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Voiced aspirates with mixed voicing in Yemba, a Grassfields Bantu language of Cameroon

Matthew Faytak (University at Buffalo) & Jeremy Steffman (The University of Edinburgh)

Abstract

Using electroglottography and acoustic measures, we characterize the strength and quality of
voicing in voiced aspirated and unaspirated consonants (stops, fricatives, and approximants) in
Yemba (Grassfields Bantu, Cameroon). We show that the Yemba voiced aspirates exhibit
“mixed voicing”: modal voicing during the consonant constriction, but voiceless aspiration after
release. Breathy or whispery phonation extends slightly into consonant constrictions preceding,
and across the entire duration of vowels following, aspiration; this non-modal phonation extends
further into prenasalized consonants. Mixed voicing has typically been excluded from the
possible range of laryngeal-supralaryngeal coordinative patterns in consonants, and is thought to
be unattested in the world’s languages; most previous work on this topic assumes that non-modal
phonation after voiced consonant release is breathy-voiced. However, we argue that Yemba
voiced aspirates differ from more commonly studied breathy-release aspirates only in the settings
of some gestural parameters: the late glottal spread gesture is larger in magnitude and more
resistant to coarticulation, yielding consistently devoiced aspiration which may even be more

perceptually recoverable compared to breathiness.

1 Introduction

1.1 Typology of laryngeal coordination in voiced aspirates

Voiced aspirated consonants (“voiced aspirates”) have long presented difficulties for the study of
consonantal laryngeal contrasts. From the introduction of voice onset time (VOT, Lisker &
Abramson 1964) as a measure of laryngeal timing and coordination, it has been observed that
VOT and other measures of laryngeal-supralaryngeal coordination alone are insufficient to
capture the difference between voiced aspirated and voiced unaspirated consonants (Clements &
Khatiwada 2007; Dmitrieva & Dutta 2019; Schwarz, Sonderegger & Goad 2019; Abramson &
Whalen 2017). In part, this is because voiced aspirates are not typically realized with discrete
periods of prevoicing and post-release aspiration, as their name would suggest. Rather, the

primary cue for voiced aspirates has proven to be a period of breathy phonation at and after



consonant release and extending into the following vowel, with important secondary roles played
by characteristics of the burst spectra and perturbations to the following vowel’s f0 (Clements &
Khatiwada 2007; Davis 1994; Dmitrieva & Dutta 2019; Dutta 2007; Mikuteit & Reetz 2007;
Rami et al. 1999; Schertz & Khan 2020; Schwarz et al. 2019). These characteristics also cue
voiced aspirated or breathy sonorants (Traill & Jackson 1988; Maddieson 1991; Demolin &
Delvaux 2001; Berkson 2013, 2019), although their degree of acoustic separation from modally
voiced sonorants is typically smaller compared to the separation of voiced aspirated obstruents
from modal-voiced obstruents (Berkson 2019).

Because VOT alone cannot distinguish voiced aspirates from voiceless aspirates, their
articulatory mechanism has been well investigated, and they have been extensively compared to
their voiceless aspirated counterparts. For voiceless aspiration, a wide glottal opening or spread-
glottis gesture is timed such that peak opening occurs at or just after release of a consonant
closure (Kagaya 1974; Hirose, Lee, & Ushijima 1974; Kagaya & Hirose 1975; Lofqvist 1980;
Lofqvist & Yoshioka 1981; Kingston 1985; Kim, Maeda & Honda 2010). A consensus has
emerged that voiced aspirates’ post-release breathiness or “murmur” differs from voiceless
aspiration in the magnitude and timing of the associated spread glottis gesture: most voiced
aspirates have a spread glottis gesture which is lower in magnitude, resulting in a smaller peak
glottal opening area. This gesture is also typically peaks later, after release, such that the closure
portion typically remains modally voiced (Kagaya 1974; Kagaya & Hirose 1975; Benguerel &
Bhatia 1980; Dixit 1989; Keating 1990:329-330; Davis 1994; Ahn, 2018:183-186).

In spite of the general agreement that voiced and voiceless aspirates have similar timing
of spread-glottis gestures relative to the consonantal constrictions they are coordinated with,
there is substantial cross-linguistic and cross-talker variation in the timing and coordination of
these gestural complexes (see, e.g., Hoole & Bombien 2017; Pouplier et al. 2022), which is also
modulated by prosodic factors such as phrasing and prominence (Bombien 2011; Hoole &
Bombien 2017; Bombien, Mooshammer, Hoole & Kuehnert 2008; Hoole, Bombien, Kiihnert, &
Mooshammer 2009). More generally, it is well documented in the literature that speech rate and
prosodic structure modulate the production and acoustics of contrasts involving aspiration (e.g.,
Beckman, Helgason, McMurray & Ringen 2011; Kim, Kim & Cho 2018, see Krivokapi¢ 2014
for general discussion). Such variation is already well-known for voiceless aspirates, the study of

which has expanded the field’s understanding of timing and inter-articulator coordination more



generally. Models of speech programming have been refined by the introduction of speaker- and
language-specific target ranges for VOT in voiceless aspirated consonants (Cho & Ladefoged
1999, Cho, Whalen, & Docherty 2018) and structured relationships within a language’s
phonemic inventory (Chodroff & Wilson 2017). Research into other segment types such as pre-
aspirated stops (Lofqvist & Yoshioka 1981; Engstrand 1987; Karlsson & Svantesson 2012) and
voiceless aspirated nasals (Bhaskararao & Ladefoged 1991; Chirkova, Basset & Amelot 2019;
Terhijia & Sarmah 2020) has revealed still more inter-language variation in the coordination of
the laryngeal and supralaryngeal articulators.

The full range of coordinative possibilities has not been explored to a similar extent for
voiced aspirates. Cross-linguistic variation in timing of the spread-glottis gesture is already
known from a handful of studies. Languages such as Eastern Armenian (Seyfarth & Garellek,
2018) and Owerri Igbo (Ladefoged, Williamson, Elugbe, & Owulaka 1976; Henton, Ladefoged
& Maddieson 1992:81-82) appear to time the spread-glottis gesture earlier than the canonical,
breathy-release voiced aspirates discussed above, resulting in more non-modal phonation during
the stop closure and relatively little breathiness after stop release.

It stands to reason that the magnitude of the spread-glottis gesture could also vary cross-
linguistically. While canonical voiced aspirates most often exhibit breathy phonation, a language
could have voiced aspirates which are voiced during closure and voiceless at and after release,
achieved with a particularly large-magnitude spread-glottis gesture, timed sufficiently late to
avoid devoicing the stop closure in anticipation. In fact, such a phonetic variant, with some
voicing during closure and an interval of voiceless aspiration after release, is not an uncommon
realization for voiced aspirates in many south Asian languages (Poon & Mateer 1985:46;
Maddieson 1991; Davis 1994:186-188, Mikuteit & Reetz 2007). Stevens (1998:476,478) directly
attributes this sporadic devoicing of breathy release to wide glottal aperture. Control of the
magnitude of glottal spread is less precise compared to its timing (Lofqvist, Baer, & Yoshioka
1981), so it stands to reason that these devoicings are not controlled but occasionally occur due

to production noise.

1.2 Mixed voicing and its omission from the typology
However, the possibility of a stop voiced during closure and voicelessly aspirated at

release is typically omitted from typologies of stop laryngeal contrasts (Ladefoged 1971, Henton,



Ladefoged, & Maddieson 1992). In Ladefoged (1971, 1973), it was noted that “a sound in which
the vocal cords are vibrating during the articulation and then come apart into the voiceless
position during the release of the stricture ... has not yet been observed in any language”
(1973:9). More recent global surveys of speech sounds fail to mention the possibility of this stop
type and its apparent absence from the typology (Catford 1982:111-116; Catford 1988:57-61;
Laver 1994:348-355; Ladefoged & Maddieson 1996:47-73, 80; Ladefoged & Johnson 2011:159-
164). This omission is not unreasonable, especially since a consonant exhibiting modal voicing
during its constriction and wide glottal abduction at its release would be quite effortful for the
speaker: voicing during constriction requires glottal adduction, and aspiration requires glottal
abduction. The modulation from phonating to spread vocal folds would need to be rapid and
precisely timed, an arrangement which ought to be avoided under general principles of effort
minimization.

Nonetheless, there seems to be no reason to consider this stop type to be impossible. Few
formal arguments have been advanced for the impossibility of a single consonant exhibiting
voiced closure and voiceless (aspirated) release, which we will refer to here as mixed voicing.
Variable devoicing of the breathy release of South Asian voiced aspirates has already been
discussed above, and languages of mainland Southeast Asia often exhibit partially devoiced
stops under registrogenesis (Brunelle, Ta, Kirby, & Dinh 2020; Brunelle, Brown, & Pham 2022).
More significantly, mixed voicing has in fact been proposed for unit segments in some
languages. Perhaps the earliest and best-known proposal is for Kelabit, where Blust (1974; 2006;
2016) has argued for a series of “voiced aspirate” stops on phonetic, distributional, and
morphological grounds. Blust describes this series of stops /b d" g/ as exhibiting voiceless
release and “heavy” aspiration, such that /d"/ is transcribed in its typical realization as [dt/] (Blust
2016: 269). Similar apparent mixed-voicing plosives, affricates, and clicks are also attested in the
Kx’a and Tuu (“Khoisan”) languages (Snyman 1975; Ladefoged and Traill 1984:15; Maddieson
1984; Ladefoged & Maddieson 1996:63,80-81; Naumann 2016; Gerlach 2015). However, the
apparent mixed-voicing structures in these languages have typically been (re)analyzed as
clusters, sometimes explicitly to avoid positing mixed voicing in the consonant inventory
(Snyman 1975:83-84; Traill 1985:208-211, Giildemann & Nakagawa 2018:5-15; Blevins
2010:8-9; Ladefoged & Maddieson 1996:80-81).



Reanalysis of apparent mixed-voice stops as clusters does not solve the puzzle of mixed
voicing, however, since the same articulatory events are merely redistributed between multiple
consonants in sequence. More problematically for this analysis, formal arguments save been
advanced against mixed-voicing clusters. Phoneticians and phonologists alike have argued that
such sequences, i.e. a voiced stop followed by a voiceless stop, are impossible within a syllable
onset (Lindblom 1983:24; Fujimura 1990:338-339, Lombardi 1991:59, Lombardi 1999:272).
However, once again, counterexamples to this generalization are easily found: a number of
languages are known to permit voiced-voiceless and voiceless-voiced onset clusters (Greenberg
1978:257; Steriade 1997; Blevins 2004; Kreitman 2010; Kirby 2014), implying this type of
sequence is merely unusual rather than impossible.

