurious peaks may occur across the
spectrum. Such error is proportional to the mean amplitude at that frequency, and increasing the
window length does not, in fact, change the error (Shadle 2012). One solution to this problem is
to take several discrete Fourier transforms (DFTs) across a fricative duration, compute their
average amplitude distribution, and then calculate the spectral moments (ibid). This procedure,
called TIME-AVERAGING, was performed here automatically with a script written for Praat
(Boersma & Weenink 2016). Six 15 ms windows were averaged at equidistant intervals over the
center 80% of each fricative in the data. From these average windows, spectral moments were
calculated.

As there are six different acoustic measures that may possibly distinguish fricatives, all
were statistically analyzed using linear discriminant analysis (LDA). This method ranks the
utility of the particular measurement in the categorization of the contrast. Each measurement was
also separately analyzed using a repeated measures one-factor ANOVA with fricative (two level)
as the independent variable and speaker as the error term. Prior to statistical analysis, all

extracted values were normalized using a standard z-score normalization.

4.2 Results

All the acoustic features analyzed were statistically significant. However, the results from the
LDA analysis showed that spectral center of gravity was the strongest predictor, followed by
standard deviation and skewness. The strength of these features is evaluated by examining the
coefficient of the first linear discriminant. Table 6 shows the statistical results for each

measurement as well.
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TABLE 6: FRICATIVE ACOUSTIC CUES RANKED BY STRENGTH

Cue F[1,7] LDA coefficient
Center of gravity 28.1,p <.01 -0.925

Standard deviation 16.1, p <.01 -0.799

Kurtosis 5.7,p<.05 -0.463

Skewness 20.3,p<.01 0.433

Duration 17.3,p<.01 0.235

Intensity 0.1,p=.74 0.172

Data showing the values for each measure is provided in Figure 10 with spectra in Figure 11. As
per previous research on fricative acoustics, we have visualized the non-normalized values (c.f.

Gordon et al. 2002, Maniwa et al. 2009), though the normalized values are provided in a table in

the appendix. The center of gravity was much higher for the dental [s] than for the post-alveolar
[{], with mean centers of gravity of 6286 Hz. and 4349 Hz, respectively. The distribution of

spectral energy for [s] was also much more dispersed than for [{], as the former had a much

higher average standard deviation (2537 Hz.) than the latter (1658 Hz.). The shape of the

distribution of energy differed between each fricative, with an even average skewness (no skew)

for /s/ (0.003) and a positive (leftward) average skewness for [{] (2.2). The kurtosis values for
each fricative also differed, with notably more peaked spectral energy for [{] (mean = 13.24) than

for [s] (mean = 1.29). While the post-alveolar fricative was longer and had higher intensity than

the dental fricative, these differences were rather small in comparison with the spectral moments

in the LDA model.
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FIGURE 10: Fricative features. (Quartiles are plotted. Dark lines indicate median values.)
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FIGURE 11: FRICATIVE SPECTRA AVERAGED FROM ONE SPEAKER
(POST-ALVEOLAR ON LEFT, DENTAL ON RIGHT)

25 25

Intensity (dB)
Intensity (dB)

) 0 2000 4000 6000 8000 104 1.2:10% ) 0 2000 4000 6000 8000 104 1.2:10%
Frequency (Hz) Frequency (Hz)

4.3 Discussion

The acoustic characteristics of the fricative spectra largely match values found in the literature

for other languages. One expects a higher center of gravity for the dental [s] than for the post-

alveolar [f] given the decreased length of the front cavity for the former (Johnson 2003, Stevens

2000). The increased dispersion of energy for the dental fricative seen in Figure 11 is somewhat
different from that of alveolar sibilants, where the resonance of the longer front cavity filters the
aperiodic noise and produces greater overall kurtosis. The spectrum here is more like the
relatively diffuse spectral energy observed with voiceless interdental and labiodental fricatives.

In fact, such a distinction is visible in spectra comparing dental and alveolar sibilants in the
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literature (Jassem 1968). These observations confirm the transcriptional data that this fricative is

dental and not alveolar.

5. Sonorants

5.1 Nasals and Prenasalized stops

Yoloxdéchitl Mixtec contrasts two underlying nasal consonants, /m/ and /n/, but three at a surface
phonetic level. The additional palatal nasal described in Castillo Garcia (2007) is better analyzed
as the result of a phonological process in which a glide nasalizes when it precedes a
phonologically nasal vowel via leftward nasal assimilation. This phonological argument is
supported by two pieces of evidence. First, bilabial and alveolar consonants freely occur in any

position in Yolox6chitl Mixtec words, while the palatal nasal surfaces only in the onset position

of word-final syllables, e.g. CV(?)V#, CVCV#, CVCVCV#, or CVCV(?)V#. The contrast

between oral and nasal vowels only occurs in the final syllable of the word; this is the same
context where one finds the palatal glide. Second, there is variability in the degree of oral closure

observed in the palatal nasal among speakers. While some produced a nasal stop with complete

closure, others produced a nasalized palatal glide, [J].

