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CčĊđĘĊĆ SĆēĐĊė
Brown University

Abstract
Vowels are longer before voiced than voiceless obstruents in many lan-
guages. Work on how this effect interacts with aspiration has been lim-
ited. This study presents data from Hindi and Telugu on vowel duration
and other acoustic characteristics as inϐluenced by following consonants.
Hindi vowels were signiϐicantly longer before voiced stops than voiceless
stops, with no signiϐicant effect of aspiration. Telugu vowels were only
slightly longerbefore voiced thanvoiceless stops;more crucially, theywere
shorter before aspirated stops than unaspirated stops. The Telugu results
provide a parallel demonstrating the phonetic plausibility of the sound
change proposed in Winter’s Law, with vowel lengthening before voiced
unaspirated stops but not before voiced aspirated stops in Proto-Balto-
Slavic. While the exact processes causing the voicing and aspiration effects
remain unclear, this data contributes to evaluating the phenomenon. Phon-
etic differences between in Hindi and Telugu may also suggest character-
istics of how the Proto-Balto-Slavic stop contrasts were realized.

1 Introduction

Vowels are generally longerbefore voiced thanvoiceless obstruents. Many
studies have demonstrated that the effect is very largewithin English (e.g.
House & Fairbanks 1953; Peterson & Lehiste 1960; Chen 1970). It is also
signiϐicant in many other languages, e.g. German (Braunschweiler 1997;
Fourakis & Iverson 1984), Dutch (Warner et al. 2004), French (Abdelli-
Beruh 2003; Chen 1970), Lithuanian (Campos-Astorkiza 2012), Russian
(Chen 1970), Armenian (Maddieson 1977), Georgian (Beguš 2017), Hindi
(Durvasula & Luo 2014; Ohala &Ohala 1992), Marathi (Maddieson 1977),
Bengali (Mikuteit &Reetz 2007;Maddieson1977), Assamese (Maddieson
1977), Kannada (Savithri 1986), Korean (Chen 1970), and Japanese (Port
et al. 1980; Yoneyama & Kitahara 2014), among others.
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181 Effects of laryngeal features on vowel duration

There is variation in the degree of the effect in different languages,
even among languages in which it is signiϐicant (Chen 1970). Some lan-
guages have a negligible effect, e.g. Polish and Czech (Keating 1979), Ar-
abic (Mitleb 1984), and possibly Telugu (Reddy 1988). The effect can
be weaker in some environments than in others; within English, Davis &
Summers (1989) found that there was a strong voicing effect in stressed
vowels, but a less consistent effect among unstressed vowels, and Umeda
(1975) found that the effect was large in syllables immediately before a
pause, but much smaller elsewhere.

Studies on how the effect of voicing interacts with aspiration have var-
ied results and have not been reported in a large number of languages.
Some studies on languages with an aspiration contrast and a voicing con-
trast report voicing effects on vowel duration without addressing poten-
tial effects of aspiration (e.g. Mikuteit & Reetz 2007); there may be a bias
to not report comparisons between vowel durations before aspirated and
unaspirated stops when there is no difference, so data on the absence of
a difference might be underrepresented in the literature.

Hindi is the language best represented within work on aspiration ef-
fects, and demonstrates a potential limitation in interpreting results for
languages with less data. There is variation across studies: Durvasula &
Luo (2014) andMaddieson&Gandour (1976) found longer vowels before
aspirated stops than unaspirated stops, both among voiced and voiceless
stops, whileOhala&Ohala (1992) foundno consistent difference in either
voicing category. The differencesmight reϐlect variations in experimental
design across studies or differences across speakers.

Data on effects of aspiration on vowel duration also exist for a few
other languages. Maddieson (1977), in a survey of ϐive languages that al-
low word-ϐinal aspirated stops (Assamese, Bengali, Hindi, Marathi, East-
ern Armenian), found that there is a general tendency for vowels to be
longer before aspirated stops thanbefore unaspirated stops, though some
languages did not have a signiϐicant overall difference. In Kannada, vow-
elswere also longer before aspirated stops than before unaspirated stops,
but the effect of aspirationwas stronger andmore consistent amongvoice-
less stops (Savithri 1986).

1.1 Possible explanations

1.1.1 Phonetic sources

The source of the voicing effect on vowel duration remains in question.
Explanations have been proposed based on articulation (e.g. Chen 1970;
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Halle & Stevens 1967) and perception (e.g. Kluender et al. 1988; Javkin
1976), and both may play a role. Any perceptually-driven effect is only
possible if there is an existing difference based on production.

Javkin (1976) suggested a perceptual effect resulting from listeners
misinterpreting the boundary between the vowel and following closure,
based on voicing being maintained throughout. Lengthening as a result
of ambiguous boundaries would predict a similar effect of preceding con-
sonants on vowel duration; some studies have found this effect (Mohr
1971; Port et al. 1980), though others have not (Peterson & Lehiste 1960;
Umeda 1975). This explanation might also predict greater vowel dura-
tion in environments with more similar noise patterns in the vowel and
the neighboring consonant. However, while vowels are longer before fric-
atives than before stops (Umeda1975;House&Fairbanks 1953), they are
not generally longer before sonorants than before obstruents (House &
Fairbanks 1953; Umeda 1975).

Another possible explanation is compensatory timing of neighboring
segments, as voicedobstruents oftenhave shorter constrictions thanvoice-
less obstruents. Some studies have found a negative correlation between
voweldurationand thedurationof a following consonant, after controlling
for voicing differences, but it varies by language (Port et al. 1980). An
inverse relationship between vowel duration and stop closure duration
is also reϐlected in shorter vowel durations before geminate consonants
than before singletons (Maddieson 1985).