As noted by Blust (2016: 275), then, there is no obvious restriction against mixed voicing
in single segments or clusters. This possibility has nonetheless gone unconsidered in most work
on stop laryngeal contrasts. This is perhaps due in part to the frequent conflation of “voiced
aspiration” with breathy or murmured release (Ladefoged 1971: 13; Benguerel & Bhatia 1980:
141-143; Blust 2016: 248) and the arguments advanced (perhaps erroneously) against mixed
voicing in tautosyllabic clusters. Furthermore, there is a dearth of instrumental work examining
cross-linguistic variation of “voiced aspirates” in the timing and magnitude of glottal spread or
the resulting patterns of the voice source, which would help to clarify whether some sub-type
exhibits mixed voicing. In this paper, we begin to fill this gap by characterizing the apparent
mixed voicing present in the Bamileke languages’ voiced aspirated consonants, with particular

focus given to Yemba.

1.3  Aspiration in Yemba
Yemba, also known as Dschang or Dschang Bamileke (ISO 639-3: ybb), is a Grassfields Bantu
language spoken by 300,000 or more people in the West (Ouest) Region of Cameroon (Figure 1)
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Figure 1. Approximate Yemba-speaking area within Cameroon, adapted from Nanfah (2003).

and by diaspora populations located primarily in Europe and North America (Eberhard, Simons
& Fennig 2020). It is one of roughly eleven Bamileke languages, a large subgroup within
Grassfields Bantu (Watters 2003; Hammarstrom et al. 2020). Most speakers use French as a
second or third language, as is typical of the region (Kouega 2007, Tsofack 2010). Yemba has
been the subject of some phonological work focusing on its complex tonal phonology (see
Hyman & Tadadjeu 1976, Hyman 1985), but its unusual system of aspiration contrasts has yet to
form the basis of any phonetic study.

Most Bamileke languages, including Yemba, exhibit an aspiration contrast which cross-
cuts the voicing contrast typical of wider Grassfields Bantu (Watters 2003). Historically,
aspirated segments developed as allophones of unaspirated segments before high vowels in open
syllables (Hyman 1972, Anderson 1982), likely as an outgrowth of the tendency for stops to
exhibit longer voice onset time before high vowels (Kagaya 1974:173; Esposito 2002; Klatt
1975; Stevens 1998; Bang et al. 2018). In some modern Bamileke varieties, aspiration is still
allophonic and restricted to this environment (Nganmou 1991:64; Nguendjio 1989:32;
Voorhoeve 1964). While this development is often discussed as unique to Bamileke within

Grassfields Bantu, closely related Noun languages are also reported to have allophonic aspiration



of /t, k/ and sometimes /g/ before high vowels (Ndedje 2003; Njeck 2003; Nusi 1986; Tsafack
Forku 2000).

Subsequent sound changes affecting vowel quality have sometimes led to the
development of minimal pairs for aspirated and unaspirated stops (Anderson 2008; Hyman 1972;
Nissim 1981; Ngueyep 1988; Ngouagna 1988). In an additional innovative development, several
Bamileke varieties such as Ngyemboon and Fe’fe’ extend the aspiration contrast to voiced and
voiceless fricatives (Hyman 1972; Anderson 2008). These aspirated stops and fricatives are most
often described as followed by a fricative matching the onset consonant in place, resulting in a
system of affricates and lengthened fricatives (Nissim 1981, Anderson 1982). The quality of this
frication, and Bamileke aspiration in general, has consistently been described as voiceless
(Hyman 1972, Nissim 1981, Anderson 1982).

The aspiration contrast in Yemba has a breadth that is unusual even within Bamileke:
contrastive aspiration is observed not only for stops, affricates, and fricatives as in other
Bamileke lects, but also for approximants and nasals (Bird 1999; Table 1). While aspirated
nasals occur only in a small number of words which vary among Yemba dialects (Bird 1999;
Nanfah 2003), the aspirated approximants occur frequently.

A number of the aspirated consonants exhibit voicing during the consonantal constriction.
The quality of the aspiration for these voiced aspirates is itself unusual: Yemba aspirates
consistently give the impression of a period of sustained voiceless phonation after release (Bird
1999: 3-4). This includes the voiced aspirates, which do not give the impression of breathiness or
murmur as is typical for phones with this label. Rather, the auditory effect of all voiced aspirates
is that voicing is initiated during the onset consonant, interrupted with voiceless aspiration, then
restarted at the onset of the following vowel. Electroglottograph traces published in Bird (2003)
suggest that, for the tokens inspected here, this voiceless interruption exhibits wide glottal spread
with no discernable vibratory activity (Figure 2), even when the consonant constriction is voiced.
Unlike in Ngyemboon and Bandjoun, in Yemba only aspirated fricatives are produced with
lengthened frication (e.g., /s/ as [ss] or [s:]; /z"/ as [zs], see Haynes 1989); other consonants are
produced with aspiration as is usually meant (e.g. /p®/ as [p"], /uj?/ as [uj"], etc.).

Additional voiced (and voiced aspirated) segments occur under the influence of
prenasalization (see Table 2). When preceded by a nasal prefix, the voiceless bilabial stops /p p*/

are realized as [mb mb"], the lateral approximants /1 1"/ as [nd nd"], and the (labial-)velar



Table 1: Consonantal inventory of Yemba, adapted from Bird (1999) with post-nasal allophones

included. Voiced aspirated-voiced unaspirated pairs examined in the present study are bolded.

Bilabial | Labden. Alveolar | Postalv. | Velar Glottal
Plosive [-voi] |p p" t th k kb ?
nt nth nk pkt
Plosive [+voi] | mb mb® nd nd* ng ng*
(allophonic)
Affricate pf pfh ts tsh tf ot
mpf mpf* | nts nts" | ptf ptt
Fricative [-voi] f f s sh I m (h)
mf mf
Fricative v vt z * 33
[+voi] mv mv* | nz nz" |p3 pzt
Nasal m m" n nt n )
Approximant I I J uy ut
w wh

Table 2. Derivation of Yemba voiced stops (aspirated and unaspirated) from approximants and

/p/ by addition of a placeless nasal prefix /N/, which assimilates to the place of the following

consonant.

Unaspirated [mb, nd, ng, ngw] Aspirated [mb", nd", ngt, ng'w]

Prefix  Stem Inflected form Prefix Stem Inflected form
N- ‘cl6’  -pi ‘liver’ —  mbi N- “inf*  -phi ‘sow’ - rh'bh
N-“inf -4 ‘rain (v.)’ - nda N- “inf  -Ih ‘wrestle’ —  na'da

N- ‘cll’  -upd ‘stranger’ — fgud N- ‘inf  -ups ‘do’ - 1n'gha

N- ‘inf>  -we ‘have, get” — p'gwé N-<cl9’  -whi‘deer’ - 1nghwi
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Figure 2. Audio (top) and EGG (bottom) signals from Bird (2003) for six items varying in
consonant manner and aspiration. Note sustained lack of vocal fold vibration in the voiced

aspirates at right.

approximants /uj uj® w wh/ as [ng ng" ngw ng"w]. Voiced fricatives and /f/ may occur with or
without prenasalization, and the remaining voiceless fricatives may not be prenasalized.
Prenasalization in Yemba acts as a tone-bearing unit (Hyman & Tadadjeu 1976; Hyman 1985),
suggesting that it is syllabic as in Medumba, a closely related Bamileke language (Franich
2018). Regardless of the particular analysis one adopts, prenasalized consonants differ
structurally from simple oral consonants, and so we separately analyze “prenasalized” and oral
consonants in this study to account for their longer duration relative to oral consonants (Riehl
2008:301-302, Franich 2018).

Whether or not supralaryngeal stricture is present in the aspiration after consonant release
(i.e. whether fricative-like as in Ngyemboon or merely a change in phonation), it is the apparent
voicelessness of this interval after voiced consonants, and the resulting voiced-voiceless-voiced

sequence of laryngeal settings, which is the focus of this study. As discussed in Section 1.1, this
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specific sequence of mixed voicing associated with onset consonant release is not only
typologically unusual, but has generally been omitted from the typology of laryngeal contrasts.
The voiced aspirates in Yemba appear to provide an example of just such a structure, which we

investigate here.
1.4  Against two alternative interpretations of aspiration

Given the unusual nature of the phonetic structure at issue, before moving to define our
hypotheses, we consider the phonological representation of aspiration in Yemba. There are at
least three possibilities: a unit consonant analysis, which views aspiration as an attribute of the
onset consonant, i.e. /Ch'V/; a vocalic analysis, which views aspiration as an attribute of the
vowel, i.e. /CV/; and a cluster analysis, which treats aspiration as a standalone consonant
participating in an onset cluster as the second member, i.e. /ChV/. In this study, we follow the
unit consonant analysis, which deviates from prior treatments of Yemba aspiration (Haynes
1989; Harro & Haynes 1991; Bird 1999; Nanfah 2003) but which constitutes the usual analysis
for aspiration in other Bamileke languages (Hyman 1979; Nissim 1981; Anderson 1982, 2008).
Here, we summarize the evidence for the unit consonant analysis and against the two other
analyses.

Distributional evidence favors the unit consonant analysis over the cluster analysis.
Yemba aspiration, if treated as a separate consonant /h/, would be highly constrained in its
distribution: virtually a// /h/ would occur in sequence after the release of a stem-initial onset
consonant, with only a handful of /h/ acting as unambiguous simple onsets, and then only in
loanwords.! Furthermore, clusters containing /h/ would be the only morpheme-internal clusters
posited for Yemba’s native vocabulary; treating this as release-associated aspiration is more
parsimonious than positing complex onsets containing /h/ when complex onsets do not otherwise
exist. The frequently occurring nasal prefixes are syllabic, as evidenced by their ability to bear

tone, and so cannot be taken to participate in stem onset clusters; see Table 2.