In addition to the nasal stops, there are three prenasalized stops in Yoloxochitl Mixtec,

but each has a different distribution among native words. The alveolar stop, /*d/, surfaces in any

position, while the bilabial stop, /™b/, only surfaces in polysyllabic words. The velar stop /?g/

only surfaces word-medially in polysyllabic words and only in a few lexical items in the
language. The bilabial and velar prenasalized stops are marginal in many Mixtec languages
(Josserand 1983), especially those spoken in the state of Guerrero, e.g. Alacatlatzala Mixtec

(Zylstra 1980) and Ayutla Mixtec (Pankratz & Pike 1967).

5.1.1 The phonological status of prenasalized stops

There are two major perspectives on the phonological status of prenasalized stops in the
literature. The first view holds that prenasalized stops are surface allophones of nasal consonants
(Marlett 1992). This NASAL ALLOPHONE argument is supported by the observation that in many
Mixtec variants, only oral vowels surface after prenasalized stops and only nasal vowels surface

after nasal stops. There is a contrast between oral and nasal vowels in Mixtec (Castillo Garcia
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2007, Josserand 1983, Pankratz & Pike 1967), thus allowing an interpretation in which
prenasalized stops are simply conditioned by vowel nasalization. The second view holds that
prenasalized stops are surface allophones of voiced stops which have undergone HYPERVOICING
(Iverson & Salmons 1996). The argument here is mainly supported by the observations that, in
two closely related Mixtec languages, the distribution of prenasalized stops follows from typical
aerodynamic constraints on voicing (Ohala 2001). Continuous voicing requires the cavity behind
the constriction to retain lower air pressure (intra-oral pressure) than the cavity below the glottis
(sub-glottal pressure). Once the intra-oral air pressure is equivalent to the sub-glottal air pressure,
voicing ceases. This cessation of voicing occurs more quickly with smaller back cavities. Since
more posterior places of articulation are produced with smaller back cavities than anterior places
of articulation, the aecrodynamic constraints on voicing for posterior consonants, such as velars,
are greater than those for anterior consonants, such as bilabials. One way to maintain voicing
during closure is to lower the velum and prenasalize the voiced stop, effectively venting the
intra-oral air pressure. This is termed HYPERVOICING. Note that many Mixtec languages possess a
prenasalized stop series but no voiced stop series; the former may be considered hypervoiced
variants of voiced stops.

These two views have been mainly supported with phonological evidence and
transcriptional phonetic observations. However, each makes different predictions in how
prenasalized stops are produced at the phonetic level. The NASAL ALLOPHONE hypothesis
predicts that the oral closure of prenasalized stops reflects an early velar raising prior to the
consonant's release in order to maintain vowel orality. In essence, the nasal consonant is "post-
stopped" for the sake of the following oral vowel. Thus, one anticipates that there will be
negligible differences in the duration of nasal and oral closure across different places of
articulation. After all, under this view, the prenasalized stops are all simply nasal consonants at
an underlying level. The HYPERVOICED ALLOPHONE hypothesis predicts that the oral closure of
prenasalized stops will vary with the ease in which voicing can be maintained with place of
articulation. As it is more difficult to maintain voicing for velar consonants than for alveolars and
bilabials, one anticipates that the nasal portion of the nasalized velar will be relatively longer
than the oral portion. While these two hypotheses are presented as opposing, universal

viewpoints, there is nothing that precludes each from occurring within different Mixtec variants
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if they are, instead, alternative ways in which prenasalized stops can arise.® A third hypothesis is
also possible - that the nasal and oral stop sequence reflects a consonant cluster. This hypothesis
is problematic, however, as it necessitates positing consonant clusters in a language which
otherwise lacks them.

The phonological patterning of nasal consonants and prenasalized stops in Yoloxochitl
Mixtec mostly argues in favor of the NASAL ALLOPHONE hypothesis. Consider that there is an
alternation in Yoloxo6chitl Mixtec involving the process of leftward nasal assimilation with
clitics, shown in Table 7.

