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Abstract: Breathy voiced sonorant consonants are typologically rare, more so than other
non-modal sonorants (e.g. voiceless sonorants, which are widely attested in language
families like Tibeto-Burman and Otomanguean). Similarly, they are more vulnerable to
diachronic loss than voiceless sonorants (e.g. in Tibeto-Burman). The acoustic correlates
of breathiness in sonorants have not been thoroughly investigated, and a question arises as
to whether there is a tie between their acoustics and their typology: does the acoustic
encoding of breathiness in sonorants contribute to their typological scarcity? The current
study probes this question via instrumental acoustic analysis of breathy and modal
obstruents and sonorants in Marathi, an Indic language. Measures standardly used to assess
voice quality (FO, H1*-H2*, HI1*-Al*, HI1*-A2* HI1*-A3* and Cepstral Peak
Prominence) are reported. As expected, breathy voiced obstruents are associated with
increased values in the Hl-based measures and decreased values in Cepstral Peak
Prominence (CPP), a measure which reflects the presence of noise in the signal. Sonorants
show the same general trend, with higher H1-based measures and lower CPP associated
with breathy than with plain sonorants, but the differences between plain and breathy
consonants is greater in obstruents than in sonorants. Specifically, the acoustic correlates
of breathy voice are diminished in post-sonorant contexts. It is proposed that phonemic
breathy voice is not acoustically encoded as robustly in sonorant consonants as in
obstruents, and that this helps explain the typology.
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Acoustic Correlates of Breathy Sonorants in Marathi

1 Introduction

While some phonation contrasts (e.g. voicing in obstruents) are typologically
common, others such as the contrast between modal (“plain’) and breathy voicing are more
rare. Phonemic breathiness is under-represented both typologically and in empirical
research on the acoustics of phonation type distinctions. The latter is changing, however,
and recent work on phonemically breathy voiced obstruents (Alam et al. 2008, Davis 1994,
Dutta 2007, Mikuteit & Reetz 2007) and vowels (Blankenship 2002; Esposito 2010, 2012;
Kelterer 2017; Khan 2012; Wayland & Jongman 2003) has revealed several facts: first,
breathy voice is associated with a suite of acoustic correlates, including but not limited to
temporal and spectral measures. Second, the acoustic characteristics of breathy
phonation—in particular, increased spectral tilt measures such as H1-H2, which relates the
amplitude of the first harmonic (H1) to the amplitude of the second harmonic (H2), and
increased noise as reflected by Harmonics to Noise Ratio (HNR) measures—remain
consistent across segment types and languages. Very little is known, however, about the
acoustic properties of phonation-type contrasts in sonorant consonants (henceforth referred
to simply as sonorants).!

What phonetic studies do exist suggest that the spectral characteristics of breathy
sonorants pattern with those of other breathy sounds, but these works are subject to
limitations. Harris (2009) reports on three sounds (breathy bilabial and alveolar nasals and
a breathy lateral) in Sumi, a Tibeto-Burman language, but data are from one female
speaker.? Gautam (2012) reports on Balami, another Tibeto-Burman language, and while
five speakers were recorded the results reported for individual measures are often for only
one speaker. Moreover, methodological descriptions are sparse or nonexistent, rendering
it impossible to determine where or how measurements were taken. Breathy nasals have
been noted in some Bantu languages (Ladefoged 1971, Maddieson 2003), but there is little
extant acoustic work on this topic. Demolin and Delvaux’s (2003) work on what they call
"whispery nasals" in Kinyarwanda, for instance, includes aerodynamic and duration data
but no spectral measures. Traill and Jackson (1988) focus on Tsonga and includes a number
of acoustic measures, meanwhile, but while data are from 15 participants the focus is on
the plain and breathy bilabial and alveolar nasals in a single vowel context (before the low
vowel /a/). The voiceless sonorants found in a number of Tibeto-Burman languages have
also been the focus of investigation: in addition to descriptions of their diachronic origin
and phonological patterning (Chirkova & Handel 2015, Dantsuji 1984, Hill 2014, K. Van
Bik 2009), acoustic and perception studies have also been conducted (Bhaskararao &
Ladefoged 1991; Blankenship 1994; Chirkova, Bassett & Amelot 2018; Dantsuji 1984,

! The terms obstruent and sonorant are used here in the phonetic sense: articulatorily, obstruents are produced
with a more significant obstruction in the vocal tract and sonorants with a looser constriction and relatively
free airflow. Acoustically, sonorants are associated with greater acoustic energy.

2 Voiceless variants are perhaps the most discussed non-modal sonorants in the Tibeto-Burman literature, but
some Tibeto-Burman languages do contain breathy voiced sonorants. Sumi is one such language. The non-
modal sonorants in Sumi feature voicing throughout and a breathy release. Their description as “voiced
aspirates” by Sreedhar (1976) is confirmed in the acoustic study conducted by Harris (2009). Breathiness is
also associated with tonal registers in a number of Tibeto-Burman languages. See, for example, descriptions
of this phenomenon in Bodish languages spoken in Nepal such as Magar (Grunow-Hérsta 2008), Nar-Phu
(Noonan & Hildebrandt 2016), Siklis Gurung (Ronkos 2015), and Tamang (Mazaudon 1973, Michaud &
Mazaudon 2006).



1986, Gogoi & Wayland 2018; Hoffmann 2018). These sounds differ from breathy
sonorants articulatorily, acoustically, and typologically, however.

The works noted above offer valuable insights on a phenomenon for which little
empirical data has been reported, but the limitations of a single speaker (Harris 2009),
unclear methodology and limited data (Gautam 2012), and a single manner of articulation
(nasal) in a single vowel context (Traill & Jackson 1988) raise the question of how general
the patterns are. To the best of my knowledge, no in-depth acoustic analysis of multiple
breathy sonorants of several manners of articulation produced by many speakers in
multiple vowel contexts and word positions yet exists. As such, the current study
investigates the acoustic correlates of phonation type contrasts in Marathi sonorants. Two
research questions are posed:

(1) Are the acoustic correlates of breathy voice in sonorants qualitatively different
than they are in obstruents and vowels?

(2) Are the acoustic correlates of breathy voice in sonorants quantitatively
different than they are in obstruents and vowels?

A qualitative difference would mean that the acoustic correlates of breathiness in sonorants
are distinct from those in obstruents and vowels. A quantitative difference would mean that
differences between plain and breathy obstruents exceed those between plain and breathy
sonorants. Using the voiced labials as representative symbols, this can be represented as
{[bf-b] > [mfi-m]}. These questions are particularly interesting given the typological and
diachronic patterning of breathy sonorants, which are both rarer and less diachronically
stable than breathy obstruents.

Typologically, several online databases can provide insight into the patterning of
phonemic breathy voice. The UCLA Phonological Segment Inventory Database (UPSID)
indexes 451 languages, 13 of which (2.9% of the total) have breathy consonants. Most of
these are breathy obstruents; just five of the 13 (1.1%) contain breathy voiced sonorants.?
Neither the Indic nor the Tibeto-Burman language families are widely represented in
UPSID, however, and breathy voiced (or voiced aspirated) and voiceless sonorants
(particularly nasals) are regularly found in Indic and Tibeto-Burman languages
respectively. It is therefore useful to consider PHOIBLE (Moran, McCloy, & Wright
2014), which indexes the phonemic inventories of 1672 languages and includes inventories
for many Indic and Tibeto-Burman languages. The general trend in PHOIBLE aligns with
UPSID: using labial consonants as an example, 13 of the 1672 languages indexed in
PHOIBLE are reported to contain /b% and 6 are reported to contain /m?/. Tibeto-Burman
voiceless nasals occur most regularly at the labial and coronal places of articulation;
voiceless velar nasals, palatal nasals, laterals, and rhotics are less frequent but nevertheless
well represented (DeLancey 2009, Matisoft 2003, K. Van Bik 2009). An overview of how
often these sonorants are attested in PHOIBLE appears in Table 1, where counts are
included for modal, voiceless, and breathy sonorants.*

3 Another five languages contain phonemically breathy vowels.

4 Some counts exceed 1672, the number of languages indexed in PHOIBLE, because some languages have
multiple entries. More than one inventory is indexed for Burmese, for example, one from UPSID and one
from the Stanford Phonology Archive (http://phoible.org/languages/mya).




Table 1: Counts of select modal and nonmodal sonorants in PHOIBLE
SEGMENT PLAIN VOICELESS BREATHY

m 2053 45 6
n 1742 35 6
] 1217 27 1
n 1064 25 2
1 1421 26 2
r 815 12 1

With regards to the diachronic behavior of breathy and voiceless sonorants, and as
discussed more thoroughly in Section 2.4, voiceless sonorants are not reconstructed in
Proto-Tibeto-Burman (DeLancey 2009, Matisoff 2003) but are reconstructed in some of
its daughter nodes, e.g. Proto-Kuki-Chin (K. Van Bik 2009). Breathy voiced stops,
meanwhile—often referred to as voiced aspirates in the historical and Indic traditions—are
reconstructed in Proto-Indo-European, while breathy sonorants are not (Baldi 2009, Haider
1985, Kent 1932). Historical work on the development of breathy sonorants in Indic is
profoundly sparse, but Hock (2010) reconstructs them in western dialects of Middle Indo-
Aryan. If this reconstruction is correct then they are retained in Marathi and Konkani but
have been lost from most of the daughter languages. Taken together, these facts suggest
that voiceless sonorants have been stably present in the Tibeto-Burman language family
for a very long time while breathy sonorants have largely disappeared in Western Indic—
in sharp contrast with the long-term stable presence of breathy obstruents in Indic
languages.

In laying out the Evolutionary Phonology framework, Blevins (2004, 2006a,
2006b) notes a contrast between "natural" patterns, which have functional, phonetic roots,
and "unnatural" patterns, which emerge out of factors such as diachronic change and
language contact. If the way in which breathy sonorants pattern typological and
diachronically is influenced by functional, phonetic facts, then they would support the
following prediction about the acoustic findings: breathy sonorants are expected to be less
breathy in some way than their obstruent counterparts. Put differently, using the bilabials
as representative symbols, the acoustic differences between [bf] and [b] are predicted to be
greater than those between [mf] and [m].

To address the research questions posed above, acoustic analysis of data collected
from ten native speakers of Marathi is presented. Marathi is an understudied Indic language
that contains the 4-way obstruent contrast for which Indic languages are famous (e.g. /t, th,
d, db/: plain, aspirated, voiced, and breathy voiced) as well as a two-way contrast among
numerous sonorant pairs (e.g. /n, nf/) (Dhongde & Wali 2009). Measures reported herein
include fundamental frequency (FO), corrected H1-H2 (henceforth indicated with an
asterisk, H1*-H2*), H1*-A1*, H1*-A2*, and H1*-A3*. In the H-based measures, spectral
tilt is assessed by comparing the amplitude of the first harmonic (H1) to that of the second
harmonic (H2) or elements higher in the spectrum, e.g. in the range of the first formant
(A1), second formant (A2), or third formant (A3). The presence of noise in the signal is
quantified via Cepstral Peak Prominence (CPP). These measures are addressed more
thoroughly in Section 2.2. What has been observed in previous studies is that breathiness
has relatively predictable acoustic consequences, such that breathy sounds are expected to
be associated with increased spectral tilt measures and increased noise. This is predicted to
be true for sonorants as well. If there is a phonetic basis for the typological pattern,
however, a la Blevins (2004, 2006a, 2006b), an interaction between Phonation Type and



Obstruency is expected such that the effect of phonation type is smaller in sonorant than in
obstruent contexts. That is, for a given measure, the values observed for plain and breathy
obstruents will diverge more than the values observed for plain and breathy sonorants.