' To our knowledge, the entire set of Yemba words containing segmental /h/ is: [hép] ‘help’ (Eng. kelp), [hanan]
‘(clothes) iron’ (Eng. iron), and [ha(k)] “distilled alcohol’ (perhaps from English alcohol, French alcool, or Arabic
3. /Qaraq/ through an intermediary language such as Hausa).

2 An anonymous reviewer suggests an alternative analysis in which a syllable boundary intervenes between the
stricture of the “onset” consonant and aspiration, perhaps with the preceding syllabic nasal acting as the nucleus, e.g.
/nd.hV/, /n3.hV/. However, all Yemba syllables bear tone, and fricatives and approximants do not appear to bear
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Aspiration could also be associated with the following vowel; it is well known that non-
modal phonation may be phonologically affiliated with either consonants or vowels (Esposito
and Khan 2012; Esposito, Khan, Berkson, and Nelson 2020). Bird (1999) argues that Yemba
aspiration is moraic and part of the syllable rhyme, identifying its source as an abstract “palatal
mora” identifiable with, and in complementary distribution with, [i] and [1V] syllable nuclei.
However, subsequently collected lexical material in Bird (2003) contains minimal pairs for
rhymes containing [i], [1V], aspiration, and both types of vowel simultaneously with aspiration,
e.g. [15-z¢] ‘grass’, [13-z"¢] ‘forbidding’, [13-zi¢] ‘awakening’, [13-'zhi¢] ‘offspring’. This
undermines the argument that aspiration arises from a palatal element in the rhyme. Bird also
notes that including aspiration in the rhyme motivates an apparent co-occurrence restriction
under which aspiration does not occur in syllables containing coda consonants: if both aspiration
and codas are part of the rhyme, both contribute to phonological weight, and the pattern can be
treated as avoidance of superheavy syllables. However, while segmental contributions to weight
are typically assumed to be part of the rhyme, in recent years moraic onsets have been
convincingly posited in a range of languages (Shinohara & Fujimoto 2011; Topintzi & Nevins
2017; Topintzi & Davis 2017; Myhre 2021), suggesting that an onset-associated mora could
contribute to the weight of the Yemba syllable.

Furthermore, historical-comparative evidence demonstrates that Yemba’s aspirated
consonants developed as positional variants of simple unaspirated onset consonants, making it
more likely than not that they continue to constitute simple onsets down to the present. Bamileke
aspirated stops, fricatives, and affricates (voiced and voiceless alike) developed from proto-
Eastern Grassfields (PEG) unaspirated stops and affricates (Hyman 1972; Anderson 1982). The
PEG onsets developed aspiration in Bamileke only before *j, *u (the higher of two series of high
vowels) and *i, *u (the lower series) in open syllables, possibly as phonologization of the longer
VOT typical for stops released into higher vowels (Table 3; see discussion in Section 1.2). Some
small developments from PEG must be posited to sort out the distribution of aspiration in
Yemba: PEG coda *d, */ codas were lost before aspiration was triggered in Yemba, but coda *n
and *m were lost more recently, after aspiration was triggered. The Ngemba languages, a sister

group to Bamileke within Eastern Grassfields, did not develop aspiration; comparanda from two

tone in Yemba (Hyman & Tadadjeu 1976; Hyman 1985), making the suggested syllabification impossible in cases
where fricatives and approximants occur without a preceding nasal, e.g. /z.hV/, /u.hV/, /£hV/, /LhV/.
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Ngemba languages (Awing and Mbili) are provided in Table 3 to confirm the general accuracy
of the PEG reconstructions. Reflexes of PEG closed syllables are not associated with aspiration
in any daughter languages; under this account, this may be because they were laxed or lowered
due to the presence of a coda. The historical data also undermine the “palatal mora” account
described above: there is no obvious requirement that a PEG root with an aspirated reflex in
Yemba contain a front vowel *j or *i, and the co-occurrence restrictions on aspiration noted in
Bird (1999) can be treated as a blocking effect on aspiration of Aistorically present codas,

including codas not attested in present-day Yemba such as *n and *m.

Table 3: Comparative data demonstrating the development of aspiration before Proto-Eastern
Grassfields (PEG) high vowels in open syllables (A.) and its blocking in closed syllables (B.). In
PEG reconstructions, <’> and <> indicate final floating high and low tones, respectiely. Affixes

are separated from stems with hyphens.

Yemba Mbili Awing (Azieshi | Proto-Eastern
(Bird 2003) (Ayuninjam | 1994, van den Grassfields (Elias
1998) Berg 2009) et al. 1984)
A. leaf a-fro a-fu a-fu *-fu’
dog m-'bhé m-bvi n-gu *-bua
tree a-tha a-ti a-tsi *-t
nose 15-'z06 ~ 13-'zbwé | ni-lwi nd-1wi-3 *-du,
mouth N-tfra n-tfu N-tsO:r-d *-cul’
fish e-'sho ~ &-'shwé i-swe o-fu-3 *-s0’
do, make | lo-upha Yo — *-gid-
foot, leg a-kt a-ku a-ko:1d *-ku(l)'
B. egg 15-po ni-bum nd-pum-3 *-bum’
wine ma-1u? mi-Iu? — *-duk’
buy 13-'26 zweén ma-nd3un-3 *-jin-
chicken n-'gap m-bvé 0-gab-3 *-gub’




13

On the whole, the evidence provided here suggests that Yemba aspirated consonants,
including voiced aspirated consonants, are unit consonants in the syllable onset. However,
regardless of how the underlying gestural content is packaged up into segments and associated to
different parts of the syllable, the voiced aspirate structure in Yemba merits a detailed
comparison to more commonly studied speech sounds termed “voiced aspirates”. Adopting
various phonological representations of aspiration in Yemba does nothing to change the basic
observation that Yemba voiced aspirates seem to involve a rapid alternation of voicing and
spread-glottis gestures, a configuration which is omitted from typologies of unit consonants (the
“voiced aspirates”) and tautosyllabic consonant clusters alike, as discussed above in Section 1.2.
Conflating this structure with murmured stops under the term “voiced aspiration” would further
“overload” the term (see Blust 2016: 248) and ensure that mixed voicing remains unexplored as

a possible variant on existing speech sounds.

1.5  Interim summary and research goals
The goal of this study is to determine the typical sequence of events which characterize the
Yemba voiced aspirates. We use electroglottography and acoustic voice quality measures to
better characterize the timing and quality of non-modal phonation in the Yemba voiced aspirates,
and to relate the latter to better-studied voiced aspirates with breathy release. Voiced unaspirated
consonants, which are expected to have uninterrupted modal voicing, are the control against
which voiced aspirates are compared. We evaluate two specific hypotheses, formulated by taking
the more commonly researched breathy-voiced or “murmured” stops as our point of departure:
H1.Yemba voiced aspirates will exhibit a strong voice source throughout consonant stricture
and release, comparable to voiced unaspirated consonants.
H2.Aspiration will be associated with the production of non-modal phonation on following
vowels and preceding consonant strictures.
Hypothesis 1 is evaluated to determine if the Yemba data can be taken as a counterexample to
the generalization that mixed voicing does not occur in voiced aspirates. The timing of the
spread-glottis gesture and its coarticulatory effects are indirectly tested by Hypothesis 2, to
facilitate comparison with South Asian languages, where post-release non-modal phonation is

typically breathy and often fades into the following vowel.
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Separate from the two hypotheses, the study also considers the data on voice quality in a
purely exploratory manner relating to the modulatory effects of consonant manner:
RQI. Is the quality and timing of aspiration mediated by the manner of the consonant in
any way?
From the few studies of breathiness in languages with breathy consonants in a range of manners,
breathiness is known to be weaker (closer to modal) in sonorants (see Berkson 2019). While
Yemba also has voiced aspirates in a range of manners, the precise manners involved
(approximant, fricative, prenasalized plosive, prenasalized fricative) do not align well with those
manners covered by existing studies (nasals, approximants). As such, under Research Question
1, we aim to contribute descriptive generalizations of the effect of manner on voiced aspiration in

Yemba rather than to test a specific hypothesis.

2 Procedure

2.1 Materials

Audio data were obtained for four speakers (1F, 3M), and electroglottograph (EGG) data were
obtained for three of these speakers (1F, 2M). Simultaneous audio and EGG recordings for two
speakers (1M, 1F) were recorded in the UCLA Phonetics Lab in 2019. Material for two more
speakers (2M) was drawn from an audio lexicon of Yemba (Bird, 2003) which includes
simultaneous EGG recordings for one speaker. Materials in Bird (2003) were recorded in 1997 in
a recording studio managed by SIL Cameroon in Yaoundé, Cameroon. In total, 2,089 audio
tokens are analyzed: 1,703 tokens from the corpus speakers and 386 tokens from the lab-
recorded speakers. Because only three speakers (two lab speakers and one speaker in the audio
lexicon) have accompanying EGG recordings, a total of 1,234 EGG recordings were analyzed.
Of these total token counts, 610 audio tokens were aspirated (1,479 unaspirated) and 413 EGG
tokens were aspirated (823 unaspirated). Lab recordings were made with a EG2
electroglottograph (Glottal Enterprises, and a Shure SM10A head-mounted cardioid dynamic
microphone recording at a rate of 44.1 kHz and run through an XAudioBox preamplifier and A-
D device. The specific audio and EGG recording equipment used in Bird (2003) is not clear from
available metadata. All EGG data were processed using EGGWorks (Tehrani, 2020), and
subsequently read into VoiceSauce (Shue et al., 2011).
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Target syllables in both sets of recordings contained aspirated or unaspirated voiced
consonants in stem and syllable onset position, followed by a monophthong or diphthong in an
open syllable (with two exceptions in the in-lab materials, described below). Phonological
prominence is controlled in several important respects across all materials: all C(h)V examined
across both data sets are in the first syllable of the stem, which is phonologically prominent in
Yemba (Hyman 1985: 48). Targets contained voiced aspirated prenasalized stops [mb" nd" ng"],
fricatives [v" z" 3", prenasalized fricatives [mv" nz" n3"], and approximants [up® wh 1"], along
with the unaspirated equivalent for each segment. Aspirated nasals were not included in analysis
due to their very low frequency. Note that voiceless unaspirated and aspirated consonants are not
analyzed in this study, since the hypotheses relate to the realization of the spread-glottis gesture
flanked by voicing on both sides. The choice to use voiced unaspirated consonants as the basis
of comparison is reflected in the structure of Hypotheses 1 and 2, and was motivated by the
desire to make parallel comparisons across all manners examined: voiceless approximants
(aspirated or not) do not occur in Yemba, whereas voiced unaspirated consonants contrast with
voiced aspirates in all manners.