Kluender et al. (1988) suggest that the inverse correlation between
vowel duration and consonant duration is a perceptual effect, with vowels
sounding longer in the context of a shorter consonant. However, Fowler
(1992) found evidence against this explanation; at least among English
speakers, longer closures increased identiϐications of preceding vowels
as long, rather than decreasing them. It is possible that this result simply
reϐlected a lack of this perceptual compensation among English speakers,
and is not necessarily indicative of what perceptual patterns speakers of
different languages might exhibit.

There might instead be a compensatory timing effect in production.
Fowler (1981)proposes that the articulatory timingof consonants is over-
laid on the timing of the broader vowel gestures, so a longer consonant
shortens the vowel because coarticulation with the consonant obscures
the vowel constriction. However, the total duration of vowel + consonant
is not consistent with voiced and voiceless consonants (Port et al. 1980;
Mikuteit & Reetz 2007), and vowels are longer before fricatives than be-
fore stops even though fricatives are generally longer than stops (Umeda
1977). The duration patterns cannot result simply from consonant ges-
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tures overlaid on the same vowel gestures, but relative timing suggests
that they do contribute in part to the duration effects (de Jong 1991).

If a compensatory timing instead involved the total duration of the
stop closure + aspiration, it would predict shorter vowels before aspir-
ated stops; however, most studies have found that vowels are longer be-
fore aspirated stops than before unaspirated stops (e.g. Maddieson 1977;
Durvasula & Luo 2014). On the other hand, the closure of voiced unaspir-
ated stops is longer than in voiced aspirated stops (Schiefer 1992; Dutta
2003), so compensatory timing of stop closure and preceding vowel dur-
ation would predict longer vowels before voiced aspirated stops. Both
compensatory timing patterns might be possible.

Vowels have a range of acoustic differences inϐluenced by voicing of
the following consonant, many ofwhich have been demonstrated to affect
identiϐications of the voicing of a consonant (Lisker 1986). It is not clear
whether they are contributing to the perception of greater vowel length
before voiced obstruents, or if they are reϐlecting articulatory differences
that might also underlie the duration differences.

F0 is higher before voiceless consonants than before voiced conson-
ants (e.g. Kohler 1982), though some studies have not found this differ-
ence (e.g. Mohr 1971; Gruenenfelder & Pisoni 1980). The difference is
more reliably found as an effect of prevocalic consonants (e.g. House &
Fairbanks 1953; Kong et al. 2012). There is also a greater F0 drop caused
by breathy voice than modal voice, both as an inherent quality of vowels
(Hombert et al. 1979) and as an effect of neighboring aspiration (Dutta
2003; Cohn & Lockwood 1994). Lower steady-state F0 and lower F0 at
the vowel offset result in a larger number of judgements that a follow-
ing stop is voiced (e.g. Castleman & Diehl 1996; Gruenenfelder & Pisoni
1980). Rising contours exhibit mixed perceptual results; they have both
been found to increase [-voice] identiϐications (Kohler 1985) and to in-
crease [+voice] identiϐications (Derr & Massaro 1980).

F0 contours canmakevowels seem longer (e.g. Yu2010; Lehiste1976),
so the F0 drops created by voicing could produce perceived lengthening.
However, the effect varies based on environment; van Dommelen (1993)
found the pattern only within isolatedmonosyllabic words, but it interac-
ted with other prosodic factors in longer utterances, which could elimin-
ate or even reverse the effect. Higher F0 increases the perceived length
of vowels, though production has the opposite pattern (Yu 2010; Gussen-
hoven & Zhou 2013), so the duration predictions made by the absolute
scale of F0 are ambiguous.

Spectral tilt (H1-H2) is higher for vowels next to voiceless stops than
next to voiced stops, in English and Japanese (Kong et al. 2012) and Geor-
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gian (Vicenik 1975); this likely in part reϐlects breathiness resulting from
voiceless stops being aspirated in the languages investigated. Perceptu-
ally, spectral tilt can be used as a cue for laryngeal contrasts, e.g. in Korean
(Kim et al. 2002), though it is not clear howmuch it is used as a cue cross-
linguistically for different laryngeal contrasts.

F1 is lower before voiced consonants than before voiceless conson-
ants, both within the steady portion of the vowel, and particularly at the
transition into the consonant (Summers 1987), though the degree of the
effect can depend on the speaker’s native language (Crowther & Mann
1992). The F1 differences are also used as perceptual cues, with [+voice]
identiϐicationsmore likelywhenF1 is lower (Summers1988;Benkı́ 2001).

The closing gestures transitioning from vowels into voiced conson-
ants take longer than closures for voiceless consonants, which is reϐlected
both in articulation and acoustics (Summers 1987; de Jong 1991). This
has been explained as the result of voiced obstruents requiringmore com-
plex laryngeal readjustment (Halle&Stevens1967)or additional opening-
closing gestures (Goldstein & Browman 1986), or as the result of voice-
less stops requiring more force to achieve closure, which leads to greater
velocity (Chen 1970). The difference in transition durations is also reϐlec-
ted in perception experiments; longer transitions result in more [+voice]
identiϐications of consonants (Benkı́ 2001; Stevens & Klatt 1974).

1.1.2 Phonologization and vowel length

Given a phonetic source for a duration difference, how do languages de-
velop distinct patterns in the degree of the effect? Variation in the size of
the effect across languages suggests some degree of phonologization.

The voicing effect can be preserved even in environments in which
the voicing contrast is eliminated or extremely altered in realization, e.g.
before (devoiced) word-ϐinal obstruents in German (Fourakis & Iverson
1984) and inwhisperedEnglish (Sharf 1964). Suchpatterns suggest phon-
ologization of the duration pattern in these languages. On the other hand,
there are other languages in which the effect is lost in voicing neutral-
ization environments, e.g. with voicing assimilation in French (Abdelli-
Beruh 2003) and with ϐinal devoicing in Dutch (Warner et al. 2004).