TABLE 7: REGRESSIVE NASAL ASSIMILATION IN YOLOXOCHITL MIXTEC’

Root Clitic Surface Form Interlinearization Gloss

a. ko?’0® =0* ko?’o* drink =2s 'You drink’

b. ko?’0® =e* k%e?e? drink = 1INCL 'We drink’
c.ka’ta® =05* ka’td* dig.out=2s 'You dig out'

d. ka’ta® =e* ka’te? dig.out=1INCL 'We dig out'

e. ka’na® =06* ka’nd* call=2s 'You will call'

f ka’na® =e* ka’"de? call=1INCL 'We will call'

g. n@’ma® =05* na*md* change =2s 'You change'

h. n3*ma® =e* na’"be’ change = 1INCL '"We will change'

When a vowel-initial clitic containing a nasal vowel attaches to a Yoloxdchitl Mixtec word, it

replaces the final non-high vowel of the stem. Front high vowels become palatal glides while

back high vowels become labiovelar glides. On /CV?V/ stems, the entire vowel sequence

changes in quality and nasalization to match that of the clitic via a process of leftward
assimilation. For clitics with vowel nasalization, like the 2s clitic, the outcome of this process is
a change in nasalization in the final vowel on the stem, as seen in the cliticized forms in (a) and
(c). Note that all vowels following a nasal consonant are always nasal in Yoloxdchitl Mixtec, as

we observe in the stem forms in (e-h). When the 2s clitic attaches to these words, the vowel

8 Note that Marlett groups together many diverse Mixtec languages, so his view is essentially a
pan-Mixtec hypothesis. By contrast, the HYPERVOICED ALLOPHONE perspective is motivated
specifically by patterns in Chalcatongo and San Miguel el Grande Mixtec, two closely related
variants.

9 Most clitics have allomorphs conditioned by vowel height/backness, not shown here. Thus, the
2s clitic is /=1i*/ after high vowels, but / =5/ after non-high vowels, c.f. Palancar et al (2016).
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changes only in quality, as in (e) and (g). Yet, when the 1INCL clitic attaches, which contains an

oral vowel, it causes a change where the preceding nasal consonant is now a prenasalized stop.
Recall that nasal vowels never surface after prenasalized stops in Yoloxéchitl Mixtec. If
cliticization targets only vowel quality and vowel nasality, then one must assume that the nasal
consonants and prenasalized stops are allophones conditioned by the nasality of the following
vowel. This analysis favors the NASAL ALLOPHONE hypothesis.

Yet, despite this alternation, there are still phonological differences between the

prenasalized stop series and the nasal consonant series. Whereas the plain nasals have an

unrestricted distribution, /™b/ is restricted to polysyllabic words and /2g/ to the final syllable in

polysyllabic words (Castillo Garcia 2007). Moreover, unlike the bilabial and alveolar nasal
series, there is no plain velar nasal in Yoloxo6chitl Mixtec which corresponds with the
prenasalized stop. Velar nasals do not undergo this alternation. Thus, while there is a
morphophonological alternation with clitics that supports the NASAL ALLOPHONE hypothesis, the
distributional evidence is less compelling.

However, both bilabial and velar prenasalized stops are rather rare in Yoloxochitl Mixtec.
Out of an extensively tagged lexicon of 2,029 words (Amith & Castillo Garcia, no date), only 11
contain a velar prenasalized stop and 17 contain a bilabial prenasalized stop. Alveolar
prenasalized stops are vastly more common, appearing in 542 lexical items. In general, bilabial
oral stops, bilabial prenasalized stops, and bilabial nasals are rare in Oto-Manguean languages
and none are reconstructed for Proto-Mixtec (Josserand, 1983). The same is true for velar

prenasalized stops, which occur mainly in loanwords and in historical compounds consisting of a

nasal vowel and a following velar onset, e.g. /le’*qu’/ 'lame’ from Spanish 'rengo’, and /i*"ga?/

‘another’ from /ii°/ 'one’ + /ka*/ (collocation). While the historically marginal nature of the velar

prenasalized stop does not explain why it is exceptional phonologically, it is also the case that
contrasts in loanwords and derived from compounds may not fully participate in native
phonological alternations.

Phonetic research on nasals and prenasalized stops may offer additional clues as to the
nature of this contrast in Yoloxochitl Mixtec. Two patterns are relevant here: (1) a comparison
between nasal consonant duration and prenasalized stop duration, and (2) a comparison between

the nasal and oral closure durations for prenasalized stops across place of articulation. The first
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investigation examines if prenasalized stops are longer than nasal stops. If prenasalized stops are
consonant clusters, then they should be longer in duration than single consonants, based on
results from other languages. If they are single segments, then they should have similar durations
as single consonants do. The second investigation examines whether the relative timing of
nasalization is aerodynamically constrained by place of articulation, as per the HYPERVOICED

ALLOPHONE hypothesis.