The audio lexicon data differ from the lab-recorded data in their overall composition. All
available open-syllable lexical items containing the target set of consonants were extracted from
the audio lexicon in Bird (2003), resulting in a larger sample of material unbalanced for vowel
type. Unaspirated tokens contained any of Yemba’s phonemic monophthongs /ius 9 €00 a/ or
complex nuclei /go wo ia ie uo ui uie uw/; aspirated segments occur with a restricted set of
monophthongs /i u & € o/ and diphthongs /ue uo wo wo ie uw/. The lower lexical frequency of
aspirated tokens in the audio lexicon also resulted in a larger count of unaspirated compared to
aspirated items in those materials. In contrast, the in-lab recordings were nearly balanced for
aspiration and vowel type, though not balanced for lexical tone. Stimuli for the in-lab recordings
contained all licit combinations of the smaller set of vowels /i u & € ue/ and all target initials
mentioned above except for /3 3" n3 n3"/. Due to natural gaps for monophthongs in open syllables
paired with certain consonants, three closed-syllable items ending in /k/ or /?/ were used and two
items replace monophthongs with similar dipthongs (/&/ with /ge/ and /i/ with /ie/, respectively).
The full list of stimuli for the in-lab speakers can be found in Appendix A.

The use of varied materials also introduces substantial dialect differences: the southern

dialect spoken by the two in-lab speakers, who hail from the cities of Foto and Fongo-Ndeng,
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differs slightly from the northern Bafou dialect used in Bird (2003) in the vowel qualities used in
particular words. The southern dialect lacks /o wo ia/ altogether; these phones are merged into /o
wo ie/, respectively. Some additional vowel shifts and mergers are specific to a post-aspiration
context.’ However, because there are no appreciable differences in the quality of aspiration
between the two speaker groups, we pool the dialect groups throughout the analysis that follows.
Although the lab and audio lexicon data are both read speech collected in a studio setting,
the lab and audio lexicon data sets also differ in their elicitation methods, and therefore in the
nature of the speech task undertaken. The recorded component of Bird (2003) consists of each
head word read once in isolation, along with a possessed form (of nouns) and tensed forms (of
verbs), also read once in isolation. In contrast, the lab-recorded tokens were embedded in a frame
sentence: [mah 'lié wy*d  mbu 1] ‘Isay  to you’. Morphologically related forms were not
collected from in-lab speakers, and more tokens of fewer lexical items were collected. The
specific procedure used to elicit readings of the materials in Bird (2003) is not clear from
associated metadata; it is therefore possible that additional differences exist in procedure

between the two data sets.

2.2 Segmentation

Audio was hand-annotated using Praat TextGrids (Boersma & Weenink, 2020) to demarcate the
acoustic boundaries of the onset consonant constriction, aspiration (if present), and following
vowel (Figure 3). The constriction interval for prenasalized stops and fricatives included the

nasal portion. The aspiration-vowel boundary was marked at the onset of clear formant structure

3 For instance, southern /Chwe/ corresponds to northern /CPo/, as in ‘nose’ [18'2"6] (southern [13'z"w¢]),
and /a/ occurs after some aspirated initials in the northern dialect, as in the word ‘goat’ [m)'v"] (southern

[1'v4]).
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Figure 3: Sample segmentations of aspirated and unaspirated stops (top), approximants

(middle), and fricatives (bottom). Clo denotes consonantal constriction; asp denotes aspiration.

and voice pulsing. Criteria for marking the boundary between the consonant constriction interval
(clo) and the post-release, pre-vowel interval (asp) varied slightly according to consonant
manner. The boundary between stop closure and aspiration was placed immediately following
the release burst. Approximant constrictions were segmented out from aspiration at the release of
the approximant constriction. For /1 1"/, this was clearly indicated by an increase in intensity and
an abrupt change in formant frequencies. In the case of the central approximants [w w" uj ujt],

release was marked at the F2 and F3 transition visible before or during aspiration.
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Because voiced fricatives maintain their supralaryngeal constriction through all or part of
the aspiration interval, the boundary between clo and asp for fricatives was placed not according
to release but according to a different event, the cessation of voicing, as visually identified in the
spectrogram by the cessation of periodic voice-source excitation of frication. While this may
appear to introduce circularity into our investigation of the timecourse of voicing (as part of
Hypothesis 2 and the exploratory research question), we note here that the binary judgment
(voiced vs. unvoiced) according to which the events were segmented is not expected to align
precisely with SoE as a continuous measure of voice source strength. We acknowledge, however,
that the use of this segmentation criterion may slightly affect the assignment of transitional
material to the constriction and aspiration intervals, with more transitional material marked as clo

for fricatives than the other manners. This issue is revisited in the discussion in Section 4.1.

2.3 Analysis
All numerical data and scripts are hosted in an Open Science Foundation (OSF) repository,

which can be accessed at https://osf.io/yx4g6/. We also include prior specifications for the

Bayesian regression models, and numerical summaries of the GAMM models in the repository,

with summaries for the Bayesian regression models included in Appendix B.

2.3.1 Measures

To characterize the presence and strength of the voice source over all intervals (constriction,
aspiration, and vowel) and evaluate Hypotheses 1 and 2, we use strength of excitation (SoE),
which has been used as a measure of voice source strength in a range of recent work on voicing
and voice quality (Seyfarth & Garellek 2018; Garellek 2020; Garellek, Chai, Huang, and Van
Doren 2021; Tabain, Garellek, Hellwig, Gregory & Beare, 2022). SoE was calculated at each
detectable epoch in the acoustic signal using VoiceSauce (Shue et al., 2011). An epoch is a
positive-to-negative zero crossing of the zero-frequency-filtered acoustic signal (Murty &
Yegnanarayana, 2008; Mittal, Yegnanarayana, & Bhaskararao, 2014). Epochs correspond to
glottal closures in the phonatory cycle, and SoE is the slope of the signal at each epoch. The SoE
at a given epoch thus corresponds to the amount of energy contributed to the local speech signal

by the voice source: higher SoE values indicate a larger contribution.
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All models which follow use range-normalized log SoE rather than raw SoE, following
Garellek et al. (2021), which factors out setting- and equipment-specific differences in SoE. This
is particularly useful for the present study, given that the two pairs of speakers were recorded
more than twenty years apart with different equipment. A range-normalized SoE value of 1
represents the strongest (maximum) contribution of voicing to the speech signal for a given
speaker, and 0 the weakest (minimum) contribution. We take the minimum range-normalized
SoE for each speaker to indicate voicelessness: in the raw data, the minimum value for each
speaker was in fact an SoE of zero (voicelessness), meaning a zero value in the range normalized
data actually corresponds to voicelessness as well. We note each speaker additionally had some
near-zero values slightly elevated above zero SoE, due to occasional spurious detection of
epochs with associated energy (Dhanajaya & Yegnanarayana 2009). Additional GAMM model
code for analysis of raw SoE values is included in the OSF repository.

From prior examination of aspirated tokens (see Section 1.2), we assume that voice
quality cannot be reliably characterized on aspiration because phonation is most often absent.
However, we expect that phonation adjacent to the aspiration interval may be relatively breathy
in Yemba, in line with previous experimental findings showing carryover coarticulation of
laryngeal state from onset consonants to following vowels (Lofqvist & McGowan, 1992; Ni
Chasaide & Gobl, 1993; Dutta, 2007; Khan, 2012; Dmitrieva & Dutta, 2020) and the initiation of
glottal spread gestures prior to or during associated consonant constriction (Kagaya, 1974;
Kagaya & Hirose 1975; Benguerel & Bhatia 1980; Dixit 1989). In an effort to characterize the
influence of aspiration on its surroundings and evaluate Hypothesis 2, we calculated voice
quality measures from the EGG and acoustic signals for each flanking consonantal constriction
and vowel. Using VoiceSauce, contact quotient (CQ) was calculated from the EGG signal, and
cepstral peak prominence (CPP) and HI-A3* were calculated from the acoustic signal using
VoiceSauce’s STRAIGHT backend (Kawahara, Cheveigne, and Patterson, 1998), this time using
VoiceSauce’s default 1 ms sampling rate. These measures have been used to characterize breathy
phonation (Berkson, 2019; Keating & Esposito, 2007), and in the signal preceding and following
aspiration we expect Yemba speakers to exhibit lower CQ due to reduced vocal fold contact;

lower CPP due to weaker harmonic structure; and higher H1-A3* due to increased spectral tilt.*

* The particular set of measures we adopt here is commonly used in previous literature on voice quality, but we omit
the very commonly used measure H1-H2*, opting to use H1-A3* in its place as a measure of spectral tilt. This
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2.3.2 Statistical modeling

We carried out a set of analyses on the data which modeled the influence of aspiration and
consonant manner on voice quality. All analyses were carried out in R (v 4.1.2; R Core Team
2021) using RStudio (v 2022.2.3.492; RStudio Team 2022).

As a first set of analyses, we modeled SoE, CQ, CPP, and H1*-A3* for constriction and
vowel intervals using Bayesian mixed effects modeling. We submitted the mean across all
samples in constriction, aspiration, and vowel intervals to a Bayesian mixed-effects linear
regression implemented using the R package brms (Blirkner 2017, 2021). The SoE mean value
model was built to statistically compare constriction, aspiration, and vowel intervals in terms of
their strength of voicing, something not done in the GAMM models where the time-series of
each interval were modeled separately. The dependent measure was the mean SoE for a given
interval, predicted as a function of interval type (constriction, aspiration, or vowel). Random
effects were specified as random intercepts for speaker, with by-speaker slopes for interval type.

For the other voice quality measures (CQ, CPP, and H1*-A3%*), which were not measured
during aspiration as noted above, we constructed six models: one for each of the three measures
in constriction and vowel intervals. The models predicted each measure as a function of manner
(for constriction) or preceding constriction’s manner (for vowel), presence of aspiration, and the
interaction of these two fixed effects. Random effects were specified as random intercepts for
speaker, and random slopes for fixed effects and their interactions. As in the GAMM modeling,
oral and prenasalized fricatives were not included in the CPP and HI1*-A3* models. In coding
aspiration and manner variables in the models, we contrast-coded aspiration, mapping aspirated
to -0.5 and unaspirated to 0.5. When there were only two manners in the model (as in the
consonant models for CPP and HI1*-A3*), we also contrast-coded manner, mapping approximant
to -0.5, and prenasalized stop to 0.5. When all four manners were included in a model (CQ for
consonants and all vowel models), approximant was set as the reference level.