Previous work that has included vowels of different inherent dura-
tions has generally found a similar effect across different vowels, though
sometimes the effect is consistent as a proportion of the vowel duration,
and sometimes it is consistent in absolute size. Whether the voicing ef-
fect is consistent across contexts or varies as a ratio of the duration of the
vowel might be an indicator of whether the effect is phonologized; when
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the effect is mechanically driven, the size should be consistent regardless
of what percentage of the vowel this difference ends up being, while a
phonologized pattern can target a particular ratio (Solé 2007).

Studies comparing voicing effects across vowel heights and between
tense and lax vowels have found voicing effects of proportionally similar
size across vowels in English, though there is some variability by vowel
and environment (Peterson & Lehiste 1960; House 1961; Luce & Charles-
Luce 1985). The effect is also proportionally similar in vowels lengthened
byphonological stress or syntactic focus (de Jong2004) or byphrase-ϐinal
lengthening (Cooper & Danly 1981). A similarly proportional voicing ef-
fect has also been found in German (Braunschweiler 1997).

In contrast, there is no proportional expansion of the voicing effect
in longer vowels in Arabic, in which it is weak (e.g. Mitleb 1984; Flege
& Port 1981). The absolute values of the weak voicing effects are con-
sistent between long and short vowels (Port et al. 1980) and between
stressed andunstressed syllables, while thedurationdifferences between
phonologically long and short vowels are expanded in stressed syllables
(de Jong & Zawaydeh 2002). Warner et al. (2004) also found a voicing ef-
fect of equivalent absolute size in long and short vowels in Dutch, which
has a slightly larger voicing effect overall.

In Japanese, the voicing effect was proportionally slightly smaller in
longer vowels, though itwas signiϐicant across vowels andpartially scaled
up relative to the duration of the vowel, both across phonological lengths
and across vowel heights (Yoneyama&Kitahara 2014). In Lithuanian, the
effect also scaled up somewhat with longer vowels, while being smaller
in relative size within longer vowels (Campos-Astorkiza 2012).

Someworkhas suggested that the voicing effect isweaker in languages
withphonological vowel length (e.g. Keating1985;Buder&Stoel-Gammon
2002). Consistent with the voicing effect being less pronounced when it
competes with a phonological length contrast, Campos-Astorkiza (2012)
found that inLithuanian, the voicing effectwas strongest for theonevowel
quality for which there is no length contrast (e:).

1.2 Winter’s Law

Clarifying the effects of voicing and aspiration on vowel duration can also
inform our understanding of phonological changes that have been pro-
posed for reconstructed languages. While I aim to contribute to explain-
ing these effects, I focus onusing data frommodern languages to establish
some of the range of possible effects that might occur diachronically. In
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particular, the effects of voiced aspirated stops in modern languages like
Hindi and Telugu can help test the phonetic plausibility of Winter’s Law.

Winter (1978) proposed that short vowels in Proto-Balto-Slavic were
lengthened before voiced unaspirated stops, but not before voiced aspir-
ated stops. This rule explains many cases of reϐlexes indicating long vow-
els in phonological and morphological environments where they would
not otherwise be expected. The law is widely accepted (Jasanoff 2017),
sometimes with additional restrictions on the conditioning environment
(e.g. Shintani 1985; Rasmussen 1992; Matasović 1995). Kortlandt (1977,
1988) takes the law as evidence for the Glottalic Theory of PIE stops, in
which the mediae were contrastively glottalized, not voiced unaspirated
(Hopper 1973; Gamkrelidze & Ivanov 1973).

However, the law is debated, and some scholars reject it (e.g. Gercen-
berg 1981:129–138; Campanile 1994), based on the presence of counter-
examples and the existence of other plausible explanations for some ex-
amples. Patri (2005)provides a summaryof papers in favorof andagainst
the law; he objects that there are too many exceptions to the law and
that it is not a real phenomenon. Proponents of Winter’s Law point out
that the possibility of other explanations for some forms and the pres-
ence of some exceptions do not disprove the law, as it is certainly not re-
sponsible for all long vowels in Proto-Balto-Slavic; some are clearly due to
lengthened grades or laryngeals (Matasović 1995; Rasmussen1992:530),
and some are likely to be loanwords (Kortlandt 2009).

There are some exceptions to the rule as originally formulated, which
Winter himself acknowledges. Various proposals have beenmade to limit
the rule toparticular environmentsbasedon segments orprosody, though
none of these revisions have been fully accepted, and all of these formula-
tions still have some exceptions that they do not capture (Jasanoff 2017).

Shintani (1985) proposed that the lengthening only took place in un-
stressed pretonic syllables; this formulation is largely accepted and par-
tially revised by Rasmussen (1992), who also provides further examples
supporting the law. Cross-linguistically, lengthening ismore likely in stress-
ed syllables than unstressed syllables, rather than less likely (e.g. Davis &
Summers 1989). Rasmussen (1992:538) suggests that voicing-condition-
ed lengtheningwasnotphonemicized in this environment, because stress-
ed vowels were all phonetically lengthened regardless of the following
consonant; this explanation could be plausible if the voicing effect was
consistent in absolute size, as inArabic (de Jong&Zawaydeh2002), rather
than being proportional to the length of the vowel, as in English (de Jong
2004). Matasović (1995) proposes that the effect only occurredwhen the
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consonant was a coda, which would be consistent with phonetic data on
the size of the voicing effect in different environments (Umeda 1975).