5.1.2  Method

For the nasal allophone analysis, we examined the total duration of nasal and prenasalized
consonants using the same data outlined in section 2.1. For the hypervoicing analysis,
subcomponents of the duration were examined. For this, the second author labeled three acoustic
events in the production of prenasalized stops: nasal closure duration, oral closure duration, and
burst duration. It is often difficult to distinguish between the nasal and oral closure duration
using the acoustic signal alone. Both nasal murmurs and voicing during closure have relatively
low amplitude. We distinguished between them by looking for the presence of nasal formants
above 2,000 Hz in the spectrogram as well as a loss in overall amplitude during oral closure in
the waveform; when the vocal tract is closed, the voicing tends to decline in amplitude, while the
open velopharyngeal port of the nasals allows for a larger amplitude. Figure 12 provides an

example of how prenasalized stops were labeled.



34

FIGURE 12: LABELING OF PRENASALIZED STOPS, B = "BURST"
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A total of six words were examined from the same data set described in section 2.1. This set
comprises the alveolar prenasalized stop produced in all three contexts mentioned at the top of
section 4, the bilabial produced in two contexts, and the velar produced in one context. A total of
240 tokens were examined. Since only the alveolar prenasalized stops surface in monosyllabic
words, only disyllabic words were examined. The duration of the individual components (nasal
closure, stop closure, burst) were analyzed along with whether certain components were missing
(count data). For instance, not all velar prenasalized stops contained clear oral closure
components, that is, velic raising coincided with the burst release and did not precede it.

Two different types of statistical models were used to analyze this data. The first models
examined the influence of POA and WORD POSITION (initial, medial) on the duration of each of
the different components. Within these models, speaker was treated as an error term. The second
model examines the influence of POA and WORD POSITION on whether an oral closure was
present in the prenasalized stop. As the dependent variable here is bimodal, a generalized linear

model (instead of ANOVA) was used. SPEAKER was treated as an additional factor.
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5.1.3 Results: duration

The nasal and prenasalized stop durations are shown in Figure 10. Duration was analyzed in a
three factor ANOVA with POA, WORD POSITION, and CLASS (prenasalized vs. nasal) as
independent variables and speaker treated as an error term. None of these effects were
significant. Nasal consonants produced in word-medial position were not significantly longer
than those produced in word-initial position. Prenasalized stops did not significantly differ in
duration with nasal stops nor was there any influence on place of articulation (alveolar vs.

bilabial) on overall duration.

FIGURE 13: DURATION OF NASAL CONSONANTS AND STOPS

1t/ A

Ip/ 4

Category

. Word-initial

Word-medial

Consonant

.

=)

=
1

/mb/ 4

/m/ 4

il

100 200 300
Duration (ms)

o -

5.1.4 Results: Prenasalized stop components

The duration of the different prenasalized stops and their component durations across word
positions are shown in Figure 13. With respect to the duration of the nasal and oral closure
duration, no significant main effects were found from the first statistical model. However, a
significant main effect of POA was found for burst duration (F[2, 12] = 6.6, p < .05). The burst
duration of velar prenasalized stops was longer than the burst duration for alveolars, which was

longer still than that of bilabials. This finding reflects a common cross-linguistic pattern for burst
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duration to increase with more posterior place of articulation and closely matches the
observations made in Section 3 for voiceless unaspirated stops in Yoloxochitl Mixtec.

FIGURE 14
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The findings here hide a more notable qualitative observation: in many cases there was no clear
oral closure duration preceding the burst release, meaning that the nasal portion extended
throughout the duration, but a burst was still observed. The absence of an oral closure was
examined with respect to both WORD POSITION and POA. The main effect of WORD POSITION was
significant (G* = 5.8, p < .05), but not the main effect of POA. The word-medial context
contained more examples of words missing an oral closure than the word-initial position. Yet,
this observation seems to only be true for the bilabial stops. The alveolar stops show the opposite
trend. The lack of balance across position for the velar prenasalized stops may bias the outcome

as well. This data is shown in Figure 15.
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FIGURE 15: NUMBER OF TOKENS POSSESSING A CLEAR ORAL CLOSURE DURATION
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5.1.5 Discussion

There was no difference in the total duration of nasals and prenasalized stops in Yoloxochitl
Mixtec. In languages with true /ND/ clusters, the cluster duration is frequently longer than that of
indisputably unary consonants like nasals (Cohn & Riehl 2008). The fact that prenasalized stops
here are of equal duration as simple nasals and, in fact, shorter than plain stops suggests that they
are unary segments and not clusters in Yoloxochitl Mixtec.'® Previous work also argues that
there is often no difference in timing between NC consonants analyzed as clusters and those
analyzed as unary segments (Browman and Goldstein 1986, Maddieson and Ladefoged 1993).
Moreover, NC sequences that are analyzed as unary segments may in fact be longer than unary
segments in certain Bantu languages (Hubbard, 1995). As a result, the quantitative data on total
duration here may only be suggestive with respect to the phonological status of prenasalized
stops. Rather, it seems that the nature of the alternations shown in Table 4 is more convincing
evidence in favor of the NASAL ALLOPHONE hypothesis.