2  Background

2.1 Production of Breathy Phonation

Some general observations about the articulatory settings for breathy phonation can
be made, and for more thorough treatment see (among others) Laver (1980), Ni Chasaide
and Gobl (1995), and Marchal (2009). Breathy voice tends to be produced with less tension
in the vocal folds (VF) than modal voicing, which can lead to slower VF vibration and thus
a lowered FO. There is also increased airflow, and the folds may never close completely.
Catford’s (1977: 99) description of the VF during breathy phonation as merely ‘flapping
in the breeze’ conveys a sense of both the increased airflow and the loose vibratory mode
characteristic of this phonation type (Catford 1977, Laver 1980, Marchal 2009).

As noted, phonemic breathiness is rare cross-linguistically but common in Indic
languages, which are well-known for their breathy obstruents. The four-way oral stop
contrast found in Marathi is typical of Indic phonetic inventories (Masica 1991). The
breathy voiced sounds—also sometimes referred to as voiced aspirated or murmured
(Schiefer 1987, Ladefoged & Maddieson 1996)—are characterized by vocal fold vibration
during and after stop closure, and a breathy interval after the release. This post-release
interval, referred to by Lisker and Abramson in their landmark 1964 article as “buzz mixed
with noise” (p. 403), is illustrated in Fig. 1 with examples from the data recorded in the
present study.

In Fig. 1a, the waveform and spectrogram of the initial syllable of the Marathi word
[dfaga], ‘thread’, has been divided into three intervals of interest. Interval 1 represents the
stop closure; interval 2, labeled here as “breathiness”, begins at closure release and
represents the “buzz mixed with noise” referred to by Lisker and Abramson. Interval 3
represents the remainder of the vowel after the breathiness begins to cease. Note that unlike
the case of voiceless aspiration, where there is a lag between consonant constriction release
and the onset of vowel periodicity, no such lag occurs in breathy voiced sounds because
there is voicing throughout. Thus breathiness and vowel periodicity overlap.

Fig. 1 also illustrates the marked similarity of breathy sonorants and breathy
obstruents in Marathi. Fig. 1b shows the initial syllable from the Marathi word [nfavi],
‘barber’, again taken from the data recorded for this study and broken into the same three
intervals represented in Fig. 1a.: the oral constriction associated with the [n]; the breathy
release, which persists for some time; and the remainder of the vowel after the breathiness
diminishes.
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Figure 1: Paired waveform and spectrogram of breathy voiced obstruent (left, 1a.)
and sonorant (right, 1b.). Three intervals of interest are illustrated here. Interval 1 represents
the consonantal constriction; interval 2, labeled here as “breathiness”, begins at closure release
and represents the “buzz mixed with noise” referred to by Lisker and Abramson. Interval 3
represents the remainder of the vowel after the breathiness begins to cease.

For the purposes of the present paper, the way in which the breathy interval relates
to the articulatory settings described above can be noted: lower tension in the vocal folds
and a greater degree of airflow during the production of breathy voice persists into at least
some portion of the subsequent vowel. This is visually apparent in Fig. la. and 1b.:
amplitude is lower during the portion of the vowel that is heavily intermixed with breath,
and the spectrogram shows darkened formants only as the breathiness weakens. Acoustic
data confirms the impressionistic observation: vowels after breathy obstruents differ
acoustically from those following plain obstruents, showing increased spectral tilt and
noise (Dutta 2007, Khan 2012).

2.2 Acoustic correlates of breathy phonation

As noted, little extant acoustic research on breathy sonorants exists beyond the Sumi
(Harris 2009), Balami (Gautam 2012), and Tsonga (Traill & Jackson 1988) data mentioned
above. Breathy voice in vowels (Andruski & Ratliff 2000; Blankenship 1997; DiCanio
2012; Esposito 2010, 2012; Garellek 2012; Kelterer 2017; Khan 2012; Wayland &
Jongman 2003) and Indic obstruents (Davis 1994, Dutta 2007, Mikuteit & Reetz 2007,
Ohala & Ohala 1972) has been the subject of ongoing phonetic investigation, however.’
Given that this body of work indicates consistent acoustic consequences of breathiness in
consonant and vowel contexts (namely, increased noise in the signal and increases in
spectral tilt measures like H1-H?2), it is relevant to review findings related to obstruents and
vowels in the following sections.

2.2.1 Fundamental Frequency

Across many languages, FO in vowels is lower after voiced than after voiceless
stops (Caisse 1981, Mohr 1971, Ohde 1984). This effect is phonologized in some tone
languages wherein voiced segments, sometimes called “depressor consonants” (Bradshaw
2000, Ohala 1973, Tang 2008), are positionally restricted and cannot co-occur with high
tones (Pearce 2009, Perkins 2013). FO is even lower after breathy voiced than after plain

> Herein, pathological breathy voice is considered distinct from phonemic breathy voice, though the
pathological literature is referred to occasionally (particularly with regards to specific acoustic measures
such as CPP).



voiced stops in Hindi (Dutta 2007, Ohala 1979, Pandit 1957, Schiefer 1986). This lowering
may arise from the laryngeal configuration used in production of breathy voice, less tension
in the vocal folds yielding a slower basic rate of vibration (Laver 1980, Ni Chaisade &
Gobl 1995, Blankenship 1997, Dutta 2007). Gautam (2012) reports similar findings for
plain and breathy sonorants in Balami. While it is not clear whether the reported FO values
are sonorant-internal or post-release, breathy sounds are consistently associated with FO
values ~20Hz lower than those reported for modal sounds. The trend may not be universal,
however (Pennington 2005): breathy phonation is associated with lowered FO in vowels in
Itunyoso Trique (DiCanio 2012) but not in Jalapa Mazatec (Garellek & Keating 2011).

2.2.2 HlI-based spectral measures

Breathy phonation tends to be characterized by a dominant first harmonic and a
relatively rapid drop-off in energy moving higher in the spectrum (i.e., a sharp downward
spectral tilt) (Pennington 2005). This is reflected in spectral measures like H1-H2, which
relate the amplitude of the first harmonic (H1) to the amplitude of elements higher in the
spectrum (such as H2, the second harmonic, or A1, the harmonic that is dominant in the
range of the first formant). H1-based measures are used to study many aspects of voice
quality/phonation, for example the interaction of tone and phonation types (Esposito 2012,
Garellek & Keating 2012, Pittayaporn & Kirby 2017), register (DiCanio 2009), age- and
sex-based differences in voice quality (Iseli, Shue & Alwan 2007; Lee et al. 2016),
glottalization (Garellek 2014, supplemental files; Pan 2017), ‘sweet voice’ in Japanese
(Starr 2015), and voice qualities resulting from vocal pathology (Kumar, Bhat & Mukhi
2011; Narasimhan & Vishal 2017).

Breathy phonation, whether phonemic or non-phonemic, is generally associated
with greater values in H1-based measures than modal phonation in languages like Balami
(Gautam 2012), Chichimeco (Kelterer 2017), English (Garellek 2012), Gujarati (Khan
2012), Hindi (Dutta 2007), Hmong (Esposito 2012, Garellek 2012, Huffman 1987), Jalapa
Mazatec (Garellek & Keating 2011), Khmer (Wayland & Jongman 2003), Korean (Jun &
Cha 2015, Winter & Grawunder 2012), Marathi (Berkson 2013), and Shanghai Chinese
(Cao & Maddieson 1992, Gao et al. 2011, Gao 2015, Tian & Kuang 2016).).

H1-H2 values are greater for breathy than for modal phonation by about 7 dB in
Hmong (Huffman 1987), and successfully distinguish breathy from modal vowels in Green
Mong (Andruski & Ratliff 2000) and in White Hmong (Esposito 2012, Garellek 2012) as
well as in Gujarati (Esposito 2006, Khan 2012), Jalapa Mazatec (Garellek & Keating
2011), and Khmer (Wayland & Jongman 2003). Esposito (2010) presents acoustic
measurements of modal and breathy vowels produced by male talkers in ten languages
(Chong, Fuzhou, Green Mong, White Hmong, Mon, Santa Ana del Valle Zapotec, San
Lucas Quiavini Zapotec, Tlacolula Zapotec, Tamang, and !X60) and reports that H1-H2
distinguishes breathy from modal vowels in eight of the ten languages. Consonant
phonation type contrasts also trigger reliable differences in H1-H2 values in subsequent
vowels in Hindi (Dutta 2007). Sonorant-internally, values in Balami appear to follow the
expected trend of increased H1-H2 in breathy sonorants as compared with plain sonorants
(Gautam 2012). Wu dialects of Chinese contrast plain and aspirated voiceless stops with
voiced stops (e.g. /p p" b/). The voiced stops, referred to as “slack-voiced” by Gao et al.
(2011), are not reliably produced with voicing but are associated with a breathy release
(Cao & Maddieson 1992, Gao et al. 2011, Gao 2015) that has been described as a weaker
version of Hindi’s breathy voiced stops (Karlgren 1915-1926 as cited in Cao & Maddieson
1992). In the Wu dialect spoken in Shanghai, H1-H2 values are greater after the slack-
voiced stops than elsewhere (Gao et al. 2011). There are age and gender effects, however:
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breathiness is strongest for older male speakers and weakest for younger speakers,
suggesting that breathy phonation as a correlate of the slack-voiced stops may be
weakening or disappearing (Gao 2015).

Breathy phonation in obstruents and vowels is associated with greater H1-Al
values than modal phonation in Gujarati (Khan 2012). H1-A1 also distinguishes modal
from breathy vowels in Chichimeco (Kelterer 2017), White Hmong (Garellek 2012), Jalapa
Mazatec (Garellek & Keating 2011), Khmer (Wayland & Jongman 2003), and in three of
the ten languages in Esposito’s (2010) cross-language study. Breathy voiced stops in Hindi
are associated with increased H1-A1 values in subsequent vowels (Dutta 2007), as are
slack-voiced stops in Shanghai Chinese (Gao 2015).

Increased H1-A2 values associated with breathy phonation are also expected, and
are reported for Mazatec (Blankenship 2002, Garellek & Keating 2011), Gujarati (Khan
2012), and five of the ten languages assessed in Esposito (2010). As compared with plain
voiced stops, breathy voiced stops trigger increased H1-A2 values in subsequent vowels in
Hindi (Dutta 2007) as do slack voiced stops in Shanghai Chinese (Gao 2015).