Aside from issues of particular words being apparent exceptions to
the law, it has been questioned whether the law is phonetically natural
given the standard phonetic values of the PIE stop series, with the me-
diae as voiced unaspirated stops and the mediae aspiratae as voiced as-
pirated stops (Shintani 1985; Kortlandt 1988; Rasmussen 1992). In par-
ticular, it is unclear whether the effect of voicing on the duration of pre-
ceding vowels can be restricted based on aspiration, as the limited data
on interactions between voicing and aspiration suggest that vowels be-
fore voiced aspirated stops are equal in length or longer than vowels be-
fore voiced unaspirated stops (Maddieson 1977; Durvasula & Luo 2014).
However, other aspects of the law are consistent with observed phonetic
patterns, including the well-attested pattern of greater vowel duration
before voiced stops than before voiceless stops. Winter (1978) also de-
scribes the lengthening as occurring when a sonorant intervened, which
is consistent with observations about the voicing effect in modern lan-
guages (e.g. Chen 1970; Raphael et al. 1975).

In this study, I investigate whether there are modern parallels for a
voicing effect in which vowels are longer before voiced unaspirated stops
than before voiced aspirated stops. I investigate two languages which
both have contrastive series of voiced aspirated and voiced unaspirated
stops: Hindi and Telugu (both also have voiceless aspirated and voiceless
unaspirated stops). While a lack of parallel within the languages invest-
igated would not necessarily demonstrate the phonetic impossibility of
this pattern, the presence of the pattern would conϐirm the possibility. A
modern parallel does not prove that theWinter’s Lawwas a real rule, but
it certainly strengthens the other evidence and also provides support for
the standard phonetic values of the PIE stops series.

2 Methods

Three native speakers of Hindi and twonative speakers of Telugu particip-
ated in this study, all members of the Brown University community. All
of them were also ϐluent speakers of English.

Subjects produced VC and VCV nonce words in isolation, elicited in
randomizedorderbasedonwritten stimuli, presented inPsychoPy (Pierce
2007), andwere recorded in aquiet roomat a44.1 kHz sampling ratewith
a Yeti desktop microphone. Hindi forms were presented in devanagari.
Telugu forms were presented in both the Telugu script and ISO Roman-
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ization, because the speakers, while ϐluent in spoken Telugu, had some
concerns about their level of experience with written Telugu.

Stimuli included each combination of the long and short versions of
the vowels /u/, /a/, /i/ (in Hindi, they also have quality differences) fol-
lowed by the consonants /p, pƌ, b, bƌ, t, tƌ, d, dƌ, ú, úƌ, ã, ãƌ, k, kƌ, g, gƌ, m, n,
ï, s, ù, S/. Each combination was produced both as a VC form and also as
a VCV form with a ϐinal /a/ and /a:/.

This resulted in 414 forms produced by each speaker. Some vowels
were lengthened due to hesitations and corrections; disϐluencies and un-
clear utterances were omitted from analysis. For Hindi, VCV forms were
omitted from analysis. Telugu VC forms were often realized with an ex-
crescent ϐinal vowel, asword-ϐinal stops are not phonologically permitted,
so all environments were included in analysis.

The forms were analyzed in Praat (Boersma &Weenink 2017). Vowel
boundaries were deϐined by the presence of voicing aswell as visible ϐirst
and second formants; boundaries with following sonorants were based
on sharp transition points in the formant patterns.

3 Duration results

3.1 Vowels before stops

Themean duration for Hindi vowels of each phonological length and stop
environment are given in Table 1; the length contrast is also reϐlected
in tense/lax differences. Vowels were signiϐicantly longer before voiced
stops than before voiceless stops (cf. Maddieson & Gandour 1976; Ohala
& Ohala 1992; Durvasula & Luo 2014). There was no clear effect of as-
piration, either among voiced or voiceless stops. The lack of effect of as-
piration is consistent with some previous work (Ohala & Ohala 1992),
though other studies have found longer vowels before voiced aspirated
stops (Maddieson & Gandour 1976; Durvasula & Luo 2014).

voiced voiced asp. voiceless voiceless asp.
Long vowels 253.8 255.8 206.0 214.8
Short vowels 148.1 147.7 126.6 124.5

Table 1: Hindi vowel durations (ms), by following consonant type

The proportional size of the voicing effect for Hindi was consistent
between long vowels (254.8 ms vs. 210 ms, ratio 1.21) and short vow-
els (147.9 ms vs. 125.6 ms, ratio 1.18). Within long vowels, there was a
weak trend towards greater length before aspirated stops than before un-
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aspirated stops (237.3 ms vs. 231.2 ms), but no clear difference between
aspiration environments among short vowels (135.9 ms vs. 136.7 ms).

Table 2 provides a summary of amixed effects model for predictors of
vowel duration inHindi. The strongest predictorwas phonological length.
The voicing effect was also apparent within this model, as well as differ-
ence between vowel qualities.