Nevertheless, the data from the quantitative and qualitative acoustic analyses do not
support the idea that the prenasalized stops in Yoloxdchitl Mixtec are hypervoiced variants of
voiced stops. In the HYPERVOICING perspective, one predicts longer oral closure duration for
more anterior stops and shorter oral closure duration for more posterior stops. No differences in
oral closure duration were found. Moreover, voicing is typically more difficult to maintain in

utterance-initial position than in intervocalic position because the transglottal air pressure

10 However, this conclusion also carries some caveats, discussed in Downing (2005).
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differential for voicing initiation is greater than for its continuation (Weismer 1980, Westbury &
Keating 1986). This leads to the prediction that venting through the velo-pharyngeal port in order
to maintain voicing would be more likely in word-initial contexts than in word-medial ones. Yet,
the data here show a slight tendency for the opposite: velar raising (and closure) is more often
coincidental with release in word-medial position than in word-initial position. There is a
stronger case for hypervoicing word-medially than word-initially, which is the opposite
prediction than one expects from the HYPERVOICED ALLOPHONE hypothesis. Note that voicing is
not contrastive elsewhere in the phonological system.

What the data do show is that velic raising may either slightly precede or be coincidental
with stop burst release. This nasal-oral timing strategy is consistent across speakers and this
suggests that the careful control of where nasalization occurs on Yoloxdchitl Mixtec words is the
main factor speakers control in the production of prenasalized stops. An analysis where
prenasalized stops are considered allophones of nasal consonants, conditioned by the following
vowel's nasality, is more congruent with this view. This finding mirrors work on the production
of prenasalized stops in other languages (Beddor & Onsuwan 2003, Cohn & Riehl 2008,
Maddieson & Ladefoged 1993). Examining nasal airflow data from several Austronesian
languages, Cohn and Riehl found that prenasalized stops, /ND/ sequences, and post-ploded
nasals tend to have quite short oral closure duration relative to a long nasal duration. In each of
these languages, there is a process of perseverative nasalization on vowels following nasal
consonants. Yet, vowels are obligatorily oral following the release of prenasalized stops in each
of the languages they examined. Yolox6chitl Mixtec exhibits the same surface phonetic pattern
here.

If prenasalized stops (or, rather, post-stopped nasals) are allophones of nasal consonants
before oral vowels, then there is necessarily a contrast in vowel nasalization after nasal
consonants. If this is the case, then vowel nasalization is not merely phonetically-redundant after
nasal consonants, but contrastive. The contrast is acoustically and perceptually maintained here
by the differences between preceding onsets: abrupt velic raising always occurs prior to stop

release before oral vowels.
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5.2 Glides

Like most Mixtec languages, Yoloxochitl Mixtec possesses a bilabial glide /f/ and a palatal glide

/j/. There is some variability in the production of both glides across Mixtec languages. For

instance, certain variants, such as San Juan Mixtepec Mixtec, show variability between bilabial

and labiodental productions [3~v] of the labial glide (Pike & Ibach 1978). In many Mixtec

variants, the palatal glide has become a voiced palatal fricative /3/, as in Huajuapan Mixtec (Pike

& Cowan 1967), Silacayoapan Mixtec (North & Shield 1977), and Diuxi Mixtec (Pike & Oram

1976). In at least a few variants, there is variability in production, e.g. [j ~ 3], as in Acatlan

Mixtec (Pike & Wistrand 1974), San Juan Mixtepec Mixtec (Pike & Ibach 1978), and Jicaltepec
Mixtec (Bradley 1970). In Coatzospan Mixtec, cognate words with /y/ have merged entirely with

/f/.
The palatal glide in Yoloxochitl Mixtec is always produced without frication, though

there are two variants of the bilabial glide: [b] and [(3]; the latter seems impressionistically more

common for two of the eight speakers. In addition to the formant values and trajectories for each
glide, the frequency of occurrence for each of these bilabial glide variants was examined here.
Target formant trajectories for each glide were examined across preceding and following vowels

in two different word positions.