H1-A3 distinguishes breathy from modal vowels in Gujarati (Khan 2012) and in
seven of the ten languages in Esposito (2010). While breathiness is expected to induce
steeper spectral tilt, however—and therefore increased values for H1-based measures—
results for H1-A3 vary: in work which preceded Esposito (2010) and excluded one of the
ten languages analyzed therein (San Lucas Quiavini Zapotec), Esposito (2006) reports that
H1-A3 values are greater for modal sounds in five languages but greater for breathy sounds
in the remaining four. Kelterer (2017) reports similar within-language variability in
Chichimeco, which contains independent tonal and phonation-type contrasts (Herrera
Zendejas 2014) akin to those found in Jalapa Mazatec (Garellek & Keating 2011). In a
study of four speakers, two male and two female, breathy phonation is reliably associated
with increased H1-A3 values for the female speakers but not for the male speakers (Kelterer
2017). In Hindi, meanwhile, although mean H1-A3 values in subsequent vowels differ
based on consonant phonation type for between 50 and 70% of the subsequent vowel, Dutta
(2007) reports the presence of both inter- and intra-speaker variability.

What of the Sumi, Balami, and Tsonga data? Harris (2009) does not directly
compare spectral measures for vowels following plain and breathy sonorants in Sumi;
rather, contrastive sequences like [la] and [l%a] are subjected to several comparisons.
Spectral slices from the midpoint of the [1] in [la] and the [I] component of [l%a] are
generated and compared, with results indicating a high degree of similarity between the
two in all measures reported. The procedure is repeated to compare the [1] (or consonantal)
and the [h]-like (or breathy) portions of [I%a], but vowels following modal and breathy
consonants are not compared. Observations can nevertheless be made about the way in
which the breathy [h]-like portion differs from what precedes it. This is not a perfect
comparison for our purposes, but given the paucity of existing research on the topic it is
better than discarding the data altogether. Of note is that the H1-H2 values appear to be
greater in the breathy than in the consonantal portion of the breathy sequences for the
alveolar nasal and for the lateral, but not for the bilabial nasal. Harris's general, overall
observation is that the breathy portion of the sequence does not robustly show the expected
spectral correlates of breathiness (2009: 77). This contrasts with Gautam's (2012) findings
for Balami, which aligned with the obstruent and vowel-related findings of increased
spectral tilt associated with breathy sonorants. Again, however, the Balami data should be
considered with caution. Compounding the problem of sketchy methodological



description, observations made about spectral tilt are largely descriptive and are for only
one speaker.

In Traill and Jackson’s 1988 investigation of Tsonga, measures of spectral tilt were
calculated by hand based on spectra generated for the nasal consonants and the first 40 ms
of the subsequent vowel. The measures taken were H1 minus the amplitude of the most
intense harmonic around 1400 Hz and H1 minus the amplitude of the most intense
harmonic above 2000 Hz. While there was some inter-speaker variation, the measure of
H1 minus the amplitude of the harmonic nearest 1400 Hz consistently distinguished plain
and breathy nasals for males and females. The result obtained only nasal-internally,
however; the first 40 ms of the subsequent vowel did not show the same reliable
differentiation.

Given these results, it is perhaps unclear what to expect with regards to Marathi
sonorants. The Hindi data indicate that obstruent phonation type triggers differences in
subsequent vowels (Dutta 2007). In Tsonga vowels after sonorants do not show the same
differences (Traill & Jackson 1988), but this may reflect the differences between Bantu
and Indic breathiness more than anything else. The Tibeto-Burman data, meanwhile, does
not necessarily help clarify. The Balami and Sumi studies—both of which are limited in
ways that leave comparisons difficult to make—sometimes offer conflicting observations.
What is clear is that where consonant phonation type triggers differences in spectral values,
breathiness should be associated with larger positive values than modal phonation. These
differences may not appear as robustly or as reliably as they do in post-obstruent and vowel
contexts, however.

2.2.3 Measures of noise

Increased noise associated with breathiness has been found using various harmonics-
to-noise ratio (HNR) measures. Values for these measures are expected to be lower for
breathy than for modal sounds due to increased airflow. This is true in vowels in Javanese
(Wayland, Gargash, & Jongman 1994) and in Ju|'hoansi (Miller 2007). The trend was not
found for Chantaburi Khmer (Wayland & Jongman 2003), where values were generally
higher for breathy than for plain values but differences attained statistical significance for
only one out of five speakers. Meanwhile, differences in HNR between plain and breathy
vowels in Gujarati were significant only at vowel midpoint (Khan 2012).

Cepstral Peak Prominence (CPP) is a normalized measure of harmonic amplitude
that takes overall amplitude into account. During the production of breathy phonation, the
vocal folds may never close completely, resulting in at least some amount of continuous
airflow and increased aspiration noise in the signal as compared with modal voicing
(Balasubramanium et al. 2011, Catford 1977, Marchal 2009). This increased noise is
visible in the cepstrum: strong peaks in the cepstrum are an indicator of less noise in the
signal, a clear harmonic structure, and a very periodic sound (Keating & Esposito 2007),
while the noise present in breathy phonation results in weaker cepstral peaks. Breathy
sounds are thus expected to have lower CPP values than sounds produced with modal
voice, a finding which has been reported for non-phonemic breathiness (Hillenbrand ez al.
1994) as well as breathiness that results from vocal pathology (Heman-Ackah et al. 2003,
Watts & Awan, 2011). Use of CPP to measure phonemic breathiness is becoming more
common, and lowered CPP values associated with breathy phonation have been reported
for Mazatec (Blankenship 2002) and Chichimeco (Kelterer 2017). CPP is also the only
measure which distinguishes plain from breathy vowels in all ten of the languages assessed
in Esposito (2010). In Gujarati, however, CPP values are lower in breathy than in modal



vowels, as expected, but differences are marginal overall and are significant only in the
middle portion of the vowel (Khan 2012).

2.3 Timecourse of breathiness

The temporal characteristic noted above is worth highlighting. In contrasting plain
and breathy vowels in Gujarati, acoustic differences are maximal in the middle of the vowel
rather than at either edge (Khan 2012). The situation in Gujarati is complex: it contains
breathy consonants and breathy vowels, meaning that there is a three-way contrast between
modal consonant-modal vowel, breathy consonant-modal vowel, and modal consonant-
breathy vowel sequences (e.g. [ba], [bfa], [ba]). This sort of three-way contrast is very rare,
but also occurs in White Hmong, and Esposito and Khan (2012) investigated the
timecourse and acoustic correlates of breathiness in Gujarati and White Hmong. The
authors hypothesized that breathiness associated with consonants would be maximal at
constriction release/vowel onset, because it is associated phonologically with the
consonant, while breathiness associated with vowels would be more pervasive and would
be localized later in the timecourse of the vowel. Both predictions were borne out.

As might be expected given the literature reviewed above, breathiness in both
Gujarati and White Hmong—whether belonging to the consonant or to the vowel—is
associated with increased spectral tilt measures and increased noise. The timecourse of
breathiness differs, however: in both languages, breathy consonants are realized with a
short period of intense breathiness in the earlier part of the vowel which decreases over the
remainder of the vowel. This was heavily localized to the first 20% of the vowel in White
Hmong, but was more generally localized to the first half of the vowel in Gujarati. Breathy
vowels in both languages, meanwhile, showed a lower degree of breathiness than vowels
after breathy consonants, and exhibited either stable breathiness throughout the first half
of the vowel (White Hmong) or increasing breathiness after vowel midpoint (Gujarati)
(Esposito & Khan 2012).

To summarize, breathy obstruents in Hindi trigger acoustic differences in
subsequent vowels which persist through much or all of the timecourse of the vowel (Dutta
2007). Post-release differences associated with phonation contrasts in Tsonga nasals are
not found (Traill & Jackson 1988). Breathiness in Gujarati—a close relative of Marathi—
is complex, because the language contains breathy consonants and vowels and the two
differ in terms of both degree and timecourse of breathiness. Vowels after breathy
consonants have intense breathiness which peaks at the 40% mark (for H1*-H2* and H1*-
A3*) and in the 40-60% interval (for CPP) (Esposito & Khan 2012: 13).

Given this ensemble of facts it is unclear what to expect for Marathi, and so no
formal predictions with regards to timing of breathiness are made in Section 3.3
(Predictions) below. If Marathi patterns with its close relatives Hindi (Dutta 2007) and
Gujarati (Esposito & Khan 2012), vowels after breathy consonants are expected to show
the spectral and noise-related characteristics of breathiness and the effect is expected to
persist across much or all of the vowel. Because Marathi does not have breathy vowels,
however, there is no need to differentiate breathy vowels from vowels following breathy
consonants, so although the breathiness in Marathi is phonologically associated with the
consonant there is no language-internal motivation to restrict maximal breathiness to the
early portion of the vowel. In fact, if the Tsonga data are an indicator that sonorants do not
trigger post-release correlates of breathiness in the same way that obstruents do (Traill &
Jackson 1988), then acoustic cues to breathiness after sonorants may be diminished, absent,
or non-maximal in the early portion of the vowel.
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2.4 Marathi

Marathi is well suited for investigation of breathy voice due to its rich phonetic
inventory. Spoken by more than 80 million people, primarily in the state of Maharashtra
(2011 India Census), Marathi—like its Indic relatives—features a four-way obstruent
contrast consisting of plain voiceless, aspirated voiceless, plain voiced, and breathy voiced
categories (i.e. /t, t", d, d%/). The breathy voiced obstruents, traditionally referred to as
voiced aspirates, are generally reconstructed back to Proto-Indo-European but are retained
most reliably in the Indic languages (Baldi 2009, Haider 1985, Hock 2010, Kent 1932,
Kobayashi 2004). Marathi diverges from many of its Indic counterparts by extending
phonemic breathy voice into the sonorants, though Konkani (spoken directly to the south
of Marathi) is a notable exception as it also retains breathy sonorants (Almeida 1989,
Miranda 2007).

A full treatment of the diachronic origin of these breathy sonorants does not exist,
to the best of my knowledge, but they may have arisen via a series of developments in the
shift from Old Indo-Aryan to Middle Indo-Aryan (IA). The relevant facts are as follows.
A regular /h/-nasal metathesis process in Middle IA that turned Sanskrit cihina- ‘mark’ into
Pali cinha, for example (Cardona & Luraghi 2009: 374), resulted in sonorant-/h/ sequences.
Metathesis also operated over sequences where an /h/ was derived from lenition of *s, such
that Sanskrit *sna- ‘bathe’ becomes nha- in Middle 1A Prakrit (Hock 2010: 92). Hock
(2010), with reference to Turner (1962-1966) and von Hiniiber (1986), argues that the
resulting sonorant-/h/ sequences were treated differently in different branches of Middle
IA, with Western dialects of Middle A (from which Marathi descends) treating them as
aspirated sonorants. This claim is strongly supported by the fact that they behave as a single
segment (e.g. as [nf]) in early Pali poetry. Masica (1991: 170), in describing innovations
from Old IA to Middle IA, also notes that “the new aspirated nasals mh, nh/nh [might be]
unit phonemes (rather than clusters), since they occur initially (at least in several forms of
Prakrit, barely in Pali) where otherwise only single consonants are permitted.” Masica is
cautious, however, emphasizing that such sequences occur more commonly in medial than
in initial position in Middle 1A, where they may be better analyzed as sequences. He
concludes that the “evidence is conflicting” (p. 174) with regards to the phonemic status of
breathy sonorants in Middle IA.