All Bayesian regression models were fit to draw 4,000 samples, with a burn-in period of
1,000 samples in each of four Markov chains, from the posterior distribution over parameter

values. We retained 75% of samples for inference. We fit all models with normally distributed

decision was made in light of recent research showing that H1-H2* does not directly reflect laryngeal articulation
(Chai & Garellek, 2019; Gobl & Ni Chasaide, 2019).
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weakly informative priors for fixed effects and the intercept. The mean for the intercept priors
was specified as the approximate mean of a variable for the reference level (or grand mean if
both factors were contrast coded), with a wide standard deviation. For example, in the consonant
data, the mean CPP was observed to be 21 dB. We thus set the prior for the intercept as
normal(20,10) (mean of 20, standard deviation of 10): an informed but very wide distribution.
Fixed effect priors were set to be equally wide with a mean of zero: that is, a prior expectation of
no effect on the measure being modeled.

In reporting results from these models, we focus on the strength of evidence for an effect
provided by the posterior distribution. We report the median of the posterior estimate for a given
effect and its 95% credible interval (Crl), which indicates the range in which 95% percent of the
estimates from the posterior fall. When this interval excludes the value of zero, this indicates a
reliably estimated non-zero effect, i.e. that an effect is robust in the data. Conversely, intervals
including zero indicate non-trivial variation in the estimated directionality of the effect, though
we also will consider this in terms of the strength of evidence for an effect. In other words, 95%
Crls which only narrowly include zero may be taken to provide some weaker evidence for an
effect’s existence. We additionally report a metric which captures the same intuition from the
posterior distribution for an effect: the probability of direction, henceforth pd, as computed with
the bayestestR package (Makowski, Ben-Shachar, & Liidecke 2019). This metric indicates the
percentage of the posterior which shows a given directionality. The metric can range between 50
(a distribution centered on zero; no evidence for an effect) and 100 (a distribution which totally
excludes zero; very strong evidence for an effect), and corresponds intuitively to a frequentist p-
value. As suggested in Makowski et al. (2019), when pd > 95, we can take this as evidence for an
effect’s existence. We focus on reporting those effects found to be credible in the model.

As an additional set of analyses, in order to model the dynamics of these effects within
constriction, aspiration and vowel intervals, time series for each measure of interest were
converted to percent duration of labeled interval and submitted to an AR1 generalized additive
mixed model (GAMM). The model was fit to each measure over time as a function of consonant
manner and aspiration, which were treated as a single combined variable. Structuring the
variable in this way allowed us to model non-linear differences based on both manner and
aspiration. For SoE, we built three models, one for the consonant constriction, one for the

aspiration interval, if present, and one for the following vowel. For both aspiration and vowel
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models, we included the manner of the preceding consonant (approximant, prenasalized stop,
fricative, prenasalized fricative) as a predictor, with preceding manner and aspiration treated as a
single combined variable.

We did not collect voice quality measures during aspiration. Thus, CQ, CPP and H1*-
A3* models were only constructed for the C and V intervals, again predicting each measure by
aspiration and by manner (for C), or aspiration and preceding C manner (for V). The independent
variable was again coded as a combined variable, as with the SOE GAMM models. For the C
interval, models for acoustic voice quality measures (CPP and H1*-A3%*) were not constructed
for fricatives and prenasalized fricatives, given that frication noise present during these manners
introduces aperiodic noise into the signal, complicating accurate measurement. CQ, being a non-
acoustic measure, is used to analyze all manners. All measures were scaled (z-scored) within-
speaker to account for possible differences in individual speakers’ voice quality.

GAMMs for all measures were fitted using the R packages mgcv and itsadug (van Rij et
al. 2020; Wood 2017). The models included a parametric term and smooth terms for the
combined aspiration-manner variable. To model possible non-linear differences across speakers
based on aspiration and manner, we coded random effects as reference-difference factor
smooths, as described by Soskuthy (2021). Factor smooths for speaker and factor smooths for
speaker by combined aspiration-manner were coded as an ordered factor. The k£ parameter
(knots) for all smooth terms was set to 20, which was assessed to be adequate via the
gam.check() function. We also set the m parameter to 1 for factor smooth terms, following
Séskuthy (2021). In assessing the GAMM fits we focus on how measures differ visually over
time, and when confidence intervals (95%CI) from the fits do not overlap, suggesting a

significant difference based on aspiration.

2.3.3 Predictions

Given the structure of the models outlined above, we consider the following predictions. First,
with respect to Hypothesis 1, we predict that Yemba voiced consonant constrictions, aspiration,
and vowels will show high range-normalized SoE. Hypothesis 1 would be rejected if aspiration
were to show close to zero range-normalized SoE, suggesting absence of the voice source. We
assume that a range-normalized SoE value consistently lower than voiced segments and close to

zero would indicate voicelessness in the signal, in line with prior work using the measure
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(Dhanajaya & Yegnanarayana 2009; Mittal, Yegnanarayana, & Bhaskararao, 2014; Garellek et
al. 2021). Time-series SoE modeling should provide evidence for the same pattern as the mean
SoE model, but should also provide a more precise picture of SOE dynamics over time: rejection
of the null hypothesis would follow if the GAMMSs show a dip in SoE during aspiration reaching
a low minimum in the middle of the aspiration interval.

With respect to Hypothesis 2, we predict that segments adjacent to aspiration should be
impacted in terms of their voice quality, specifically exhibiting breathiner phonation. Expressed
in terms of our voice quality measures, lower CQ in segments adjacent to aspiration (compared
to those which are not) would indicate less vocal fold contact and indicate breathy voicing.
Lower CPP adjacent to aspiration would likewise indicate breathier voicing as evidenced by
weaker harmonic structure, and higher H1*-A3* adjacent to aspiration would index greater
spectral tilt, consistent with breathy voicing, as another measure of voice quality. To the extent
that we find effects on mean measures, we expect this should line up with the time series data,
which will clarify whether the overall effect is localized or spread across the segment’s duration;

this detailed information is additionally expected to aid in interpretation of Research Question 1.

3 Results

3.1 Strength of excitation (SoE)

3.1.1 Mean measures

To assess how constriction, aspiration, and vowel intervals differ in terms of voice source
strength, we submitted the mean log SoE for each interval to a mixed effects model. Vowel
interval was set as the reference level in this model. We report the pd metric, described above in
Section 2.3.3, and the estimate in log SoE. Comparing the three pairwise marginal estimates
extracted from the fit, we find that vowels have higher SoE compared to both aspiration ( =
1.20, pd = 94) and constriction intervals (f = 0.11, pd = 92; a smaller effect). We also see
evidence for lower SoE in aspiration compared to constriction intervals (f = 1.10, pd = 93).
These data (see Figure 4) suggest that as a whole, the aspiration interval shows considerably
weaker voicing compared to flanking segments, with many means at or near zero, suggesting
voicelessness. Note also that aspiration of constriction and vowel intervals entails a slight
reduction of SoE as compared to unaspirated intervals. We examine this difference in more detail

in GAMM modeling of the time-series data.
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3.1.2 GAMMs
We turn next to the GAMM results for SoE. Overall, SoE is high during voiced consonant
constrictions, regardless of aspiration (C; Figure 4, left). For both vowels and constrictions, there
is no overall effect of aspiration on SoE, but there are differences in trajectory. There is a small
effect of aspiration on the curvature of the SoE trajectory for aspirated consonants of all
manners, but particularly non-prenasalized fricatives: SoE deflects downward in roughly the last
10% of normalized segment duration. Vowels (V; Figure 5, right) exhibit no analogous lowering
of SoE early in their duration when they follow aspiration.

During aspiration itself (h, Figure 4, center), SoE shows a falling-rising trajectory hitting

a minimum value at or near range-normalized zero; that is, the lowest observed values for each
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Figure 4. Range-normalized log SoE values for segment means in constrictions (left), aspiration

(center), and vowels (right).

speaker).The dynamics of this trajectory depend on consonant manner: oral and prenasalized
fricatives start lowest and bottom out the fastest, while approximants and prenasalized stops start
higher and have a slower decline. The effect on SoE levels relative to those of vowels and
constrictions is large and robust: aspiration consistently has lower SoE than the preceding

consonant constriction and following vowel.
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This data suggests that aspiration is characterized by a consistent, long voiceless portion
occurring near segment midpoint, away from flanking segments. We note this here, in advance
of further discussion of results, to justify excluding the aspiration interval from the voice quality
measures which follow: in the absence of a consistent voice source, these measures cannot be
reliably extracted. It must also be noted that all preceding consonant constrictions have reliably
high SoE, suggesting voicing regardless of the presence of prenasalization. Yemba voicing does
not appear to rely on nasal venting for maintenance of voicing over most of a constriction’s
duration, as attested in numerous other languages (Ohala, 1997; Sol¢, 2018), even when
voiceless aspiration immediately follows. Some local effects on SoE are seen immediately
adjacent to aspiration, suggesting the start of the glottal spread gesture during the constriction.

We pursue confirmation of this effect in the analyses of voice quality measures which follow.

3.2  Voice quality measures beyond SoE
3.2.1 Mean measures

Next, we consider the effects of aspiration on mean voice quality measures beyond SoE,
to assess aspiration’s influence on the immediately surrounding phonation. In reporting these
results, we again provide the pd metric and the estimate’s median in the appropriate units
(proportion of glottal cycle for CQ; dB for CPP and H1*-A3%*). 95% credible intervals (Crl) for
each measure are included in the full model output in the appendix. Recall that pd values greater
than 95 suggest especially strong evidence for an effect.