5.2.1 Method

Segmentation of glides in the acoustic signal is particularly problematic. They are defined by a
target constriction degree (cf. Maddieson 2008), yet movement towards this constriction
frequently involves relatively slow formant trajectories. The process of segmentation therefore
often requires either placing a vowel-glide boundary before the onglide or offglide formant
trajectory, or at the midpoint of this trajectory. There are advantages and disadvantages to both
approaches with respect to acoustic segmentation. The former attempts to capture most of the

dynamics of the articulation involved in glide production, but inevitably includes a portion of the
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adjacent vowel.'" The latter attempts to evenly distribute the formant transitions to both the
vowel and the glide, though estimating a trajectory midpoint is more prone to segmenter error.
One way around both these approaches is to examine formant trajectories in the larger
context where the glide is produced. This is the method used here. Glides were selected from the
data described in section 2.1. We then estimated the onset of the vowel preceding the glide and
the offset of the vowel following the glide and extracted formant trajectories from across this
duration. Formant values were extracted using a script written by the first author for Praat
(Boersma & Weenink 2016) and collected at 20 evenly distributed time points across the VCV
interval. As the carrier sentences always included a vowel /a/, both on the preceding and
following vowel, vowel quality was controlled. A total of six target words (three per glide) were
examined, each repeated five times by eight speakers, for a total of 240 tokens. This data was

statistically analyzed with an ANOVA for each of the first three formants. Consonant type (/j/,

/B/) and time (1-20) were treated as independent variables and the formant values as the

dependent variable. Speaker was treated as an error term.

In the second analysis, each of the bilabial glides was qualitatively examined for degree
of constriction. While the consonant varied in its realization between a bilabial glide, a bilabial
fricative, and a bilabial stop, only the continuant vs. non-continuant realizations were catalogued.
This categorical decision was treated as a dependent variable in a logistic regression model with
WORD SIZE (monosyllable, disyllable), POSITION (initial, medial), and SPEAKER as independent
variables. This model specifically tests whether the realization of bilabial glides is context or

speaker-dependent.

5.2.2 Results

The formant trajectories for both the bilabial and palatal glides are shown in Figure 16. Dotted
lines here reflect the estimated location of formant movement pertaining to the glide constriction.
In all statistical models, we are more concerned with the change in formant values in time than
with an average formant value across the time range. In the statistical model examining F1

trajectory, a main effect of consonant was found (F[1, 6] = 20.6, p < .01). A significant

11 From an articulatory perspective, the vowel and the glide are co-produced as several gestures
coordinated in phase. Thus, while segmentation is frequently necessary for acoustic analysis, it is
also somewhat artificial from the perspective of speech production.
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interaction between consonant and time was also observed here (F[1, 6] = 6.0, p < .05). Greater
F1 lowering was observed in the context of the palatal glide than in the bilabial glide. Observe
also that F1 increases prior to the glide, but decreases with glide constriction. No such pattern

was observed for the bilabial.

FIGURE 16: Glide formant transitions

Vowel formants for /j/ by position Vowel formants for /B/ by position
8 T T 8
3 [ [ a 3
. | | - o
5] ij N o EES g
s ’j’i ST
= §2 I *e_e_e——Mo S
& | I &
N c | ; | N
E-EEN = g
3 A : - ~ S
%) . i - %)
5 . S ZRN N 555~ 5 .
3 o | = - 1 —S——e38-59 > o
o 2 I I ) e 2
[ [
o | | o
o _| . o _
27 a ' ! e
S 54 e s '
S 4 G\\azcw@\ _,/"\/?/e. S 4 = o | .
e I e I wn I
I O word-initial I o word-initial
° | word-medial e | word-medial
T T T T T T T T T T T T T T T T T 171 T T T T T T T T T 1T T T T T T T T 171
1 3 5 7 9 11 13 15 17 19 1 3 5 7 9 11 13 15 17 19
Time (normalized) Time (normalized)

In the statistical model examining F2 trajectory, a significant main effect of consonant was found
(F[1, 6] = 51.2, p < .001). A significant interaction between consonant and time was also
observed (F[1, 6] = 10.4, p < .05). F2 lowered during the production of the bilabial glide and
raised during the production of the palatal glide. Finally, in the statistical model examining F3
trajectory, no main effects were observed. However, there was a significant interaction between
consonant and time (F[1, 6] = 21.3, p <.01). In the production of the palatal glide, F3 raises, but
it appears to lower and subsequently raise upon release in the bilabial glide.