Setting questions about their exact origin aside, Masica (1991) lists the breathy
sonorants as phonemes in the inventories of several New Indo-Aryan languages, including
Marathi. In line with Masica (1991) and Dhongde and Wali (2009), and contra
Pandharipande (1997), breathy sonorants are included in the Marathi consonant inventory
which appears in Table 2. Bloch (1970), Kavadi and Southworth (1965), and Southworth
(2000) were also consulted in constructing this inventory, additional commentary about
which is as follows. The voiceless aspirated labial stop, /p"/, is undergoing a fairly
widespread change to /f/ in Marathi and in other Indic languages.® The retroflex sibilant
which appears in parentheses in Table 2 is what Dhongde and Wali call a “marginal
phoneme”—it appears only in Sanskrit words and is most often produced as a
postalveolar/palatal [[]. The retroflex consonants differ from the other consonants in at
least two ways: (i) there is no breathy voiced retroflex lateral consonant in Marathi; and
(i1), with the exception of the velar nasal, which can only occur in coda position, all
consonants can serve as onsets except for the retroflex nasals /n nf/ and lateral /|/.

® In the data recorded for this study, the male speakers produced [f] almost exclusively. The female
speakers produced [p"] occasionally, but [f] dominated.
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Table 2: Marathi consonant chart

Place of Articulation
Post-
Labial Dental Alveolar Retroflex | alveolar/ Velar Glottal
Palatal
b |t d k
c Stop P t d g
[°) ph | bA | th dh th b kh gh
il
= m n n n
3 Nasal i G r|_ﬁ
t ts dz tf | d3
% Affricate T i | dsp
'd-) Fricative - (&) I h
c
c
© , ] I l J
b Approximants oh I
Rhotic .
rh

With the facts outlined above in mind, and because the current study focuses on the
acoustic correlates of phonation type of obstruents and sonorants in syllable onset
position, the labial, dental, and post-alveolar/palatal voiced sounds serve as the target
consonants herein. They are highlighted with boxes in Table 2. The palatal approximant
/j/ does not have a breathy counterpart, and so it was excluded.

Marathi contains six major monophthongs, as presented in Table 3; three
additional monophthongs (/& 3 o/) which occur only in borrowed words are omitted here
(Dhongde and Wali 2009:9, Ghatage 2013, Yardi 1998).

Table 3: Marathi Monophthongs

Front Central Back
High i u
Mid e 0
Low-mid )
Low a

Dhongde and Wali (2009:10) note that vowel nasalization is allophonic, not phonemic,
and that—contra Pandharipande (1997)— phonemic length distinctions are not retained.
Long versions of /i/ and /u/ remain as positional variants in final syllables, and Marathi
orthography still represents length distinctions, but these distinctions are neutralized in

spoken language.

3 Methods

3.1 Materials
To investigate the acoustic correlates of breathy phonation in obstruents and sonorants,

this study focused on the voiced labials, dentals, and postalveolar/palatals in Marathi
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(highlighted with boxes in Table 2). This subset of consonants was selected in order to
allow for the comparisons that are central to the present work: namely, modal vs. breathy
phonation and obstruents vs. sonorants. Selection was also influenced by the phonotactics
of Marathi—retroflexes were excluded because there is no breathy voiced retroflex lateral
and the retroflex sonorants are disallowed in onset position.

In order to enhance generalizability, target sounds included sonorants from multiple
places and manners of articulation occurring in multiple word-positions (initial and
medial). Multiple vowel contexts were used to account for the fact that harmonic
amplitudes may be influenced by formant frequencies and bandwidths. Accordingly, the
stimuli list developed for the present study includes target consonants before the low vowel
[a] and before the higher vowel [e]. In the [a] context, F1 is greatest and the acoustic
correlates of phonation type are expected to be strongest. Language-internal morphological
facts guided the selection of the higher vowel context, as several regular morphological
processes involve an [a]~[e] alternation. For example, Marathi nouns inflect for three
grammatical genders (masculine, feminine, neuter), and singular masculine forms often
end in /a/ while neuter forms end in /e/. Masculine nouns ending in /a/ are pluralized by
changing the /a/ to an /e/ [e.g. [daba] box vs. [dabe] boxes). The full stimuli list is in
Appendix A.

3.2 Speakers

Participants included ten native speakers of Marathi, five female (mean age 37 yrs)
and five male (mean age 45 yrs). All were multilingual, speaking English and Hindi or
other Indic languages in addition to Marathi, and resided in Lawrence, Kansas or in the
Kansas City area at the time of recording. Demographic background data is presented in
Appendix B.

3.3 Corpus

Participants produced target words embedded in a carrier sentence. The stimuli (see
Appendix A) included a total of 64 words: 16 consonants x 2 word positions (initial and
medial) x 2 vowel contexts (before [a] and before [e]). Five of the targets were nonce words
created to fill accidental gaps in the lexicon. The voiceless obstruents were also recorded
but are excluded here, in order to focus on sonority effects. Thus, the total number of tokens
analyzed is 1920 (10 speakers X 16 consonants X 2 word positions X 2 vowel contexts X
3 repetitions).

3.4 Procedure

Speakers were recorded onto a flash disc using an Electro-Voice N/D 767 cardioid
microphone and a Marantz Portable Solid State Recorder (PMD 671) in the anechoic
chamber at the University of Kansas, Lawrence. Half of the participants were recorded at
a sampling rate of 22.05 kHz, and the other half at 44.1 kHz, both with 16-bit resolution.

3.5 Annotation and Measures
Sound files were annotated in PRAAT (Boersma & Weenink 2010), where
textgrids were used to demarcate the vowel in each syllable of interest.” The breathy

7 A reviewer correctly noted that a comparison of segment-internal measures in plain and breathy sonorants
would be valuable, given that little work on this topic exists. I strongly concur. However, as the question
investigated here centers on the interaction between phonation type contrasts and obstruency, the focus is
on segment-external measures (that is, measures taken in the following vowel) because the same measures
can be taken after sonorants and after obstruents.
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interval in breathy sounds was included as part of the vowel, meaning that the intervals
marked as 2 and 3 in Fig. 1a and 1b were analyzed as a single vocalic interval. VoiceSauce
(Shue et al. 2011), a free application implemented via Matlab® (The Mathworks, 2011),
was used to measure FO, CPP, H1*-H2*, H1*-A1*, HI1*-A2*, and H1*-A3* in the vowel
after each consonant of interest. FO was measured using the Straight algorithm developed
by Kawahara et al. (1998). Harmonic amplitudes—H1, H2, Al, A2, and A3—are
computed in VoiceSauce across a four-pitch-period window. A pitch-synchronous window
is used to avoid the variability that may result from a fixed window. These amplitude
measures may be affected by vowel formants and thereby rendered inaccurate, and so the
algorithm developed by Iseli & Alwan (2004) is used to correct for the effect of formants
on spectral amplitude measures. The resulting corrected measures are those denoted by an
asterisk (H1*-H2%*). CPP is calculated using the algorithm from Hillenbrand et al. (1994).
Again, a variable window is used, this one equal to five pitch periods.?

The output generated by VoiceSauce included measurements calculated at every
millisecond of the demarcated intervals, and these were averaged into five equal portions
to allow for presentation and analysis of time-normalized data. These averaged windows
represent 0-20% of the segment (Window 1), 21-40% of the segment (Window 2), 41-60%
of the segment (Window 3), 61-80% of the segment (Window 4), and 81-100% of the
segment (Window 5). 0% marks consonantal constriction release and 100% marks the end
of the vowel. The first and last 12 ms of each vowel were excluded (as they were calculated
across a four-pitch-period window, they included some information from the preceding or
following segment).

Data were analyzed using R (R Core Team, 2012). The code used for statistical
analysis and can be found at https://osf.io/u2ghp/.

3.6  Research Questions and Predictions
Several predictions can be made about the research questions addressed in this work,
which are repeated here for convenience.
(1) Are the acoustic correlates of breathy voice in sonorants qualitatively different
than they are in obstruents and vowels?
(2) Are the acoustic correlates of breathy voice in sonorants quantitatively
different than they are in obstruents and vowels?

Regarding (1), the acoustic correlates of breathiness in sonorants are predicted to align with
those found in obstruents and vowels: FO and CPP values are expected to be lower, and the
H-based spectral tilt measures (H1*-H2*, H1*-A1*, HI1*-A2*, H1*-A3*) greater, for
breathy than for plain sounds. This prediction is based on the holistic observation drawn
from previous studies of phonation contrasts in sonorants that differences, when found,
generally align with the results found for obstruents and vowels.

The predictions for question (2) are made with both the previous literature and the
typological and diachronic facts laid out in the introduction in mind. Breathy obstruents
and sonorants in Marathi are realized with the prototypical Indic interval of intense post-
release breathiness, and as such they are expected to pattern like Hindi (Dutta 2007) and
Gujarati (Esposito and Khan 2012): contra Tsonga, wherein sonorant phonation type did

8 Data were spot-checked for accuracy. While formant measures are not reported here, taking formant
measures of breathy sounds in Marathi proves challenging for VoiceSauce (and for Praat) because the
breathiness renders formant structure difficult for the tracking algorithms to identify. No similar difficulty
arose with the measures reported herein.
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not trigger differences in subsequent vowels (Traill & Jackson 1988), consonant phonation
type in Marathi is expected to trigger acoustic differences that persist across much or all of
the subsequent vowel. Traill and Jackson's findings do raise questions about how robustly
the correlates of breathiness are realized in post-sonorant contexts, however, and the Sumi
(Harris 2009) and Balami (Gautam 2012) data raise questions about how reliably sonorant
phonation contrasts trigger the expected acoustic consequences of breathiness. The
typological scarcity of breathy sonorants and their susceptibility to diachronic loss further
motivate a prediction that the acoustic correlates of phonation type are more robustly
realized in obstruent contexts than in sonorant contexts (that is, [b®-b] is predicted to exceed
[m"-m]).

3.7  Analysis

The analysis was designed to probe the interaction of key interest here, which is
between the variables PhonationType (breathy vs. plain) and Obstruency (obstruent vs.
sonorant). Furthermore, because of the dynamic nature of breathiness (Khan 2012) and
questions about how differences arising from consonant phonation type are realized in
subsequent vowels, the three-way interaction between PhonationType, Obstruency, and
Window (which out of the five portions of the vowel the measurement was averaged over)
was also considered.