We begin with voice quality measures during consonant constriction. For CQ (Figure 6,
top left), we find a credible effect of aspiration in reducing CQ overall during constriction (f =
0.08, pd = 96). We also find an effect of manner, whereby oral fricatives show lower CQ as
compared to reference-level approximants ( = -0.06, pd =98). Pairwise comparisons of all
manners, carried out with the R package emmeans (Lenth, 2021), show that this is the only
credible difference between manners in terms of CQ, though there is weaker evidence for
slightly lower CQ in fricatives compared to both prenasalized fricatives (B = -0.05, pd = 88) and
prenasalized stops (B = -0.06, pd =91).
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The two acoustic measures generally align with the CQ observations, though recall that
only prenasalized stops and (oral) approximants are examined in these models. As shown in the
leftmost column and middle row of Figure 8, voiced consonant constrictions preceding aspiration
have lower CPP (B=1.85, pd = 100), consistent with breathy voicing, while no strong evidence
for a difference between manners was apparent. There was, however, a credible interaction
between manner and aspiration (f=-2.32, pd = 100), whereby approximants show a clearly larger
effect of aspiration as compared to prenasalized stops. H1*-A3* results in consonants show
aspiration increases HI1*-A3*, again suggesting breathy voicing (f=-3.18, pd =97). Consonant
manner also produced an in this model effect: prenasalized stops evidence breathier voicing as
compared to approximants (f=3.25, pd = 97), in line with previously demonstrated effects of
consonant manner on voice quality (Mittal et al. 2014; Chong et al. 2020).

Turning to vowels, each of the vowel models for CQ, CPP, or H1*-A3* finds no
evidence for an effect of preceding consonant manner on the relevant measure (all pd < 95). In
further discussion, we therefore pool consonant manners (Figure 8, right). Following aspiration,
vowels exhibit mean VQ measurements suggesting slight breathiness: there is robust evidence
for lower CPP (B =3.10, pd =98 ) and higher H1*-A3* (f=-6.19, pd = 99) following aspiration,
and weaker evidence for lower CQ (=0.06, pd =89).

In summary, the mean model results show that aspiration exerts small influences on mean
values for voice quality measures, possibly due to anticipation of a wide spread-glottis gesture in
the upcoming aspiration interval. Voice quality measures suggest breathiness to a greater extent
in consonant constriction and vowel intervals when adjacent to aspiration. Mean measures
additionally appear to be mediated to a small extent by consonant manner, where fricatives show
overall lower CQ as compared to other manners, and prenasalized stops show overall higher

H1*-A3* as compared to approximants.

3.2.2 GAMMs

We next turn to the GAMM fits for CPP, H1*-A3*, and CQ, focusing on the preceding
constriction and following vowel to assess how any differences in voice quality due to aspiration
manifest over (normalized) time. Recall from Section 2.3 above that aspiration is not analyzed
here due to the absence of reliable voicing, and not all voice quality measures were calculated for

all consonant manners: cepstral peak prominence (CPP) and H1*-A3* were not calculated for
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oral and prenasalized fricatives due to potential interference from the supralaryngeal noise
source. Contact quotient (CQ), however, was calculated for all manners, since it is an articulatory
measure less impacted by the presence of a supralaryngeal noise source.

We first consider CQ, shown in Figure 7. Fricatives (particularly oral fricatives) have
somewhat lower overall CQ than other consonant manners and vowels, but CQ is otherwise
similar across the intervals compared. There is a substantial difference in trajectory for consonant
constrictions, but not for vowels: a clear downward deflection of CQ values occurs for aspirated
consonants as the constriction duration elapses, seemingly in anticipation of following aspiration.
For prenasalized stops and fricatives, the deflection occurs later in normalized time, possibly due
to differences in the overall duration of the nasal-oral consonant sequence (see Section 3.3). The
prenasalized stops also have less of an aspiration-induced difference in trajectory compared to
the other manners. Vowels show no substantial difference in CQ across their duration, which is
peculiar in light of acoustic voice quality differences discussed below.

Next, we consider CPP and H1*-A3*. The results for CPP are shown in Figure 8. There
is a small effect of aspiration on the timecourse of CPP for consonants, driven by a small effect
on approximants: again, the only sound at issue which is not prenasalized. Unlike the results
obtained for CQ, vowels following aspiration also show a tendency to have lower CPP, though
the trajectories do not noticeably differ as they do for consonant constrictions. Time series for the
second acoustic measure, H1*-A3*, are shown in Figure 9. Much as with CPP, there is a slight
effect of aspiration on H1*-A3* trajectory during consonant constrictions, again driven by
approximants, the non-prenasalized category included in the model. There is a small but clear
effect of aspiration on the H1*-A3* timecourse of following vowels. Like the difference
observed for CPP, this difference is not one of overall trajectory, and occurs over most of the
vowel’s duration and regardless of the preceding consonant’s manner.

Overall, GAMM fits suggest that aspiration impacts the voice quality of surrounding
segments, but over different timecourses, and in different measures. Recall that effects on mean
measures, even when credible, were mostly small in magnitude. For consonant constrictions, this
may reflect that they are driven by trajectory changes local to aspiration in the GAMM analyses,
particularly for CQ: only the second half or last third of voiced aspirated consonants could be
described as breathy. Approximants and oral fricatives generally show a larger impact of

aspiration on voice quality compared to the prenasalized fricatives and stops, with the modeled
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timecourses suggesting earlier and breathier breathiness. Vowels occurring after aspiration differ
in detailed timecourse, exhibiting consistently elevated CPP and (especially) H1*-A3* over their

entire duration, but CQ is not consistently affected.

33 Interpreting consonant manner effects: duration of C and h intervals

The GAMMs discussed above reveal differences in the timing and trajectory of voice quality
measures during constriction and aspiration intervals for prenasalized fricatives and stops, at first
glance suggesting that consonant manner mediates the timing of aspiration. These timecourses
are modeled over normalized time, which may obscure the nature of the differences in timing:
they may be driven by differences in overall consonant duration rather than differences in the
spread glottis gesture. Because of the complex status of prenasalized fricatives and stops, they
are likely to differ in duration compared to the singleton, non-prenasalized consonants.

To aid interpretation of the timecourse data and better address Research Question 1, we
provide raw durational figures for the constriction intervals for the different consonant manners
here. Prenasalized constriction intervals are generally longer than non-prenasalized constriction
intervals. Non-prenasalized approximants (M = 108 ms, SD = 29 ms) and non-prenasalized
fricatives (M = 132 ms, SD= 39 ms) are somewhat shorter than prenasalized stops (M = 188 ms,
SD = 46 ms) and much shorter than prenasalized fricatives (M = 212 ms, SD = 58 ms). Splitting
by aspiration (Table 4), aspirated consonants have slightly shorter constrictions than unaspirated
consonants, though the same durational differences across manners hold for both aspirated and

unaspirated consonants.

Table 4. Mean (standard deviation in parentheses) for constriction duration (ms), split by manner

and aspiration.

approximant fricative | prenasalized stop | prenasalized fricative
aspirated 97(27) 102(22) 180(39) 197(52)
unaspirated 111(29) 147(36) 190(47) 228(60)

Thus, GAMMs were computed over a longer time frame for prenasalized stops and

prenasalized fricatives, compared to approximants and fricatives. Coarticulatory changes to voice
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quality due to anticipation of the spread-glottis state of aspiration may be expected to extend /less
into this longer segment in terms of normalized duration. This appears to be reflected in the
GAMM data for all measures, and is especially clear for CQ (Figure 5), which was calculated for
all manners. As alluded to in earlier discussion of the CQ GAMMs, the later downward
deflection of CQ in normalized time for prenasalized segments may be driven in part by the

overall greater duration of the nasal-oral consonant sequences.

4 Discussion

Below, we review how the study results relate to our hypotheses and research question (see
Section 1.3). With regards to Hypothesis 1, we note that the data are consistent with Yemba
voiced aspirates exhibiting voicing during consonant constriction and voiceless aspiration after
release (Section 4.1), a possibility not entertained in existing typologies of laryngeal contrast. As
for Hypothesis 2, we consider the impact of aspiration on the following vowel (Section 4.2). We
subsequently consider how Yemba’s “mixed-voice” voiced aspirates compare to breathy-release
voiced aspirates in other languages (Section 4.3), and the role of differences in the magnitude
and timing of laryngeal gestures in the typology which emerges from considering both types
together. Finally, we consider some functional reasons for the “success” of “mixed-voice”

aspirates in Yemba and the broader Bamileke family (Section 4.4).

4.1 Constriction and post-release (aspiration) intervals

SoE mean models and GAMM:s both suggest that a weak or nonexistent voicing target is
generally achieved during aspiration, leading us to reject Hypothesis 1, which held that a strong
voice source should be maintained through the entire voiced aspirated consonant. In the middle
of the aspiration interval, normalized SoE is lower than all voiced segments examined here and
close to zero. We note that the slight elevation above zero of this signal, which is seen for
aspiration in all consonant types, is likely due to small contributions of energy associated with
epochs spuriously detected during voicelessness (see Dhanajaya & Yegnanarayana 2009). These
SoE data are also consistent with other recent studies where known voiceless consonants
similarly show a low but non-zero SoE (Seyfarth & Garellek, 2018; Tabain et al. 2022). Weak
voicing, likely breathy or whispery, is indicated by moderate SoE away from the midpoint of

aspiration in both directions: towards the preceding voiced constriction and the following voiced
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vowel. This can be regarded as a coarticulatory influence of the adjacent voiced segments on
aspiration which is local in character: the highest SOE measurements during aspiration come in
the first and last 25% of duration of the interval.

In spite of the strong observed tendency toward voicelessness during aspiration, the
strength of excitation data also suggest the consistent presence of a voice source during
consonant constrictions. Constrictions exhibit consistently high SoE regardless of the presence of
prenasalization, and do not differ in SoE as an effect of aspiration. Voice quality measures do,
however, diverge local to consonant release: consonant constrictions exhibit lower CQ and lower
CPP immediately before aspiration, partly supporting Hypothesis 2. (There is no effect of
aspiration on HI1*-A3* in consonants, for reasons which remain unclear.) The data suggest that
voiced aspirate consonant constrictions maintain a voice source which is only slightly affected
by anticipatory vocal fold spreading ahead of the spread-glottis posture required for voiceless
aspiration. Altogether, these SoE data support the claim that Yemba’s voiced aspirates sequence
a voiced constriction with a voiceless, aspirated release, and so present a counterexample to
influential typologies of laryngeal contrasts which exclude this possibility (Ladefoged 1971;
Henton et al 1992; Ladefoged & Maddieson 1996; Cho et al. 2018).