Figure 17 shows qualitative manner differences in the production of the bilabial glide.
While stop variants of the glide were more frequent in word-initial contexts than in word-medial
contexts, no significant differences were found. The bilabial glide was produced as either a glide

or a fricative in a majority of the cases.
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FIGURE 17

Phonetic variation in /B/ production
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5.2.3 Discussion

In general, the formant data show bilabial and palatal glides to be nearly maximally dispersed in
the acoustic space. Bilabial glides are realized with lowered F2 and F3 targets, while palatal
glides are realized with raised F2 and F3 targets. The first formant target for the bilabial glide is
relatively flat, while it is lowered for the palatal glide. The data also show some surprising
patterns. For instance, there is a pattern of F1 raising prior to the production of the palatal glide,
but only in the word-medial context. Conversely, there is a pattern of F2 and F3 raising
following the production of the bilabial glide. In both cases, these patterns appear to be examples
of coarticulatory dissimilation (Xu & Wang 2001; Bye 2011).

The qualitative data on bilabial glides shows that, while there is some variability in their
production, speakers produce bilabial glides primarily as frictionless continuants. In fact, for
some speakers, there was little notable constriction, so that the glide was barely detectable in the
acoustic signal. The stop variants of glides were produced almost entirely in word-initial
position. This is notable, as this is the phonological context where bilabial continuants are
produced as stops in Spanish (Hualde 2005). The phonetic variation observed here may reflect
some transfer of native Yoloxochitl Mixtec speakers’ second language phonology into their first
language. As both languages contain a bilabial continuant, produced similarly across languages,

such a transfer may be more likely here than for other phonological contrasts.
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6. General Discussion
6.1 The universal and the language-specific
Phonetic description involves a combination of close attention to the more universal tendencies
in speech production and the language-specific patterns which sometimes hide such generalities.
Several aspects of Yoloxdchitl Mixtec consonantal phonetics support different universal phonetic
tendencies. For instance, the consonants are longer in monosyllabic words than in disyllabic
words in Yolox6chitl Mixtec. This pattern, often called POLYSYLLABIC SHORTENING, is ostensibly
a language-universal tendency (Jones 1942-1943, Lehiste 1970, Lindblom et al. 1981, Turk &
Shattuck-Hufnagel 2000, White & Turk 2010). At first glance, the Yoloxochitl Mixtec data
would seem subject to the same phonetic constraint, but the degree to which consonantal
shortening occurs is greater than predicted from previous research. Yet, once one considers the
greater influence of rightmost prominence on polysyllabic shortening, the Yoloxochitl Mixtec
data more closely matches observations from work on English (White & Turk 2010).
Polysyllabic shortening is stronger in stress-final words in English, and similarly stronger in a
stress-final language like Yoloxochitl Mixtec when compared to findings from other languages.

Furthermore, Yoloxochitl Mixtec shows a strong language-general effect of place of
articulation on VOT, even though only short-lag VOTs occur (cf. Cho & Ladefoged 1999). The
investigation of individual differences here shows that dental stops tend to vary the most in terms
of VOT duration. This observation may explain why, cross-linguistically, bilabial and coronal
stops tend to have similar VOT duration in comparison with velar stops: coronal stops are simply
more variable. For certain speakers, they have VOT durations similar to bilabial stops, while for
others, they have longer VOT durations.

Another near universal pattern is the inverse relationship between consonant closure
duration and VOT in voiceless stops (Cho & Ladefoged 1999, Gordon et al. 2001, Maddieson
1997, Weismer 1980). The Yoloxochitl Mixtec data show evidence of such a pattern, but the

shorter closure duration for the velar stops (/k/, /k*/) compared to the other places of articulation

can not be explained by this principle alone. Instead, it seems that there is a language-specific
rule whereby velar consonants are shortened and potentially lenited. The presence of a similar
process of velar lenition in many other Mixtec varieties, especially others spoken in Guerrero,

suggests that this pattern might also be more of an areal feature of Mixtec languages. Both this
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and the previous pattern demonstrate how universal phonetic tendencies may be exaggerated by

language or family-specific patterns.

6.2 The phonology of complex segments

In Yoloxochitl Mixtec, the prenasalized stops are consistently realized with an oral release and a
following oral vowel. The relative timing of nasal and oral closure does not vary with place of
articulation, contra predictions from the HYPERVOICED ALLOPHONE hypothesis (Iverson &
Salmons 1996). Furthermore, the production of prenasalized stops frequently involved the
absence of any observable oral closure duration (in 20-30% of cases). These observations are
more in line with the view that prenasalized stops (or post-occluded nasals) are allophones of
nasal consonants in Yoloxdchitl Mixtec than hypervoiced variants of voiced stops.

This finding has ramifications for the phonology of Yoloxdchitl Mixtec. In particular, one
must posit that nasal vowels are contrastive after nasal consonants and that an [ORAL] feature on
vowels conditions consonantal allophony. This argument fits well with the comparative data
from Austronesian (Cohn & Riehl 2008), where nasal and oral vowels have the same distribution
as they do in Yoloxéchitl Mixtec. However, it also suggests that a phonological feature like
[NASAL] is not privative (as argued by Marlett (1992)) in Mixtec because the absence of nasality

triggers allophony, as we observed in the data in Table 7.