These effects were estimated using linear mixed effect models (Baayen, Davidson,
& Bates, 2008).° Each measure was first sphered to have a mean of 0 and a standard
deviation of 1; this was done to help the models converge more easily. All predictors were
centered (PhonationType was coded with -0.5 for plain and 0.5 for breathy; Obstruency
was coded with -0.5 for sonorant and 0.5 for obstruent)!? so that both main effects and
interactions could be observed in the model coefficients. After this, models were fit
regressing each measure on PhonationType, Obstruency, Window, and all interactions
between these variables. Several additional covariates (speaker sex [male or female], vowel
context [e or a], position of the consonant within the word [initial or medial], place of
articulation of the consonant [labial, alveolar, or postalveolar/palatal], and repetition
number [1, 2, or 3]) were included but were not permitted to interact with the variables of
interest, in order to determine whether observed effects are robust enough to emerge across
diverse contexts (e.g. places of articulation, vowel contexts). By-subject random effects for
the intercept and the variables of interest (PhonationType, Obstruency, Window, and their
interactions) and random correlations were also fitted; a maximal random effects structure
(Barr et al., 2013) was not used because this would require fitting a very large number of
parameters.

Six measures were tested, and each had two parameters that could be taken as support
for the predictions (the three-way interaction between PhonationType, Obstruency, and
Window, and the two-way interaction not including Window). Accordingly, the alpha level
was set to .05/12. One-tailed tests were used for the two-way interactions. PhonationType
was coded with Plain as the baseline level, so positive or negative coefficients could be
predicted based on the known patterns for breathiness in each measure. Obstruency was
coded with Sonorant as the baseline level. Expected behavior, and expected polarity of

® Code used for statistical analysis is available at https://osf.io/u2ghp/.

10 Therefore, the coefficient for PhonationType would represent how much higher plain is than breathy, in
the given measure; a positive coefficient would indicate plain>breathy and a negative coefficient would
indicate plain<breathy. Likewise, the coefficient for Obstruency would indicate how much higher obstruent
is than sonorant, with a positive coefficient indicating obstruent>sonorant and a negative coefficient
indicating obstruent<sonorant. The interpretation of the interaction coefficients is explained below.
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interaction terms, is outlined here and recapitulated in Table 4. With regards to
PhonationType, breathy consonants are expected to be associated with lower FO and CPP
values (and therefore negative coefficients are predicted) and with greater values than plain
consonants for all of the Hl-based measures (and therefore positive coefficients are
predicted).

With regards to Obstruency, differences between breathy and plain obstruents are
expected to exceed differences between breathy and plain sonorants. Thus, for measures
where a negative coefficient is predicted for PhonationType (e.g., we expect FO to be lower
after breathy consonants than after plain consonants), a negative interaction term would
indicate that the negative-going effect is even more negative-going in obstruent contexts
than in sonorant contexts. Table 4 presents an overview of expected behavior and
interaction term polarity. Voiced labial stops and nasals are used as representative symbols.

Table 4: Predicted Findings and Interaction Term Polarity

EXPECTED BEHAVIOR ~ EXPECTED BEHAVIOR INTERACTION
MEASURE BY PHONATIONTYPE BY OBSTRUENCY TERM SHOULD BE:
FO AND CPP breathy < plain [bi-b] > [mf-m] negative (< 0)
H1*-H2* H1*-A1%,
H1*-A2* H1*-A3* breathy > plain [bf-b] > [mf-m] positive (> 0)

For measures where a negative coefficient is predicted for PhonationType (meaning that
breathy sounds are associated with lower values) we predict a negative interaction term.
For measures where a positive coefficient is predicted for PhonationType, we predict a
positive interaction term.

Two-tailed tests were used for the three-way interaction since specific predictions for
how the effect might change over the course of the syllable were not made.

4 Results

Figure 2 shows the pattern of differences, and the timecourse of this pattern, for each
measure. Mean values for each acoustic measure are shown for the timecourse of vowels
(five windows) following each of the four consonant types under investigation (plain
voiced obstruents, breathy voiced obstruents, plain sonorants, and breathy sonorants). The
overall pattern is illustrated in the left panel by plotting mean values in vowels after the
four consonant types; lower values are expected after breathy than after plain sounds for
CPP and FO0, and greater values are expected after breathy sounds for the remaining spectral
measures. For all measures, differences between plain and breathy obstruents are expected
to exceed differences between plain and breathy sonorants (that is, as delineated in Table
3, the value resulting from [bf - b] is expected to exceed the value resulting from [m?f - m]).
Overall, the predicted patterns seem to emerge in all measures except FO, particularly
around the vowel midpoints. The right panel of each plot illustrates how robust the pattern
is or is not, across subjects.

These plots are described more thoroughly with reference to Figure 2a, which shows
results for H1*-H2*. The left panel of 2a. shows that H1*-H2* values in vowels after
breathy consonants (dashed lines) are greater than those in vowels after plain consonants
(solid lines), as expected. More importantly, this breathy vs. plain difference (dashed vs.
solid lines) is bigger after obstruents (open squares) than it is after sonorants (filled circles).
There is a difference between the differences, in other words: while breathy consonants are
associated with greater H1*-H2* values than plain consonants overall, the difference
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between plain and breathy obstruents exceeds the difference between plain and breathy
sonorants. It is this difference-between-differences that is plotted for individual speakers'
data in the right panel of 2a. Each line in 2a. represents one speaker and shows the
difference-between-differences value at each window, calculated by subtracting the
difference resulting from {mean H1*-H2* after breathy sonorants minus mean H1*-H2*
after plain sonorants} from the difference resulting from {mean H1*-H2* after breathy
obstruents minus mean H1*-H2* after plain obstruents}. The formula used to calculate the
difference-between-differences can be illustrated more simply as follows, again utilizing
the voiced labial symbols as representative: {[b"-b] - [m"-m]}. For measures where post-
breathy vowels are expected to have lower values than post-plain vowels (e.g., CPP and
F0), this difference-between-differences is expected to be negative if the pattern is stronger
in obstruents than sonorants: [bf-b] is predicted to yield a large negative number for such
measures, [mf-m] is predicted to yield a small negative number, and a large negative
number minus a small negative number yields a negative number. For measures where
post-breathy vowels are expected to have higher values than post-plain vowels (e.g., the
H1-based measures), this difference-between-differences is expected to be positive: [bfi-b]
is predicted to yield a large positive number, [mf-m] is predicted to yield a small positive
number, and a large positive number minus a small positive number yields a positive
number. Therefore, a positive difference-between-differences (for spectral tilt measures)
or a negative difference-between differences (for CPP or F0) indicates that obstruents
displayed greater acoustic differentiation than sonorants, at least numerically. A value near
zero indicates that obstruents and sonorants patterned similarly.

Again consider H1*-H2* as an example. HI*-H2* was predicted to be higher for
breathy than for plain sounds, so the expectation is for each of the differences (i.e., breathy
mean minus plain mean in obstruents, and breathy mean minus plain mean in sonorants) to
be positive numbers. Since the contrast is also expected to be more robust (i.e., the
difference is expected to be greater) in obstruents than in sonorants, then the difference
between breathy obstruents and plain obstruents should be larger (more positive) than the
difference between breathy sonorants and plain sonorants. The difference-between-
differences is therefore also expected to be positive. The right panel of Fig. 2a. shows that
this is the overall pattern observed. It also makes clear that the effect is mainly driven by
the middle portion of the vowel, in line with Khan's (2012) findings for Gujarati vowels.
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2b. H1*-A1*
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Figure 2: Timecourse of Acoustic Measures in Vowels by Obstruency and
PhonationType (left panel) and Robustness of Pattern across Subjects (right panel)
Left panels present mean values plotted over the timecourse of the vowel following each of the four
consonant types: plain voiced obstruents (solid line, open squares), breathy voiced obstruents (dashed line,
open squares), plain sonorants (solid line, filled circles), and breathy sonorants (dashed line, filled circles).

The right panel in each plot presents the difference-between-differences for individual talkers.
Each line represents one subject and shows the sum that results from subtracting the {mean after breathy
sonorant minus mean after plain sonorant} from the {mean after breathy obstruent minus mean after plain
obstruent}. Using the labials as representative symbols, this difference-between-differences can be
conceptualized as {[bS-b] - [mf-m]}.

For the HI-based measures (2a-d), each of these differences (i.e., mean after breathy obstruent
minus mean after plain obstruent, and mean after breathy sonorant minus mean after plain sonorant) are
expected to be positive numbers, because breathy consonants are expected to be associated with greater
values than plain consonants. The contrast is expected to be more robust (i.e., breathy and plain are
expected to diverge more) in obstruent than in sonorant contexts, so the difference-between-differences (or
{[bi-b] - [mf-m]}) is expected to be positive and to fall above the zero-line.

For F0O and CPP (2e-f), differences are expected to be negative because breathy consonants are
expected to be associated with lower values than plain consonants. The contrast is expected to be more
robust (i.e., with greater acoustic differentiation) in obstruent contexts than in sonorant contexts, the
difference-between-differences is expected to be negative and to fall below the zero-line.
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Overall, the expected patterns were supported in the planned statistical analysis.
First, as a simple manipulation check, I examined whether the effects of phonation were in
the direction predicted for each measure. For FO and CPP (data in 2e. and 2f), vowels
following breathy segments were expected to have lower values overall and therefore have
negative coefficients (see section 3.7 and footnote 10 for an explanation of the coefficient
coding in the regression model); this was the case for cepstral peak prominence (f=-0.34),
but only negligibly so for FO (B=-0.01). For H1-based measures (data in 2a-d), vowels after
breathy segments were expected to have higher values (and positive coefficients), and this
pattern held (HI1*-H2*: f=0.13; H1*-A1*: f=0.20; H1*-A2*: =0.20; HI1*-A3*: =0.20).

Of greater interest in the statistical analysis were interactions between phonation
type and obstruent/sonorant status, as reflected by the difference-between-differences
which were shown in the right panels of Figure 2. In Figure 3, point estimates and
confidence intervals for each interaction of interest are shown. The point estimate is the
model's estimate of the difference-between-differences for that measure (described above),
which is expected to be negative for FO and CPP and positive for the other spectral
measures. The confidence intervals are best interpreted as the range of values from which
the point estimate does not differ significantly; e.g., a confidence interval from 0.5 to 1.0
would indicate that the estimate is significantly bigger than 0.5 and significantly smaller
than 1.0, but not significantly different from any value inside this range. Since the question
of theoretical interest is whether the predicted effect (that the breathy-plain difference is
bigger in obstruents than sonorants), I focus on measures where the estimate is significantly
different from zero, i.e., where the confidence interval does not include zero. Furthermore,
in cases where there was a directional prediction (described above), I use one-tailed
confidence intervals, which correspond to one-tailed statistical tests. These confidence
intervals extend to infinity in the other direction, since a one-tailed test cannot make claims
about statistical significance in the unpredicted direction (e.g., if one predicts a difference
to be above zero [positive] and performs a one-tailed test, one can only prove that the test
result is significantly bigger than zero, not significantly below zero). For FO and CPP I
predicted a negative difference-between-differences, and thus use one-tailed confidence
intervals that show what the estimate is significantly lower than but not what the estimate
is significantly higher than. For spectral tilt measures I predicted a positive difference-
between differences, and thus use one-tailed differences that show the opposite (what the
estimate is significantly higher than, and not what the estimate is significantly lower than).