Estimate Std. Error t value p value
(Intercept) 165.5 7.22 22.91 < 0.0001
Length-Long 94.8 3.54 26.76 < 0.0001
Voi-Voiceless -35.3 4.81 -7.33 < 0.0001
Asp-Aspirated 1.6 4.92 0.33 0.74
Vowel-i -14.1 4.43 -3.20 0.0015
Vowel-u -21.6 4.19 -5.17 < 0.0001
VoiVoiceless:AspAspirated 2.79 7.03 0.40 0.69

Table 2: Mixed effects model for phonological predictors of Hindi vowel duration. Inter-
cept: Length = Short; Voicing = Voiced; Aspiration = Unaspirated; Vowel = /a/

Telugu vowels exhibited a different duration pattern than Hindi vow-
els. There was a weaker effect of voicing, consistent with the negligible
effect reported by Reddy (1988). More strikingly, there was a signiϐicant
effect of aspiration. Vowels were shorter before aspirated stops than un-
aspirated stops, whichwasmost apparent within voiced stops. Themean
duration for vowels in each category are given in Table 3. This is an im-
portant result in the light of the patternwhich is assumed inWinter’s Law.

voiced voiced asp. voiceless voiceless asp.
Long vowels 307.3 287.7 288.3 273.4
Short vowels 116.7 103.6 102.2 102.3

Table 3: Telugu vowel durations (ms), by following consonant type

The voicing effect for Telugu was of a similar absolute size for phono-
logically long vowels (293.2ms vs. 281.7ms, ratio 1.04) and short vowels
(110.2 ms vs. 102.3 ms, ratio 1.08), though it was slightly larger within
long vowels. The effect of following aspirationwas proportionally similar
among long vowels (279.1 ms vs. 295.1 ms, ratio 0.95) and among short
vowels (103.0 ms vs. 110.9 ms, ratio 0.93). However, the aspiration pat-
tern in short vowels was only present before voiced stops, while among
long vowels therewas a difference both before voiced and voiceless stops.
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Table 4 provides a summary of a mixed effects model for predictors
of vowel duration in Telugu. The strongest predictor was phonological
length, with a larger difference between long and short vowels than was
found in Hindi. The aspiration effect seen in themeans is also apparent in
this model. Vowels were longer before voiced stops than before voiceless
stops, but the difference was only marginally signiϐicant. There were also
signiϐicant differences between vowel qualities.

Estimate Std. Error t value p value
(Intercept) 139.2 16.88 8.25 0.029
Length-Long 180.8 6.05 29.91 < 0.0001
Voi-Voiceless -14.7 8.39 -1.75 0.081
Asp-Aspirated -15.7 7.97 -1.97 0.05
Vowel-i -27.0 7.44 -3.63 0.00031
Vowel-u -13.8 7.62 -1.81 0.071
VoiVoiceless:AspAspirated 7.5 11.66 0.65 0.52

Table 4: Mixed effects model for phonological predictors of Telugu vowel duration. In-
tercept: Length = Short; Voicing = Voiced; Aspiration = Unaspirated; Vowel = /a/

This work replicates previous results in the effect of stop voicing on
preceding vowels in Hindi, and presents new data on the weaker effect
in Telugu. The differences between Hindi and Telugu in the size of the
voicing effect and in how it compares across vowel lengths might suggest
that it is phonologized in the former and not the latter. The aspiration
effect in Telugu, in addition to being signiϐicant, also scales upwith vowel
duration, which could also suggest that it is phonologized.

3.2 Vowels before sonorants

There is disagreement aboutwhether the voicing effect is causedby short-
ening before voiceless obstruents (e.g. Klatt 1976; Keating 1985) or by
lengthening before voiced obstruents (e.g. Halle & Stevens 1967; Gand-
our et al. 1980). Vowels before sonorants can provide additional evid-
ence. When this comparison is reported, vowel durations before sonor-
ants tend to patternwith vowels before voicedobstruents, though there is
some variation based on the segments and the context, including cases in
which vowels are longer before sonorants than before voiced obstruents
(House & Fairbanks 1953; Umeda 1975), so it is not clear that sonorants
provide an absolute baseline for vowel duration. Nonetheless, they prob-
ably provide the most neutral environment for comparison.
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In Hindi, sonorant environments do not align with either voiced or
voiceless stop environments. Long vowels before sonorants patternmore
like vowels before voiced stops, but are somewhat intermediate (240.2
ms; 254.8 ms before voiced stops, 210 ms before voiceless stops). Short
vowels before sonorants pattern more like vowels before voiceless stops
(131.3ms; 147.9msbefore voiced stops, 125.6msbefore voiceless stops).
These patterns might suggest that the voicing effect results from a com-
bination of lengthening before voiced obstruents and shortening before
voiceless obstruents, or that there is also an effect of sonorants on vowel
duration, which interacts differently with phonological vowel length.

InTelugu, longvowels before sonorantshavedurations similar to those
before voiced aspirated stops or voiceless unaspirated stops (290.7 ms;
see Table 3 for the stop patterns), while short vowels before sonorants
have duration similar to that of voicedunaspirated stops (118.7ms; 116.7
ms before voiced unaspirated stops, 102.2-103.6 ms before other stops).
Both patterns are consistent with aspiration having a shortening effect
on preceding vowels, though they disagree in whether they suggest that
the voicing effect is due to lengthening or shortening.

4 Discussion of possible explanations

4.1 Closure and release durations

Some work has proposed that the voicing effect is due to compensatory
timingwith the shorter duration of constriction in voiced obstruents than
in voiceless obstruents, either in perception (Kluender et al. 1988) or pro-
duction (Port et al. 1980). Some work has found a negative correlation
between vowel duration and stop closure duration (e.g. de Jong 1991;
Beguš 2017), though other work has found a negligible or positive correl-
ation (e.g. Durvasula & Luo 2014).

Table 5 presents themean closure durations in stops of each category
in Hindi. Using a linear mixed effects model, closures were signiϐicantly
longer for voiceless stops than voiced stops (p < 0.001). Closures were
also shorter after long vowels than after short vowels (p< 0.001), though
the size of this effect was much smaller; this pattern has also been found
elsewhere (Warner et al. 2004; Braunschweiler 1997). There was no ef-
fect of aspiration on the duration of stop closure (p = 0.94), nor an inter-
action between aspiration and voicing (p = 0.17).