Finally, we consider the exploratory research question on the modulating effect of
consonant manner. While fricatives (both prenasalized and oral) appear to exhibit somewhat
lower SoE and CQ around the constriction-aspiration boundary, this may be due to the different
segmentation criteria used for fricatives, which lack a clear release before the onset of aspiration,
unlike the other manners. This may have led more transitional material to be assigned to the
consonant closure, as suggested in Section 2.2, potentially making this effect spurious. As such,
we focus in our discussion on the other apparent influence on voicing’s time course which
emerges from the data: nasality. Voice quality measures indicate that anticipatory non-modal
phonation before aspiration extends less into the consonant constriction for the two prenasalized
manners. It remains unclear whether this effect is driven by prenasalized onsets’ complexity and
longer duration (Riehl 2008; Franich 2018; see Section 3.3) or some property of nasality itself.
One plausible source of this effect, which should be considered in future research, is that modal
voicing is lost more readily under narrower supralaryngeal constrictions, which encourage a fast
buildup of intra-oral pressure (Stevens 1998; Sol¢, 2010; Chong et al. 2020). Nasals and

prenasalized consonants, which vent airflow through the open velopharyngeal port, may thus be



36

less prone to anticipatory loss of non-modal voicing, even given a similar extent and timecourse

of vocal fold spreading (e.g., Garellek, Ritchart & Kuang, 2016).

4.2 Following vowel phonation

Acoustic measures indicate that Yemba vowels are breathier when they are adjacent to
aspiration, providing support for Hypothesis 2. SoE does not credibly differ for vowels as a
function of preceding aspiration or the manner of the preceding consonant, suggesting that
aspiration does not greatly impact the strength of the vowel’s voice source. Voice quality
measures point to breathiness over most of the vowel’s duration: vowels after aspiration are
characterized by lowered CPP and elevated H1*-A3*, which respectively signal reduced
periodicity and greater spectral tilt, both acoustic signatures of breathier phonation (Esposito
2010; Esposito & Khan 2020, Keating et al. 2023). This pattern is also attested for breathy-
release voiced aspirates in the Indo-Aryan languages (Mikuteit & Reetz 2007; Clements &
Khatiwada 2007; Dutta 2007; Esposito & Khan 2012; Berkson 2013; Dmitrieva & Dutta 2019)
but not for all voiced aspirates universally (cf. Seyfarth & Garellek 2018 on Armenian).

Unlike for consonant constrictions, contact quotient (CQ) was not significantly lower
following aspiration, as is common for breathy phonation (Esposito & Khan, 2012; Khan 2012;
Esposito et al. 2019). Bayesian regression on mean measures found only a trend toward lower
mean CQ after aspiration, and GAMMs found no substantial reduction in CQ across vowels’
durations. Vowels after aspiration thus seem to achieve greater airflow, and breathiness, through
some means other than reduced contact of the vocal folds. This may suggest that Yemba vowels
exhibit whispery voice after aspiration, which maintains medial compression of the vocal folds
but exhibits elevated airflow and aperiodicity (Laver, 1980, Mazaudon & Michaud, 2008; Rose
1989, Tian & Kuang 2021).

4.3  Expanding the typology of voiced aspirates

Typologies of laryngeal contrast typically admit only one type of voiced aspirate, the breathy-
release or “murmured” aspirates common in Indo-Aryan languages (Ladefoged 1971; Henton et
al 1992; Ladefoged & Maddieson 1996; Cho et al. 2018). Yemba appears to present a distinct
variant on this type. In this section, we compare the Yemba voiced aspirates to breathy-release

voiced aspirates to clarify this distinction. The breathy phonation associated with breathy-release
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stops has been described as differing from voiceless aspiration chiefly in the timing and
magnitude of a spread-glottis gesture (Kagaya and Hirose 1975; Dixit 1989; Schiefer 1987,
Davis 1994; Mikuteit & Reetz 2007; Ahn 2018:183-186). We assume a similar spread-glottis
gesture occurs in Yemba voiced aspirates, and our discussion here focuses on the timing and
magnitude of this gesture.

Previous work on breathy-release voiced aspirates suggests that they exhibit a late
spread-glottis gesture of variable magnitude, timed to peak after stop release (Kagaya, 1974;
Kagaya & Hirose 1975; Traill & Jackson 1988; Dixit 1989; Benguerel & Bhatia 1980; Yadav
1984; Maddieson 1991; Demolin & Delvaux 2001; Berkson 2019). They are most often
phonated through both closure and aspiration (Dixit 1989; Dmitrieva & Dutta 2019; Islam 2019).
Upon release, there is most often a discrete interval of voiced noise production (Berkson, 2013,
Davis, 1994, Mikuteit & Reetz, 2007). However, voicing is occasionally absent during this
interval (Maddieson 1991; Davis 1994:186-188, Mikuteit & Reetz 2007), and if voicing is
present, the aspiration interval may be absent altogether (Schertz & Khan 2020; Davis 1994;
Mikuteit & Reetz 2007; Ahn 2018:184). This spread-glottis gesture can thus be treated as having
a wide “window” or target region in terms of magnitude (Keating 1990), as depicted in Figure
10a: a speaker’s spread glottis is typically open enough to trigger voiced aspiration, but may
sporadically be wider, yielding voiceless aspiration, or narrower, yielding no discrete interval of
aspiration.

A second type of voiced aspirate is described by Seyfarth & Garellek (2018), who
contrast Armenian voiced aspirates with the “breathy release” type described above (see also
Cho et al. 2018:58 for additional discussion). In this type (Figure 10b), a lower-magnitude glottal
spread gesture begins early and peaks during closure. This results in slight breathiness of the
following vowel, but no discrete interval of aspiration noise, and devoicing is not observed.
Similar breathy stops with early, low-magnitude, and less variable glottal spread gestures are
reported for Owerri Igbo (Ladefoged et al. 1976; Henton et al. 1992:81-82); a similar gestural
configuration may also characterize low register-associated stops in languages of mainland
Southeast Asia, which exhibit partial voicing and co-occur with breathiness on the following
vowel (Brunelle et al 2020; Brunelle et al 2022). These data suggest a spread-glottis gesture

which is different from the breathy-release type both in timing and magnitude: initiated earlier
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and with a lower degree of spread. The variability of this spread is also reduced compared to
breathy-release aspirates.

Yemba seems to exhibit a third type of voiced aspirate. The spread-glottis gesture begins
late, as in breathy-release voiced aspirates, and is typically large enough in magnitude to trigger
voicelessness in post-release aspiration (Figure 10c). The magnitude of this gesture can be
regarded as greater than either type discussed above, and it requires preparatory activity far
enough in advance to result in vocal fold abduction during the consonant constriction (see
Section 4.2). The gesture appears typically to trigger voicelessness in post-release aspiration,
unlike breathy-release aspirates, whose aspiration is only sporadically devoiced due to a
narrower (or less consistently wide) glottal aperture (Stevens 1998:476,478): even when flanked
by voicing on both sides, aspiration is reliably voiceless, suggesting a narrow but extreme
window for the spread-glottis gesture. Yemba can perhaps be thought of as an outlier in the
particularly high magnitude of its spread-glottal gesture and lower tolerance of variance in the
magnitude of that gesture, much as Tlingit or Navajo are in the duration of their VOT lag-time
(Cho & Ladefoged 1999).

We can tentatively view the mixed-voice (Yemba, 10c) and breathy-release (Gujarati,
10a) types of voiced aspirate as language-specific strategies for addressing the antagonism
inherent to producing a spread-glottis gesture flanked by intervals of modal or nearly modal
voicing. Phonologically, voiced aspirates of this type have been argued to be specified for both
privative [voice] and [spread glottis] (Mikuteit & Reetz 2007; Schwarz et al 2018); Schwarz et al
(2018) note that full voicing in Nepali is more consistently achieved than an aspiration interval.
This apparent prioritization of voicing suggests that glottal spread accommodates to full voicing
through the breathy-release aspirate. Likewise, in Yemba, the early, large glottal abduction
starting during constriction appears to allow for consistent post-release voicelessness, suggesting
that constriction voicing accommodates to voiceless aspiration in the Yemba type. This typology
is well-modeled by existing dynamical accounts under which gesture-like primitives are
specified for their coarticulatory aggressiveness, or propensity to influence their neighboring
segments while maintaining their own invariance (Saltzman & Munhall 1989; Fowler &

Saltzman 1993; Recasens & Espinosa 2009). Cast in this framework, the aggressiveness of
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[voice] is higher than [spread glottis] in breathy-release aspirates, inclusive of types A-B in

Figure 10, and the aggressiveness of [spread glottis] is higher than [voice] for the Yemba type.®

A Guijarati
Supralaryngeal C Y

open
Glottis

Sg
closed VoI VoI

B E.Armenian
Supralaryngeal C \Y

open

Glottis

Sg —
closed : E
VoI VoI

C Yemba
Supralaryngeal C Y

open
Glottis Sg

closed . .
VOI VOi

Figure 10: Arbitrary gestural scores and windows for three types of voiced aspirates exemplified

by Gujarati (a), Eastern Armenian (b), and Yemba (c), after Keating (1990).

4.4 Ecological validity of the data and future work
The conclusions discussed above on the magnitude and consistency of the spread-glottis gesture

in Yemba must be regarded as tentative, given that they are based on data that present a number

5 An anonymous reviewer notes that a large co-intrinsic effect on f0 would be expected under this model. While we
acknowledge that f0 perturbation effects from aspiration could be a fruitful area for future inquiry, the data
considered in this study (particularly the audio lexicon data) are not balanced for Yemba’s lexical tone contrasts. As
such, we consider investigation of f0 beyond the scope of the present study.
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of limitations (see Section 2.1 for further details). The degree of inter-speaker variation is
difficult to assess given the nature of the “patchwork™ data: the data were not recorded in the
same setting and were likely recorded with differing microphones and electroglottographs,
presenting a number of confounds as to the consistency of the data across the speaker sample.
The speaker sample is small and heterogenous, consisting of four speakers speaking at least two
different dialects of Yemba; two speakers had resided outside of the Yemba-speaking area for
some time prior to recording. Because inter-speaker variation in the magnitude and inter-
articulator coordination of laryngeal gestures is amply attested in prior work (Chodroff & Wilson
2017; Hoole & Bombien 2017) including work on voiced aspirates specifically (Poon & Mateer
1985:46; Davis 1994:186-188), there is the possibility that the present work overstates the extent
and consistency of voicelessness in post-release aspiration in Yemba.