First consider the results without taking Window into account (i.e., averaged across
the vowel duration). Since I had directional predictions for each of these differences-
between-differences (described above), each of these is shown with a one-tailed confidence
interval. Spectral tilt measures seem to be the most consistent with the prediction that
breathy-plain differences are greater in obstruents than sonorants. There are significant
two-way PhonationType*Obstruency interactions (confidence intervals not including zero)
in H1*-H2* and HI*-A1*, while in H1*-A2* and H1*-A3* there are near-significant
trends in the expected direction.

The basic prediction is borne out, then: breathy (as compared with plain) segments
in Marathi are associated with decreased CPP values and with increased values in H1-based
measures, and PhonationType and Obstruency interact in the spectral tilt measures.
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Figure 3: Point Estimates and Confidence Intervals for Interactions of Interest Point
estimates and 99.6% (1-.05/12) confidence intervals for the two-way (PhonationType x Obstruency) and
three-way (PhonationType x Obstruency x Window) interactions of interest. Intervals are red for coefficients
where a negative sign was predicted, blue where a positive sign was predicted, and black where there was
no directional prediction.

Now consider the interactions with Window. The interactions discussed above
represent differences-between-differences (i.e., the breathy-plain difference in obstruents
is bigger than the breathy-plain difference in sonorants). The interactions that include
Window represent a difference between those differences-between-differences, meaning
that the difference described above is bigger at the end of the vowel than at the beginning
of the vowel, bigger in the middle of the vowel than at the beginning or end, and so forth.
The difference is not static, in other words, holding steady across the entirety of the vowel,
but changes over time in some way. Since I did not have a directional prediction about
these three-way interactions (i.e., no a priori expectation that the predicted difference-
between-differences would be largest at any particular part of the vowel), I tested these
with two-tailed confidence intervals, as shown in Figure 3. None of these crosses zero,
indicating that none of the three-way interactions with Window were significant in the
planned analysis—i.e., for H1*-H2* and HI1*-A1*, the breathy-plain difference is
significantly bigger in obstruents than sonorants, but this pattern does not significantly
change over the course of the vowel.

The failure of interactions with Window to reach significance may have been because
of the non-monotonic nature of this effect (meaning that the nature of the effect is not in
one consistent direction, e.g. neither steadily increasing nor steadily decreasing but rather
increasing and then decreasing). Consider again the results for H1*-H2*. As shown in
Figure 3 there was a non-significant negative-going three-way interaction
(PhonationType*Obstruency*Window) for this measure. As explained above, the
PhonationType*Obstruency interaction for this measure is expected to be positive—i.e.,
with greater values associated with vowels following breathy consonants than with vowels
following plain consonants. This difference is also predicted to be greater in obstruent than
in sonorant contexts. If the PhonationType*Obstruency interaction's interaction with
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Window is numerically negative, that means that the positive PhonationType*Obstruency
interaction gets smaller as the vowel progresses. This is visible in Fig. 2b: while Window
1 breaks this trend, the PhonationType*Obstruency interaction is indeed biggest at
Windows 2 and 3 and then decreases going through Windows 4 and 5. It is an
oversimplification of the pattern visible in Figure 2 to state that the effect decreases across
the duration of the vowel, however. In fact, across all the spectral measures, post-obstruent
differences appear to be small at vowel onset (Window 1) but are maximal and exceed
post-sonorant differences at vowel mid-point (Window 3). This effect is non-monotonic
(meaning that it increases and then decreases again), and thus additional modeling with
polynomial terms (allowing the model to fit a curved line to the data) would be necessary
to statistically evaluate it. The original statistical model did not attempt to fit the
polynomial terms that would be necessary in order to capture the non-monotonic
interactions with Window, because this pattern was not predicted. That original model,
though, may not be capturing the data well, because it is essentially attempting to fit a
straight line through this inverted U-shaped effect. Therefore, I present the results of an
exploratory analysis below. The exploratory analysis uses a new model which includes a
quadratic term for Window, which may better capture the way that the interaction effect
initially increases and then decreases.

4.1 Exploratory Analysis

As p-values and confidence intervals are not strictly meaningful for an exploratory (as
opposed to confirmatory) analysis, instead of showing confidence intervals like in Figure
3 I instead summarize the model using Bayesian posterior densities, shown in Figure 4.!!
The model specification for the results shown here is available at https://osf.io/u2ghp/. The
primary consequence of adding the quadratic term into the model is that the two-way
PhonationType*Obstruency interactions look likely to be significant (i.e., most of their
posterior densities, representing where the true effect probably lies, are very far away from
zero) for all spectral measures. For example, for H1*-H2*, almost all of the posterior
density is above zero, meaning that there is almost no chance (based on the data, the prior,
and the modeling assumptions) that the true effect size for the interaction in the population
is zero. Likewise, the three-way interactions with quadratic terms (those shown with dotted
lines, PhonationType*Obstruency*Window?) look likely to be significant for all measures
except FO. The two-way interaction for CPP also looks like it would come close to being
significant. These results support the trend observed in Figs. 2 and 3: phonation-type
contrasts appear to be more robustly cued in obstruent than in sonorant contexts, and, based
on the significant interactions with the window terms, this pattern is stronger in some parts
of the vowel than others (particularly, as we see from Figure 2, it is strongest near the center
of the vowel).

' For ease of comparison with Fig, 3, a supplementary figure with confidence intervals for this exploratory
model is also shown at https://osf.io/u2ghp/. Conclusions about statistical significance should not be made
based on such intervals; these are merely presented for ease of exposition. This supplementary figure is
consistent with Figure 4 shown here: the confidence intervals suggest that the PhonationType*Obstruency
two-way interactions and PhonationType*Obstruency*Window? three-way interactions, for all measures
except FO, would be significant, or close to significant, if this had been a planned confirmatory analysis.
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Figure 4: Bayesian Posterior Densities for Interactions of Interest in the Exploratory
Analysis Each curve shows the posterior density of the effect, i.e., where the effect probably lies
in the population, the higher the curve, the higher probability that the true effect lies at that point.
These roughly correspond to confidence intervals: a significant effect will have a peak far away
from zero, and at zero its posterior density will be very small. As in Fig. 2, effects where a negative
coefficient was predicted are shown with red curves, and those where a positive coefficient was
predicted are shown with blue curves; effects without a directional prediction are shown with black
curves. The three-way interactions without a quadratic term are shown with a solid black line. The
three-way interactions with a quadratic term, meaning those that allow for a non-monotonic effect,
are shown with a dashed black line.

To summarize, the results for the H-based measures confirm that consonant
phonation type in Marathi obstruents and sonorants indeed affects subsequent vowels, as
Dutta (2007) found for Hindi. More importantly, the effect of phonation type is larger after
obstruents than it is after sonorants. The effect of breathiness, as well as the difference-
between-differences, is generally greatest at vowel midpoint, and is significant or near-
significant, as shown in Figure 3 and also supported by the exploratory analysis shown in
Figure 4.

The simplest prediction for CPP was that values after breathy sounds would be
lower than after plain sounds, and this is confirmed. The PhonationType*Obstruency
interaction for CPP is both non-significant and numerically in the unexpected direction,
however. This is shown in Figure 3, although in the exploratory analysis shown in Figure
4 this interaction is in the expected direction and is probably close to significant. In fact, in
the exploratory analysis most of the three-way interactions that included a quadratic term
were likely significant. Predictions about how the effect of breathiness would change over
time were not made, but these data suggest that the effect of breathiness in Marathi is non-
monotonic, as was also visible in the plots in Figure 2. The acoustic consequences of
breathy consonants in Marathi tend to grow stronger towards the midpoint of subsequent
vowels before decreasing again. The timecourse of breathiness in Marathi is therefore
similar to that reported by Khan (2012) for Gujarati, albeit with a caveat. Recall that in
Gujarati breathiness is contrastive in both vowels and voiced obstruents, and that
breathiness associated with consonants is maximal earlier in the vowel, near the consonant
release, while breathiness associated with vowels is pervasive throughout the vowel and
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increases over time (Esposito & Khan 2012). Marathi consonants pattern like Gujarati
vowels, then, in that the effect of consonant breathiness not maximal at vowel onset, but
instead increases and is maximal at vowel midpoint. This may suggest that because Marathi
does not have contrastive breathiness in vowels it is not crucial for breathiness to be
temporally adjacent to the consonants with which it is phonologically associated. As for
FO, this measure did not appear to vary based on breathiness in any reliable way.
Differences in FO values in vowels following breathy vs. plain sounds were negligible, and
no meaningful interactions emerged.

5 Discussion

The results presented in Section 4 reveal that phonation type contrasts in Marathi
consonants trigger acoustic differences in subsequent vowels, that the differences persist
across much or all of the vowel, and that differences related to consonant phonation type
are often maximal at vowel midpoint. This was most notable for the spectral tilt measures.
The first research question addressed herein asked whether the acoustic correlates of
breathy voice in sonorants are qualitatively different than they are in obstruents and vowels.
We can now state that the answer is no: breathiness in sonorants, like in obstruents and
vowels, is associated with increases in Hl-based spectral measures and in noise (as
reflected by lower CPP values). FO values are numerically lower, which is the expected
direction, but these differences do not attain statistical significance.

The second research question asked whether the acoustic correlates of breathy voice
in sonorants are quantitatively different than they are in obstruents and vowels, and again
the answer to this question is yes. Breathy sonorants trigger the expected acoustic patterns,
but the differences are reduced (or less robust) in sonorant contexts as compared with
obstruent contexts. The extent to which they are less robust—e.g., whether this attenuation
generalizes across vowel contexts, word positions, and speaker sex, or whether the
difference is driven by certain contexts—is a matter for future investigation.