Table 6 presents correlations between vowel durations and stop clos-
ure durations within Hindi, separated by phonological vowel length and
stop category. There was a trend towards negative correlation, but it
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voiced voiced asp. voiceless voiceless asp.
After long vowels 81.0 85.4 144.8 140.8
After short vowels 103.2 99.3 158.9 143.9

Table 5: Hindi stop closure durations (ms)

only reached signiϐicance in two categories, both within long vowels. The
trend was weaker among short vowels.

voiced voiced asp. voiceless voiceless asp.
Long vowels -0.057 -0.28* -0.32** -0.069
Short vowels -0.17 -0.25 0.049 0.038

Table 6: Correlations between Hindi vowel duration and stop closure duration. N was
approximately 61 in each group, with some variation due to errors and unreleased stops.

Table 7 presents correlations between vowel duration and total stop
duration (closure + aspiration) in Hindi. While this comparison is not
usually reported, there is no clear reasonwhy compensatory timing could
not include aspiration. Beguš (2017) found both duration of stop closure
and aspiration to be signiϐicant predictors of vowel duration.

voiced voiced asp. voiceless voiceless asp.
Long vowels -0.097 -0.17 -0.34*** -0.16
Short vowels 0.058 0.064 -0.0008 0.23

Table 7: Correlations between Hindi vowel duration and total stop duration (closure +
aspiration). N was approximately 61 in each group.

There was no consistent pattern in correlations between vowel dura-
tion and total stop duration, though there was a trend towards negative
correlation among long vowels, which reached signiϐicance among voice-
less unaspirated stops. Notably, this was also a category with a signiϐic-
ant correlation between vowel duration and stop closure duration, so this
correlation might be reϐlecting a relationship independent of aspiration.

Table 8 presents themean closure durations in stops of each category
in Telugu. Using a linear mixed effects model, closures were signiϐicantly
longer for voiceless stops than voiced stops (p< 0.001), though the differ-
ence was smaller than it was in Hindi. There was a marginally signiϐicant
effect of duration of the preceding vowel, with a tendency for longer clos-
ures after short vowels (p = 0.069). There was no effect of aspiration (p
= 0.93), nor interaction between voicing and aspiration (p = 0.36).
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voiced voiced asp. voiceless voiceless asp.
After long vowels 80.4 76.2 117.4 107.0
After short vowels 85.8 87.7 118.0 114.5

Table 8: Telugu stop closure durations (ms)

Table 9 presents correlations between vowel durations and stop clos-
ure durations within Telugu, separated by phonological vowel length and
stop category. There was a trend towards positive correlation, particu-
larly among long vowels, but it only reached signiϐicance for one compar-
ison. This correlation parallels the results that Durvasula & Luo (2014)
obtained in Hindi; these patterns could result from variation in speech
rate across the task.

voiced voiced asp. voiceless voiceless asp.
Long vowels 0.20 0.19 0.45*** 0.21
Short vowels -0.035 0.11 0.083 0.081

Table 9: Correlations between Telugu vowel duration and stop closure duration. N was
approximately 64 in each group, with some variation due to errors and unreleased stops.

Table 10 presents correlations between vowel duration and total stop
duration (closure + aspiration) in Telugu. Given the ambiguity of bound-
aries between aspiration and following vowels, aspirationwas onlymeas-
ured inword-ϐinal stops; because of the frequency of excrescent ϐinal vow-
els, there were rather few tokens for these measurements.

voiced voiced asp. voiceless voiceless asp.
Long vowels -0.023 0.29 0.34 0.074
Short vowels -0.66*** -0.49** -0.24 -0.34

Table 10: Correlations between Telugu vowel duration and total stop duration (closure
+ aspiration). N was approximately 17 in each group, with some variation due to errors
and excrescent ϐinal vowels.

There was a strong trend for negative correlation among short vow-
els, which reached signiϐicance within some categories. Among long vow-
els, the trend was weaker and positive. The difference might suggest that
there is a compensatory timing pattern in production, but that it operates
on a limited temporal scale, such that the duration of long vowels goes
beyond what is captured by the relationship.
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4.2 Phonation and other acoustic qualities

4.2.1 Relationships between acoustic measures and stop features

A range of acoustic characteristics in vowels have been found to alignwith
voicing contrasts of following consonants, including e.g. F0 contour and
F1 (Lisker 1986). Vowel durations can also differ by voicing type; non-
modal vowels are usually longer than their modal counterparts, if there
is a difference (Gordon & Ladefoged 2001). Some explanations of the
voicing effect are associated with different acoustic characteristics, inter-
preted either as indicators of articulatory differences driving the effect,
or as perceptual factors driving vowel duration differences. See Section
1.1.1 for a summary of acoustic correlates of voicing and aspiration.

Table 11 provides a summary of acoustic measures in vowels preced-
ing stops of each type in Hindi. Table 12 provides a summary of acoustic
measures in vowels preceding stops of each type in Telugu. These are of
course not the only possible acoustic characteristics inϐluenced by neigh-
boring vowels, but are meant to cover most of the characteristics which
have previously been identiϐied as correlatingwith a voicing or aspiration
contrast, orwhich are phonetically likely to alignwith stop features based
on related patterns.

The acoustic results will be discussed together for both languages, to
facilitate discussion ofwhat is suggested by the similarities and the differ-
ences. F1 results (z-scored by participant and vowel) are collapsed across
vowel qualities, based on them exhibiting similar patterns independently.

voiced voiced asp. voiceless voiceless asp.
F0 max (z-scored) -0.11 -0.0073 0.15 -0.11
peak time (%) 27.3 27.5 30.2 33.0
F0 contour (z-scored) 0.07 0.037 -0.13 0.16
F1 (z-scored) -0.077 -0.049 0.063 0.13
spectral tilt (dB) 3.7 5.4 3.3 2.1
HNR 9.3 9.5 6.9 7.2
jitter (%) 1.58 1.76 2.4 2.64

Table 11: Hindi acoustic measures by following stop type

For eachmeasure, signiϐicance is reported from amixed effectsmodel
including phonological vowel length, vowel quality, voicing of the follow-
ing stop, aspiration of the following stop, and the interaction between
voicing and aspiration.