Furthermore, all data considered here are read speech collected in a laboratory or
recording studio setting, which may limit the ecological validity of the study’s findings. It is
particularly likely that faster, more reduced speech (and spontaneous speech in particular) would
lead to undershoot of the production of laryngeal cues, including the spread glottis gesture
discussed here (Beckman et al 2011; Schwartz et al 2019; Narayan 2022), again possibly leading
to an overstatement of the degree of devoicing during post-release aspiration in the present
findings. Because the materials contained only a restricted set of prosodic frames, it also has not
been possible to investigate interactions of higher-level prosodic structure and the timing and
magnitude of aspiration’s spread-glottis gesture in Yemba, as amply attested in case studies of
other languages (Krivokapi¢ 2014; Hoole & Bombien 2017; Kim et al. 2018). As such, some
aspects of the present study’s findings await confirmation in future work, which may leverage
more abundant, naturalistic data which has not yet been collected for Yemba and other Bamileke

languages.

4.5  Functional motivation

In the present study, Yemba voiced aspirates exhibit a very effortful modulation of laryngeal
state. This raises the question of why this effortful articulation, while rare cross-linguistically,
has flourished within Bamileke: other Bamileke languages with impressionistically similar
voiced aspirates include Fe’fe’ (Hyman 1979), Ghomala’ (Nissim 1981), and Ngyemboon

(Anderson 1982, 2008). As discussed above, breathy-release voiced aspirates permit a relatively
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low-magnitude glottal spread gesture, which is less reliably recoverable in perception:
accordingly, merger of voiced aspirated and voiced unaspirated stops is common (Hussain 2018).
Non-obstruents are more vulnerable to this loss of contrast: Berkson (2019) notes that breathy
sonorants in Marathi are less well-differentiated acoustically from modal sonorants, compared to
breathy and modal obstruents. The size of glottal opening is known to be relatively poorly
controlled in speech production (Lofqvist et al. 1981), which may underpin the fragility of
breathy-modal contrasts and particularly of breathy-modal contrasts in sonorants.

Yemba notably does not exhibit the pattern reported in Berkson (2019): its voiced
aspirated sonorants are just as strongly (and voicelessly) aspirated as its voiced aspirated
obstruents. Functionally, mixed-voicing aspirates may be more resistant to contrast loss due to
their especially large modulation of laryngeal state, which should be more consistently
perceptually recoverable. The unusually wide range of consonant manners which may be
aspirated in Yemba may have encouraged the development of mixed voicing as an enhancement
to aspiration of voiced consonants (Wedel, Kaplan, & Jackson 2013; Kirby, 2013) to discourage
loss of phonemic contrasts with high functional load. Because tools for calculating functional
load in Yemba have yet to be developed, and because there is little work on the perceptual
recoverability of voiced aspiration, the plausibility of this account remains to be confirmed.
Further work on other Bamileke languages may provide a means of doing so, since the nature of
phonemic contrasts involving aspiration and frequency of aspirated consonants varies from

language to language (see Section 1.2).

5 Conclusion

The articulatory and acoustic evidence analyzed here suggests that Yemba voiced aspirated
consonants exhibit both modal voicing during closure and voiceless aspiration after release. This
mixed voicing is argued to involve a sequence of particularly low-variance gestures for glottal
adduction and spread, in that order, with the latter half of the consonant closure tending to
become somewhat breathy in anticipation of the upcoming voiceless aspiration. This “mixed
voicing” has generally been excluded from the typology of laryngeal-supralaryngeal
coordination, with most previous work following the assumption that non-modal phonation

associated with the release of a voiced consonant constriction is invariably breathy.
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While the proposed Yemba gestural specification is presumably more effortful than that
of breathy-release voiced aspirates, which have more variable and accommodating glottal spread
magnitude at the release of the supralaryngeal constriction, this can be seen as a relatively minor
difference in gestural magnitude and window size for aspiration itself, rather than a fundamental
difference of type which should preclude the existence of mixed-voicing consonants altogether.
Because of possible functional differences from breathy-release aspirates, in particular that
voiceless aspiration may be more easily recoverable in perception, we urge further work on this
consonant type, including a reassessment of the “typical” voice quality in voiced aspirates in

more frequently studied languages.
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Appendix 1: Stimuli for in-lab speakers

Table S: List of stimuli used for in-lab elicitation (Southern Yemba speakers) with the ad-hoc
orthographic representations agreed upon by participants and used as prompts. Nouns and their
obligatory noun class prefixes are separated by hyphens. Prefixal material is glossed with the

exception of intrinsic noun class.

Phonetic
Prompt transcription Gloss
mbie m-bi ‘raffia knife’
mbeuh m-'bé ‘breasts’
mbouh m-'ba ‘hands’
mbhi-he m-'b ‘before’
mbeu-he m-'ba ‘dog’
ndie n-di ‘lord’




ndeuh n-da ‘raffia string’
ndouh n-du ‘river’

ndi-he n-d"i ‘descendant’
ndeu-he n-dha ‘boundary’
ndou-he n-d"u ‘distant relative’
ngeuh 10-gud ‘guest’

ngou n-gu? ‘year’

ngeu-he 0-'ghé ‘inf-do’

ngou-he n-g" ‘kind of ritual’

le gi-he 1o-uphi ‘intelligence’

le geu-he lo-upha ‘nom.inf-do’

lie li ‘sleep.imp’

leuh 4 ‘horse’

louh a ‘fut (post-hodiernal)’
le li-he 15-'1hié ‘nom.inf-host’
ma-leu-he md-'1"4 ‘soldier ants’
wi-he whi ‘bile’

a-weuh a-wi ‘who’

le-weu-he 13'-whiy ‘death’

a zie a-z1 ‘shelf’

le zweh-he 15-'zbwé ‘nom.inf-kill’

le zeh 1o-z¢ ‘grass’

le zeh-he le-zhe ‘nom.inf-know’
nzeh-he n-z"e ‘road’

a veu-he a-'vhi ‘ashes’

le vok 15-'vok ‘nom.inf-be insufficient’
mvo’ m-'vo? ‘back part of bed’
mveu-he m-'vha ‘goat’

Appendix 2: Model summaries

Table 6: Summary for the SoE model for mean SoE across constriction, aspiration, and vowel.

Reference level is the vowel interval.
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SoE model Est.(Err) [L-95%CrI [U-95% Crl |pd
(Intercept) -4.03(0.62) |-5.24 -2.71 100
interval:constriction -0.10(0.09) |-0.26 0.09 92
interval:aspiration -1.13(0.64) |-2.22 0.33 94

Table 7: Summary for the CQ, CPP and H1*-A3*, mixed effects models, for mean measures of

consonant intervals.

CQ model- consonants Est.(Err) |L-95%CrI |[U-95% CrlI |pd
(Intercept) 0.52(0.04) 10.45 0.59 100
aspiration 0.08(0.04) [-0.01 0.17 96
manner,fricative -0.06(0.03) ([-0.12 0.00 98
manner, prenas. fricative -0.02(0.04) [-0.10 0.08 71
manner, prenas. stop 0.00(0.05) [-0.09 0.09 55
manner,fricative: aspiration -0.02(0.06) ([-0.13 0.10 71
manner prenas. fricative,aspiration -0.08(0.0.5) |[-0.17 0.04 94
manner prenas. stop, aspiration -0.04(0.03) (-0.11 0.02 94
CPP model- consonants Est.(Err) [L-95%CrI |[U-95% CrlI |pd
(Intercept) 20.42(0.96) (18.48 22.35 100
aspiration 1.85(0.28) [1.27 2.35 100
manner 0.86(1.15) [-1.43 3.21 81
aspiration:manner -2.32(1.26) ([-4.89 0.29 97
H1*-A3* model- consonants Est.(Err) |L-95%CrI |[U-95% CrlI |pd
(Intercept) 8.47(4.71) |-0.94 18.16 96
aspiration -3.18(1.65) [-0.30 6.51 97
manner 3.25(1.69) [-6.33 0.22 97
aspiration:manner 3.44(3.35) |[-3.57 10.06 87

Table 8: Summary for mixed-effects models, for mean measures of vowel intervals.

CQ model- vowels Est.(Err) L-95%CrI |[U-95% CrI (pd
(Intercept) 0.49(0.03) ]0.43 0.55 100
aspiration 0.06(0.06) -0.06 0.17 89
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prec. manner,fricative 0.01(0.04) -0.07 0.10 59
prec. manner, prenas. fricative 0.00(0.04) [-0.08 0.08 52
prec. manner, prenas. stop -0.01(0.02) |-0.05 0.02 90
prec. manner,fricative: aspiration -0.03(0.04) [-0.10 0.05 84
prec. manner prenas. fricative,aspiration -0.03(0.04) [-0.10 0.06 85
prec. manner prenas. stop, aspiration -0.01(0.03) [-0.08 0.06 67
CPP model- vowels Est.(Err) L-95%CrI |[U-95% CrI (pd
(Intercept) 21.46(1.47) |18.46 24.37 100
aspiration 3.10(1.34) 0.26 5.61 98
prec. manner,fricative 0.27(0.50) -0.66 1.40 77
prec. manner, prenas. fricative -0.67(0.66) |[-2.10 0.67 91
prec. manner, prenas. stop -1.28(1.07) |-3.43 0.88 92
prec. manner,fricative: aspiration -0.90(1.30) |-3.38 1.91 81
prec. manner prenas. fricative,aspiration -2.25(0.80) [-3.65 -0.58 99
prec. manner prenas. stop, aspiration -1.14(0.87) [-3.05 0.50 94
H1*-A3* model- vowels Est.(Err) L-95%CrI |[U-95% CrI (pd
(Intercept) 10.98(4.05) |2.71 19.02 99
aspiration -6.19(2.13) [-10.17 -1.58 99
prec. manner,fricative -0.51(2.12) [-5.00 3.74 61
prec. manner, prenas. fricative -0.12(2.37) |-5.31 4.52 50
prec. manner, prenas. stop 0.71(1.39) |-2.21 3.59 74
prec. manner,fricative: aspiration -3.12(2.91) |-8.21 3.48 88
prec. manner prenas. fricative,aspiration -0.82(2.90) |-6.88 4.96 63
prec. manner prenas. stop, aspiration -0.78(2.58) |-6.13 4.17 64
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