The prediction that was made based on the typological and diachronic patterning of
breathy sonorants was that the differences between plain and breathy obstruents would
exceed the differences between plain and breathy sonorants (e.g. {[b®-b] > [m"-m]}), and
this too was borne out. Typologically, it is of course the case that grammatical systems are
influenced by many factors. Non-optimal contrasts exist; synchronic inventories are
influenced by, for example, production and perception limitations, cognitive and historical
factors, and language contact (de Boer 2000). Nevertheless, functional explanations can
account for at least some of the attested patterns. Blevins (2004, 2006a, 2006b), in laying
out the framework of Evolutionary Phonology, notes a distinction between "natural"
patterns arising from functional roots and "unnatural" patterns arising from diachronic
change, language contact, and so forth. The current finding that phonation type contrasts
are more robustly encoded by obstruents than by sonorants suggests that the typological
profile of breathy sonorants falls into the former category, arising naturally from functional
phonetic roots.'? These same functional, phonetic roots presumably also contribute to the
diachronic pattern. As noted by Wright (2004):

12T do not claim that functional forces are the only ones relevant. Genetic relationships are also involved—
breathy obstruents (but not sonorants) were passed from Proto-Indo-European on to many daughter
languages, while breathy sonorants did not develop until much later. Discussion of this and other factors
contributing to the typological pattern are outside the scope of this paper.
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In an ideal setting, there is no background noise or distractions, and the
listener is so riveted by what the talker is saying that he/she gives the signal
undivided attention. Under normal conditions it is rare for speech to occur
in the absence of at least some form of environmental masking. What this
means for speech is that a robustly encoded phonological contrast is more
likely to survive signal degradation or interference in reception.... (Wright
2004:42)

Of the contrasts investigated herein, the obstruents (e.g. /b/ vs. /b%/) are the more robustly
encoded contrasts. As such they are more resistant to the cumulative effects of signal
degradation, and therefore less vulnerable to diachronic loss.

As has been pointed out, voiceless sonorants do not pattern like breathy sonorants.
Rather, they have been stably present in the Tibeto-Burman language family for a very
long time and appear not to be subject to the same diachronic loss that affects breathy
sonorants. Blevins (2018) raises an intriguing point by suggesting that voiceless sonorants
may be “contextually salient” due to the very paucity of their segment-internal acoustic
information: to wit, their salience may hinge on “contrasting with surrounding voiced
sounds...giving an overall whispered effect” (p. 32). Perception experiments will be
needed to probe this proposal, but if it is indeed the case that voicelessness in sonorants
can be contextually salient then breathy sonorants may be at a disadvantage precisely
because they do not feature an extreme change in voicing. This suggestion is unintuitive,
because breathy sonorants contain segment-internal acoustic information in addition to
post-release, segment-external information. The data presented here, however, suggest that
the post-release information does not render the distinction between plain and breathy
sounds as acoustically robust in sonorants as in obstruents.

A question may be raised as to how direct the link is between the acoustic patterns
reported here and the perceptual consequences thereof. This question remains unanswered
at present, although pilot data reported in Berkson (2016) are suggestive. In a simple
identification task focused on the dental consonants of Marathi ([d] vs. [d], [n] vs. [n%],
and [1] vs. [1%]), seven native Marathi listeners heard CV syllables (e.g. [da] vs. [d"a]) and
were asked to identify the consonant they heard. Stimuli were presented in randomized
blocks: one block contained only the [d] and [d®] stimuli, another only the [n]/[n"] stimuli,
and a third only the [1]/[1%] stimuli. Participants correctly identified all plain consonants
with similar accuracy rates (~90%). The breathy obstruent [df] was identified correctly
93% of the time, but accuracy was lower for the breathy sonorants: 78% for [nf] and 74%
for [17] (Berkson 2016). If this pattern holds in a larger study, then the indication is clear:
phonation contrasts in sonorants are subject to more perception errors than similar contrasts
in obstruents.

Moreover, with regards to the nasals in particular, previous work has established
that nasal consonants may be inherently more breathy than other types of consonants.
Garellek et al. (2016) investigate the interaction of breathiness and nasality, noting a
diachronic connection between breathy and nasal sounds in some languages which
previous researchers have proposed is due to the perceptual similarity of breathiness and
nasality. Garellek and colleagues analyze data from three languages in the Yi branch of
Lolo-Burmese (Bo, Luchun Hani, and Southern Yi). These languages have a tense/lax
contrast, wherein vowels produced with lax phonation are breathier than vowels produced
with tense phonation. Acoustic and electroglottographic investigation of nasal consonants,
lateral consonants, and oral and nasal vowels reveals that breathier phonation is often found
in nasal consonants (as compared with lateral consonants). Moreover, vowels after nasals
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are often breathier than vowels after laterals. In Luchun Hani, lax vowels (which involve
phonologically specified breathy phonation) are breathier than tense vowels overall. There
is a split within lax vowels, too, however: lax vowels are breathier after nasal consonants
than after lateral consonants. These findings raise questions about the breathy nasals in
Marathi. If the nasal consonants of Marathi pattern like those of the Yi languages analyzed
by Garellek et al. (2016), vowels after plain nasals may be slightly breathy to begin with.
If so, the diminished difference between vowels after plain and breathy nasals may result
not only from weaker breathiness in post-sonorant contexts (as compared with post-
obstruent contexts) but also from a higher baseline level of breathiness. The diminished
acoustic differentiation in post-sonorant contexts may result from two factors, in other
words: vowels after [m] may be more breathy than vowels after [b], and vowels after [mf]
may be less breathy than vowels after [bf]. In the left panel of Figure 2b, which shows
mean H1*-A1* values, plain sonorants are slightly higher (i.e., slightly breathier) than
plain obstruents across the entire duration of the vowel. The same observation can be made
about the beginning of the vowel in Fig. 2d.: with regards to mean H1*-A3*, vowels after
plain sonorants are slightly breathier at vowel onset than vowels after plain obstruents.
Future work analyzing the nasals separately from the approximants will help prove (or
disprove) whether the idea outlined above has merit.

Another question that can be raised has to do with why voiceless sonorants in
Tibeto-Burman languages pattern quite differently than breathy sonorants. The historical
paths leading to the formation of phonemically voiceless sonorants—and presumably
breathy sonorants as well—are profoundly limited (Blevins 2018). Representing segments
with a glottal spread gesture with H and sonorants with R, Blevins notes that voiceless
sonorants arise mainly in two ways: from coarticulation between HR and RH sequences, or
due to final devoicing (see Blevins 2018 p. 39-46). As described in Section 2.4, Hock
(2010) proposes that breathy sonorants arose in Western Middle Indic via coarticulation:
metathesis yielded RH sequences, and the coarticulated sequence was then reinterpreted as
a single segment. Reanalysis of coarticulated sonorants as voiceless segments was also one
source of voiceless sonorants in TB, for example after prefixation of historical affixes like
*s- and *7- to sonorant-initial roots. In terms of the development of non-modal sonorants
in Western Middle Indic and Tibeto-Burman, then, the segmental processes involved were
similar. Why, then, do voiceless sonorants remain robustly attested in TB while breathy
sonorants have all but disappeared from most western Indic languages, being retained
primarily in Marathi and Konkani?

What may be relevant here is that while the segmental processes contributing to the
presence of non-modal sonorants in the two language families may be similar, there is a
grammatical component in Tibeto-Burman that is absent in Indic. Specifically, some TB
voiceless sonorants derive from historical prefixes with grammatical content. One
relatively straightforward example is the *s- causative prefix from Proto-Tibeto-Burman.'?
This is illustrated in Table 5 with data drawn from three Tibetan languages: Themchen, a
conservative dialect of Amdo Tibetan (AT) (Haller 2004); Lhasa, an innovative dialect of
Central Tibetan (CT) (Chang 1971); and Derge, a dialect of Kham Tibetan (KT) which is

13 As noted by a reviewer, nonmodal sonorants do not have identical sources in all TB languages and are
realized differently across TB languages: they are voiceless in some languages, creaky in others, and
breathy in still others. Furthermore, the processes that yielded nonmodal sonorants in some languages have
very different reflexes in other languages (e.g. tonal contrasts, breathiness or murmur associated with the
syllable, and so forth). Variation across TB languages, which is intensely interesting and remains
understudied, lies beyond the scope of the present paper.
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intermediary between the innovative and conservative dialects (Bielmeier et al. 2008).'4
The historical form is preserved orthographically in Written (or Classical) Tibetan. In
conservative Themchen, the causative is variably produced either with an s-nasal cluster
or with a non-modal nasal. Derge and Lhasa are representative of a pattern found in a
number of tonal dialects of Tibetan, where high tone is associated with historically
voiceless singleton consonants (both aspirated and unaspirated) and low tone with
historically voiced singleton consonants (Sun 1997; Tournadre & Dorje 2003). In
intermediary Derge, the historical s- is lost and the causative is produced with both a
nonmodal nasal and high tone. (Forms are written here as they appeared in the source
material; the superscript ['] is used here to indicate voicelessness, following Bielmeier et
al.) In Lhasa, which is representative of the most innovative dialects of Tibetan, the
voiceless sonorants are not retained but the tonal reflex of the *s- (high tone associated
with voiceless consonants) is present.

Table 5: Tibetan *s- causative correspondences

LANGUAGE NON-CAUSATIVE CAUSATIVE SOURCE
Written Tibetan nyal ‘lie down’ s-nyol ‘cause to lie down’
AT-Themchen na $nu ~ nu (Haller 2004)
conservative ’ ’

KT-Derge ne: (L) nhe: (H) (Bielmeier et al. 2008)
intermediary

CT-Lhasa ne: (L) ne: (H) (Chang 1971)
innovative

The pattern illustrated in Table 5 is not restricted to Tibetan. Voiceless sonorants,
for example, are widely attested in TB, appearing in languages from the Himalayish,
Qiangic, Lolo-Burmese, Nungish, and Kamarupan supgroups (Matisoff 2003: 37). In
Hakha Lai, for example, we find pairs like [mit] ‘go out (light)’ ~ [mit] ‘extinguish (light)’
and [ril] ‘roll (intransitive)’ ~ [1il] ‘roll (transitive)’ (data from K. Van Bik 2009). Hakha
Lai is a Central Chin language from the Kuki-Chin subgroup, quite distant from the Tibetan
languages, but as noted by Mortenson (2013: 281) these pairs “appear to reflect stems with
and without the historical *s- causative prefix, respectively”.

The crucial point is that at least some of the voiceless sonorants in TB languages
retain grammatical saliency as residue of the prefixes from which they derive (K. Van Bik,
p.c.). If the developmental path proposed by Hock (2010) is correct, the same cannot be
said for the breathy sonorants in Marathi. The diachronic source for these sounds was a
phonological process of metathesis. A grammatical element akin to that of the *s-causative
was absent, in other words. Thus there may be a grammatical component to the stability of
voiceless nasals in Tibeto-Burman languages.