In Hindi, themaximumF0was generally higher before voiceless stops
than before voiced stops; within voiceless environments, F0 was lower
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voiced voiced asp. voiceless voiceless asp.
F0 max (z-scored) -0.25 -0.12 0.18 -0.011
peak time (%) 54.3 52.0 56.6 54.3
F0 contour (z-scored) 0.11 -0.096 0.009 0.091
F1 (z-scored) -0.11 -0.011 0.1 -0.063
spectral tilt (dB) -2.4 -3.3 -1.5 -1.2
HNR 8.6 8.0 7.4 7.4
jitter (%) 2.1 2.04 2.61 2.67

Table 12: Telugu acoustic measures by following stop type

before aspirated stops, while within voiced environments, F0 was higher
before aspirated stops. Neither the main effect of voicing (p = 0.38) or
aspiration (p = 0.39) was signiϐicant; however, the interaction was signi-
ϐicant (p = 0.03). Telugu exhibited a similar general pattern; there was no
signiϐicant effect of voicing (p = 0.34) or aspiration (p = 0.18), but there
was a marginally signiϐicant interaction between them (p = 0.071). F0
is generally lower in breathy vowels than modal vowels (Hombert et al.
1979), and the same pattern has been found as an effect of preceding as-
piration, including within Hindi (Dutta 2003); this result suggests that
vowels do not assimilate to the breathiness of following stops.

The F0 peak occurred earlier within the vowel when followed by a
voiced stop than when followed by a voiceless stop in Hindi (p = 0.016),
which is consistent with results from previous studies (House & Fairb-
anks 1953; Kohler 1982). The peak was slightly later before voiceless
aspirated stops than before voiceless unaspirated stops, but there was no
signiϐicant main effect of aspiration (p = 0.59) or interaction with voicing
(p = 0.41). In Telugu, there was no signiϐicant effect of voicing (p = 0.5) or
aspiration (p = 0.45), nor an interaction between them (p = 0.79).

In Hindi, there was a strong tendency for decreasing F0 within the
vowel, likely because they were produced in isolation and thus were al-
ways phrase-ϐinal. The F0 contour was similar before voiced and voice-
less stops (p = 0.33). Therewas nomain effect of aspiration (p = 0.77), but
within voiceless stop environments, therewas a large difference between
aspirated and unaspirated stops, with a steeper downward slope before
unaspirated stops; the interaction was marginally signiϐicant (p = 0.057).
In Telugu, voiced aspirated stops had a steeper falling F0 than occurred
in other stop environments, while aspiration among voiceless stops had
a small difference in the opposite direction, which resulted in marginally
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signiϐicant effects of voicing (p = 0.085), aspiration (p = 0.059), and the
interaction between them (p = 0.065).

F1 in Hindi was signiϐicantly higher before voiceless stops than before
voiced stops (p < 0.001), which is consistent with previous work (Sum-
mers 1987; Benkı́ 2001). F1 was also higher before aspirated stops than
before unaspirated stops, primarily reϐlected among voiceless stops; the
main effect was not signiϐicant (p = 0.93), but the interactionwith voicing
approached signiϐicance (p = 0.12). In Telugu, there was nomain effect of
voicing (p = 0.42) or aspiration (p = 0.23). F1 was higher before voiceless
unaspirated stops than before voiced unaspirated stops, but among aspir-
ated stops, vowels exhibited aweaker trend in the opposite direction; the
interaction was signiϐicant (p = 0.045).

In Hindi, spectral tilt (H1-H2) had a signiϐicantly steeper rise before
voiced stops than before voiceless stops (p = 0.0047). Spectral tilt was
also somewhat steeper before aspirated stops (p = 0.1), which interacted
with voicing (p = 0.072); it was steepest before voiced aspirated stops.
Given the HNR and F0 patterns, these values likely do not reϐlect breath-
iness. In Telugu, spectral tilt was consistently more negative than it was
in Hindi. Spectral tilt was slightly closer to positive before voiceless stops
than before voiced stops (p = 0.34), which is notably in the opposite dir-
ection of the voicing effect within Hindi. There was no main effect of as-
piration (p = 0.66); spectral tilt was slightly more steeply negative before
voiced aspirated stops than before voiced unaspirated stops, but the in-
teraction with voicing was not signiϐicant (p = 0.25).

The harmonics-to-noise ratio (HNR)was lower before voiceless stops,
indicating more aperiodic noise in this context. The difference between
voicing environments was large in Hindi (p < 0.001); in Telugu, there was
a weak trend in the same direction (p = 0.31). There was no clear effect
of aspiration in Hindi (p = 0.64), nor an interaction with aspiration (p =
0.87). In Telugu, therewas also no signiϐicant effect of aspiration (p = 0.5),
nor an interaction with voicing (p = 0.37).

There was more jitter before voiceless stops than before voiced stops,
both in Hindi (p < 0.001) and in Telugu (0.01); the difference was slightly
larger in Hindi. There was no effect of aspiration on jitter either in Hindi
(for the main effect, p = 0.21; for the interaction with voicing, p = 0.83) or
in Telugu (for the main effect, p = 0.65; for the interaction, p = 0.86).

4.2.2 Relationshipsbetweenacousticmeasuresandvowelduration

Whichof thesemeasuresmight be associatedwithdurational differences?
Acoustic differences in the realization of the four-way stop contrast in
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Hindi and Telugu and how these measures correlate with vowel dura-
tion within categories may help clarify why there are different effects of
voicing and aspiration in the two languages.