7. Conclusions

In addition to its descriptive value, the phonetic data examined here have a bearing on several
topics addressed in the literature. They include the relationship between phonetic universals and
language-specific structural constraints, factors determining variation in VOT, and the
phonological status of complex consonant types (prenasalized stops). These findings also pave
the way for testing future hypotheses on the phonetic and phonological structure either in the
target language or cross-linguistically. For instance, to what extent do the durational differences
in VOT here correspond to patterns of consonant undershoot in spontaneous speech? Many
voiceless consonants become at least partially voiced in running speech. Castillo Garcia (2007)

observes patterns of velar lenition and recent investigations into variation in spontaneous speech

12 See Steriade (1993) for a review of the arguments on nasal privativity.
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have revealed this variation to be related to prosodic structure, i.e. greater lenition in unstressed
syllables (c.f. DiCanio et al, 2017).

Furthermore, the acoustic observations regarding nasal and oral stop closure in the
prenasalized stops would be more easily interpreted when accompanied by aerodynamic data.
While the acoustic signal is suggestive, it does not fully determine the timing of denasalization.
Such a future investigation may more conclusively shed light on the nature of prenasalized stops
in the language.

Finally, the present paper may also serve as a model for intermediate-length phonetic
descriptions of other languages' consonantal systems. There will always be sufficient data of
interest for a monograph on any language’s phonetic structure (e.g., Olive et al 1993;
McDonough 2003), but shorter sketches are of value as well. We propose that their value is
enhanced when issues of universality of phonetic effects are directly addressed and when

possible insights into phonological questions can be generated.
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Appendix A: Information on Scripts

Three scripts were written for Praat (Boersma & Weenink 2016) to extract acoustic data from the
speech signal. The script used to extract duration from the speech signal was
Get _duration_2.0.praat. The script used to extract formant values for C-V transitions and glides
was Get Formants nonnormalized.praat. The script used to do fricative time-normalization and
extract fricative spectral moments was Time averaging for fricatives 2.0.praat. Each of these

scripts is publicly available at http://www.acsu.buffalo.edu/~cdicanio/scripts.html.
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Appendix B: Additional tables

TABLE Al: NORMALIZED (Z-SCORE) VALUES FOR ACOUSTIC CUES FOR FRICATIVES

Cue 5] 51
Center of gravity  0.857 -0.683
Standard deviation 0.780 -0.617
Kurtosis -0.430 0.443
Skewness -0.795 0.671
Duration -0.364 0.037
Intensity -0.080 0.047
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Footnotes:
1. The rationale for this specific time depth in Josserand (1983) is perhaps a bit unclear.
Note that extensive internal diversification was already discussed in Los Reyes (1593).

2. Note that Guerrero Mixtec here refers to a genetic classification, not a geographic one,
i.e. there are Mixtec varieties spoken in the state of Guerrero that are not part of this

classification.

3. Despite being spoken in Guerrero, the varieties which have less intelligibility with
Guerrero Mixtec, according to Castillo Garcia (2007:11), belong to Southern Baja Mixtec
(Josserand 1983).

4. Moreover, given the extensive diversity of the Mixtec family, there is perhaps an
inappropriate tendency to generalize the findings from work on specific dialects to other variants

simply due to the shared use of the name Mixtec.

5. The Mixtec couplet is functionally equivalent to a bimoraic foot.
6. The English data here reflects words in the accented condition.
7. The voiced bilabial fricative, /f3/, is excluded here, as it typically patterns with glides or

sonorants in Mixtec languages and is rarely produced with noticeable frication. It is better
described as a frictionless continuant.

8. Note that Marlett groups together many diverse Mixtec languages, so his view is
essentially a pan-Mixtec hypothesis. By contrast, the HYPERVOICED ALLOPHONE perspective is
motivated specifically by patterns in Chalcatongo and San Miguel el Grande Mixtec, two closely

related variants.
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9. Most clitics have allomorphs conditioned by vowel height/backness, not shown here.

Thus, the 28 clitic is /={i%/ after high vowels, but /= 5/ after non-high vowels, c.f. Palancar et al

(2016).
10. However, this conclusion also carries some caveats, discussed in Downing (2005).
11. From an articulatory perspective, the vowel and the glide are co-produced as several

gestures coordinated in phase. Thus, while segmentation is frequently necessary for acoustic
analysis, it is also somewhat artificial from the perspective of speech production.

12. See Steriade (1993) for a review of the arguments on nasal privativity.