The grammatical origin of some of the Tibeto-Burman voiceless sonorants also
speaks to the general matter of opportunity: a similar phonological environment could yield
nonmodal sonorants in both TB and in Indic, but this environment could be created by a
regular grammatical process only in Proto-Tibeto-Burman (PTB). Any sonorant-initial

14 Volume 2 of the invaluable Comparative Dictionary of Tibetan Dialects (CDTD) by Bielmeier et al.,
which focuses on verbs, was published very recently and I do not yet have access to it. Volume 1 is not yet
available. I have worked with (and cited) the preprint, which has been available since 2008.
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stem to which an appropriate prefix could attach yielded such an environment in PTB,
while the environments where metathesis could yield breathy sonorants in Middle Indic
were presumably more limited. Is there a way to probe this point more rigorously,
however? Phonotactic frequencies in modern languages may provide one source of
information—as pointed out by a reviewer, if the environments where breathy sounds could
develop were limited then such sounds are not expected to be frequent. An analysis of
phonotactic frequencies in the Marathi portion of the EMILLE/CIIL (Enabling Minority
Language Engineering/Central Institute of Indian Languages'?) corpus suggests that this is
true: breathy sonorants represent fewer than 1% of the consonants in the 2.2-million word
corpus, whether calculated by type (0.3%) or by token (0.9%) frequency (Berkson &
Nelson 2017). Plain sonorants, meanwhile, represent 46% of the consonants in the corpus
by type and 45% by token frequency. The corpus is drawn from various written sources,
and while analysis of a spoken corpus would unquestionably be more informative the data
from EMILLE are valuable because no comparable spoken corpus yet exists and because
the Devanagari writing system used for Marathi is relatively phonetically transparent.

To the best of my knowledge no published works on the phonotactic frequency of
voiceless sonorants in a modern TB language exist. Some clues about language-internal
representation of voiceless sonorants can be gathered, however. These data are valuable
because I am unaware of any existing alternative, but they should be interpreted with
caution because the data sources differ dramatically from the corpus-based frequencies
reported for Marathi. Consider Burmese, which contains voiceless counterparts of the nasal
and lateral phones (Watkins 2001). Analysis of the first 10,000 lines of the Burmese
version of Wikipedia reveals that plain nasals and laterals account for approximately 16%
of the onset consonants therein while voiceless nasals and laterals account for
approximately 4% (F. M. Tyers, p.c.). This distribution is closely echoed in data I culled
from the searchable online database affiliated with STEDT, the Sino-Tibetan Etymological
Dictionary and Thesaurus (Matisoff 2016). Of the 10,000 written Burmese entries that
appear in a basic search of STEDT, 17% begin with a plain nasal or lateral and 7% with a
voiceless nasal or lateral.!® Of the 1310 Hakha Lai lexical entries in STEDT, 17% start
with a plain sonorant and 8.7% with a voiceless sonorant. Again, the imbalance in both
amount and type of data contributing to the Marathi observations and the Burmese/Hakha
Lai observations mean that they must be interpreted carefully. For example, the numbers
for Marathi are drawn from all the consonants in the corpus, while the Burmese and Hakha
Lai data drawn from STEDT are for absolute initial onsets only. The data are suggestive,
however, that non-modal sonorants may well be better represented in Tibeto-Burman
languages than breathy sonorants are in Marathi.

It is important to note that the acoustic facts, as illuminated by the current study,
may also influence the phonotactic frequency data from EMILLE/CIIL: it may be true that
there were fewer opportunities for breathy sonorants to develop in the first place, but they
may also have been more vulnerable to the cumulative effects of signal degradation, and
therefore to diachronic loss, a la Wright (2004). Evidence gleaned from comparing Marathi

IS EMILLE/CIIL is a suite of corpora which are free for academic and research use. In addition to Marathi,
it also contains materials for Assamese, Bengali, Gujarati, Hindi, Kannada, Kashmiri, Malayalam, Oriya,
Punjabi, Sinhala, Tamil, Telegu, and Urdu. Additional details are available at
http://catalog.elra.info/product_info.php?products_id=696.

16 Other varieties of Burmese are included in STEDT, but Written Burmese was selected for analysis
because it had many times more lexical items listed than any of the other varieties of Burmese indexed
therein.
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and Konkani suggests that this may be plausible. As has been noted, Konkani is one of the
few other daughter languages of Western Middle Indic that retains contrastive breathy
sonorants, though Almeida (1985) notes that “aspiration in Konkani is light compared to
that found in many Indo-Aryan languages” (p. 22). In Marathi breathy sonorants occur in
some very high-frequency function words, specifically [amfi] ‘we’ and [tum®i] ‘y’all’. The
cognates in Konkani do not contain breathy sonorants: [ami] ‘we’ and [tumi] ‘y’all’ (data
from Almeida 1989, Miranda 2007).

Even if we chose not to consider the Konkani forms, however, their occurrence in
high frequency words should not be considered insurance against breathy sonorants
disappearing from Marathi. Consider the interdental fricatives /0 ¢/, for instance: though
typologically uncommon, they are phonemic in English and are contained in some high-
frequency function words yet have been lost from many varieties of Modern English
(generally due to merging with either /f v/ or /t d/, but see Blevins 2006b for an overview
of this phenomenon). As with any high-frequency items, there are questions waiting to be
investigated with regards to the acoustic characteristics of these function words in running
speech. Is the contrast between plain and breathy sonorants maintained in running speech
in Marathi—especially in those high frequency function words? This question cannot be
addressed at present, but analysis of more naturalistic running speech (as compared with
the methodology employed in the current study, wherein target words were presented in a
carrier sentence) will prove informative.

In addition, recall that in this paper a number of factors (speaker sex [male or
female], vowel context [e or a], position of the consonant within the word [initial or
medial], place of articulation of the consonant [labial, alveolar, or postalveolar/palatal],
and repetition number [1, 2, or 3]) were included in the models but were not permitted to
interact with the wvariables of PhonationType, Obstruency, or Window. This
methodological choice was made in order to determine whether observed effects are robust
enough to emerge across diverse contexts (e.g. places of articulation, vowel contexts). Each
of these factors are worthy of future investigation, however.

Moreover, the larger question of generalizability remains open: work with other
languages will help to determine whether the pattern reported here is language-specific or
representative. Tibeto-Burman languages which indeed contain breathy voiced (as
compared with voiceless) sonorants, like Sumi or Balami, are options, as is Konkani. One
benefit inherent in focusing on Konkani in future work is that similar lexical items could
be compared across Konkani and Marathi. The voiceless nasals in languages from the
Tibeto-Burman or Otomanguean families, or in Icelandic, may also provide fruitful
territory for study. Though the voiced/voiceless contrast differs from the one investigated
herein, nonmodal sonorants in general are of interest because the larger question here has
to do with the acoustic properties of typologically uncommon sounds. Voiceless sonorants
may also prove fruitful in future work because they pattern so differently than breathy
sonorants. While breathy sonorants are retained in very few western Indic languages,
voiceless sonorants seem to resist diachronic loss.

6 Conclusion

In this paper I presented an acoustic analysis of plain and breathy voiced obstruents
and sonorants in Marathi in order to test whether breathy phonation in sonorants is
associated with the acoustic correlates of breathiness found for vowels and obstruents. The
results indicate that the answer is yes. Breathy sonorants are associated with increased
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spectral tilt as reflected by several H-based measures and with increased noise. However,
the acoustic differences between plain and breathy consonants are diminished in sonorant
contexts: [b] differs from [bf] more than [m] differs from [m"]. I posited that the acoustic
facts can help explain the typological scarcity of breathy sonorants, and posed questions
about why voiceless sonorants (e.g. in Tibeto-Burman languages) appear to resist
diachronic loss while breathy sonorants appear to be vulnerable to it. Several possible
explanations (the grammatical origin of the voiceless nasals in TB, perceptual salience)
were entertained. Future work probing these factors will help determine whether they are
valid, and analyses of breathy sonorants in other languages will help clarify the
generalizability of the Marathi data.
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Appendix A — Stimuli List

word initial

before [a] before [e]
1 b [badzu] B side [bete] s islands
2 bfi [bfatsa] = nephew [bfiega] am crack (crevice)
3 m [masa] il fish [mes] a (Aariz:Sc;iac sign -
4 mh [mbfatre] = surname [mfetar] =R a sweeper
5 v [vara] R wind [veda] ES) g ‘?)Ssseisosril(’)n
6 oft [vfave] = let it happen [viega] =1 an ancient tree*
7 d [dada] alal elder brother [deha] ® body
8 ds [dfagal] grm thread [dfenu] 8 CoOwW
9 n [natu] AIq grandson [nete] Eol leaders
10 nf [nfavi] =gt barber [nfieti] =& f;ﬁgﬁen -
T [lagu] am i‘é’slzlﬁgg @lso, a | oy 3 | daughters
12 18 [18asa] S capital of Tibet [l6ete] & :(‘;(())(1)"(‘1 -carving
13 dz [d3agruk] SIFTeh | alert [d3ethe] S where (locative)
14 dzf [d3fapad] IS slap [d3fepa] EL) leap
15 r [raja] s king [reti] ot sand
16 rh [rfas] = deterioration [rfieka] =% ]z;rll:rilfirlrfgifyle of

word medial

1 b [daba] STl box [dabe] = boxes
2 bt [ubfia] Bl standing (masc) [ubfie] kLl standing (neut)
3 m [rAma] Rl (proper name) [vime] fomr insurance policies
4 mf [tumfa] qwl to you [tumfie] T to you
5 0 [hava] Bl air [have] & wanted
6 oft [givfia] ftsgt tongue [navfe] = is not
7 d [gada] et mace (wWeapon) [pade] wQ couplets
8 ds [gadfa] Rl donkey [gadfe] ™ donkeys
9 n [mana] A mind [sone] an gold
10 nf [punfa] Rl again [panfe] TR mango drink
11 1 [pela] Yett glass/tumbler [pele] ES glasses/tumblers
12 it [dzilfa] e | district [dzilfe] o | districts
13 dz [madza] Rl fun [madszet] I in fun
14 dzt [kidzfa] Terg Malaysian fruit* [kidzfie] et Malaysian fruits*
15 r [kara] U do [tare] an stars (pl.)
R R e e

*Indicates a nonce word
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Appendix B — Demographic Data

Female Participants

Subject ID Wi W3 W4 W5 Wé
Age 29 40 25 56 36
Language Marathi,
spoken at home | Marathi Marathi Konkani Marathi Marathi
Other Hindi, Hindi,
languages Hindi, English, English, Hindi,
spoken English Kannada Konkani English Hindi, English
Mumbai, Jalgaon,
Hometown Pune Wordha Pune Pune Pune
Time in the US | 3 yrs 3 yrs 1 yrs 5 yrs >5 yrs
Amount of 30% daily | 50% daily | 50% daily
Marathi a lot, every language language language 30% daily
spoken per day | day use use use language use
Parents’ Konkani,
languages Marathi Marathi Marathi Marathi Marathi
Male Participants
Subject ID M1 M4 M5 Mé6 M7
Age 30 34 43 64 56
Marathi,
Language Hindi,
spoken at home | English Marathi Marathi Marathi Marathi
Hindi,
Other English,
languages Bengali, Hindi, Hindi, Hindi,
spoken French English English English Hindi, English
Hometown Mumbai Pune Pune Asoda/Pune | Mumbai
2 years 8
Time in the US | months 2.5 yrs 3.5 years 5 years >27 yrs
Amount of 30% daily | 25% daily
Marathi 15% of daily | 10 language language
spoken per day | language use | min/week | use use 2 - 4 hrs/day
Parents’
languages Marathi Marathi Marathi Marathi Marathi
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