Two acoustic characteristicswere signiϐicant ormarginally signiϐicant
predictors of vowel duration in Hindi but not in Telugu: F1 and the timing
of the F0 peak. Both features were also associated with the difference in
voicing environment in Hindi but not in Telugu.

F1 was signiϐicantly higher before voiceless stops than before voiced
stops in Hindi, with no signiϐicant effect in Telugu. Controlling for vowel
quality, F1was a signiϐicant predictor of vowel duration inHindiwhen the
features of the following stopwerenot included in themodel (p =0.0088);
higher F1 was associated with shorter vowels. The effect was eliminated
when stop features were included in the model (p = 0.31).

F0 peak timing was signiϐicantly earlier before voiced stops than be-
fore voiceless stops in Hindi, with no signiϐicant effect in Telugu. In Hindi,
the timing of the F0 peak was also a marginally signiϐicant predictor of
vowel duration in models that did not include stop features (p = 0.083);
later peaks were associated with shorter vowels, which might suggest
that the peak is timed relative to the beginning of the vowel. The effect
was eliminated when stop features were included in themodel (p = 0.35).

The relationship between these characteristics and vowel duration
seems to result entirely from their associationwith the consonantal envir-
onment, as both effects are eliminated in models which include features
of the following stop. This suggests that these measures do not have a
direct causal relationshipwith duration, but result fromarticulatory char-
acteristics distinguishing voiced and voiceless stops in Hindi. The lack of
contrast in these characteristics in Telugu indicates that there is language-
speciϐic variation not just in how consonant voicing inϐluences the dura-
tion of preceding vowels, but also in other aspects of the interaction.

In Telugu, F0 maximumwas a signiϐicant predictor of vowel duration,
both in a model that included features of the following stops (p < 0.001)
and in a model that did not (p = 0.0015); higher F0 was associated with
longer vowels. There was a marginally signiϐicant interaction between
voicing and aspiration as predictors of F0 maximum, with lower F0 be-
fore voiceless aspirated stops thanbefore voiceless unaspirated stops and
higher F0 before voiced aspirated stops than before voiced unaspirated
stops. However, the same interaction was present in Hindi, in which F0
maximum was not a predictor of vowel duration. The differences might
suggest that a relationship between vowel duration and F0maximumhas
been phonologized in Telugu, based on higher F0 increasing perceived
vowel duration (cf. Yu 2010; Gussenhoven & Zhou 2013).
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Jitter and HNR were highly signiϐicant predictors of vowel duration
in both Hindi and Telugu, both in models that included the laryngeal fea-
tures of following stops and in models that did not (p < 0.001 for all mod-
els); higher HNRwas associatedwith longer vowels, and higher jitter was
associated with shorter vowels. Both in Hindi and in Telugu, jitter was
signiϐicantly higher before voiceless stops than before voiced stops. HNR
was signiϐicantly higher before voiced stops than before voiceless stops
in Hindi, while the difference was not signiϐicant in Telugu. The consist-
ent correlation between jitter and vowel duration suggests that it is ar-
ticulatorily tied both to devoicing and vowel duration. The lack of sig-
niϐicant difference in HNR between voiced and voiceless environments
in Telugu suggests that while transitions to voicelessness often have in-
creased aperiodic noise as a side effect, languages can differ in their tim-
ing of laryngeal gestures at these boundaries. A different articulation of
the transition between a vowel into a following voiceless stop in Telugu
could be responsible both for the smaller HNR difference between voiced
and voiceless environments and also the smaller duration difference.

5 Conclusion

The Telugu vowel duration results demonstrate that it is possible for vow-
els to be longer before voiced unaspirated stops than before voiced as-
pirated stops, making Winter’s Law phonetically plausible. While Telugu
does not provide an exact parallel, given that it has a four-way stop con-
trast rather thana three-way stop contrast (which is traditionally assumed
for Proto-Indo-European) and the voicing effect is weak, the result is still
striking. Telugu also has a vowel system that parallels Proto-Indo-Europe-
an, with a length contrast that is not reinforced by a tense/lax distinction.

The different interaction between voicing and aspiration in Hindi and
Telugu demonstrates some of the possibilities of language-speciϐic vari-
ation in realizations of phonologically analogous contrasts. These res-
ults could informour understanding of the phonetic characteristics of the
Proto-Indo-European voiced aspirates, if other modern languages with
voiced aspirated stops have the same alignment of aspiration effects and
acoustic correlates of aspiration.

These patterns also provide additional information to help evaluate
the underlying explanation of the voicing effect, based on the different
acoustic characteristics associatedwith vowels preceding each of the four
stop categories in Hindi and Telugu and how these correlate with vowel
duration within each environment. The results for voicing are most con-
sistent with articulatory differences between consonantal environments
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driving both the vowel duration differences and also the acoustic differ-
ences, e.g. in jitter, HNR, and F1.

The aspiration effect in Telugu does not point as clearly to a partic-
ular explanation. It could reϐlect a perceptual effect of higher F0 in as-
piration environments, given the correlation between F0 maximum and
vowel duration, though it is notable that this correlation is the opposite
of the relationship that has been found elsewhere with tonal contrasts
(Gussenhoven & Zhou 2013; Gandour 1977). It is also possible that the
pattern can be explained as the result of compensatory timing between
vowels and following stops, with aspiration included as part of stop dur-
ation.

Much work still remains to be done in order to clarify the effects of
voicing and aspiration on preceding vowels, both to explain the observed
effects andalso to establishwhatpatterns are cross-linguistically possible
based on those underlying mechanisms.
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