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Abstract

While Voice Onset ime (VOT) is known to be sensitive to a rang@lbnetic and linguistic

factors much less is known about VOT in spontaneous speech, since most studies consider stops
in single words, sentences and/or in read speech. Scottish English is typicallysbaid less
aspirated voiceless stops than other varieties of English, but there is also variation, ranging from
unaspirated stops in vernacular speakers to more aspirated stops in Scottish Standayd English
change in the vernacular hasobeen suggestiThis paper presents results from a study which
used a fast, sersiutomated procedure for analyzing positiv@y and applied it totsessed
gyllable-initial stops from a realand apparerime corpus of naturallpccurring spontarais
Glaswegian vernacular speette confirm significant effects on VOT for place of articulation

and local speaking rate, and trends for vowel height and lexical freqiiicyespect to time,

our results are not consistent with previous work repodierallyshorter VOT in elderly

speakers, since our results from models which control for local speech rate show lengthening
over realtime in the elderly speakers in our sample. Overall, our findings suggest that VOT in
bothvoiceless and voiced stopdémgthening over the course of thé"2@ntury in this variety

of Scottish English. They also support observations from other studies, both from Scotland and
beyond,ndicatingthat gradient shifts along the VOT continuveflectsubtle sociolinguistic

control.
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1. Introduction

Voice Onset Time (VOT), the time from tberstreflecting stop release until the beginning of
guastperiodicity reflecting thenitiation of voicing for afollowing segmentis long established
asa cue tahe contrast betwearoiced and voiceless stops for many languages, including
English(e.g. Lisker and AbramsalP64,1967 Caamazza et al 1993VOT may be positive,
following the burst reflecting differing degrees of stop aspiration, or negatve the onset of
voicing during a stop closure until the burst is releasetlecting voicing lead or prevoicinghe
behaviour of VOT of stop consonants in varieties of English, and indeed many languages of the
world (Cho and Ladefoged 199%s well known from the numerous stadiwhich swiftly

followed the original proposition by Lisker and Abramsang.1964) In English voiceless

stops tend to show varying degrees of positive VOT, whilst voiced stops mayraldwshorter
VOT or prevoicing, depending on tpeesence and/alegree of vocal fold vibration during
closure.Our understanding of the factors constraining or promoting variation in VOT is largely
based orspeech styles which are less usual for most speaketsassingle word elicitation
through word lists, read stemces or read passagbkich less is known abobbw these factors
influenceVOT in its more usuahabitat where speakerspduce stops most oftennplanned

spontaneous spee(tf Sonderegger 2@, Yao 2009).

The linguistic context for this study isd vernacular dialect of Glasgow. Scottish English is
generally reported to show less aspirated voiceless stops than other varieties of British English
with even less aspiration in vernacular S¢etg. Scobbie 2006But there have also been

claims thagradient change towards longer VOT durations more typical of Alglgish may

be underway (e.g. Masuya 1997). The question remains as to whether longer VOT productions
for younger speakers in the few recent appatierd studies of Scottish English demtage
phonological change in progress, or reflect the results of physiological aging (Docherty et al.
2011). Alsothese previoustudies of VOT in Scottish English have been based on word lists and
read speech.

Herewe assess the VOT of stopsagestratified samples of naturallyccurring spontaneous

speech recorded at different timepoints to gauge whether such patterns are typical across the



stylistic repertoires of Scottish English over tiberiving phonetically robust measures of VOT
from gpontaneous speechrsore difficultandtime-consuming than from read speech or citation
forms(Baran et al 1977)Ne consider the effects of phonetiadlinguistic factorson VOTin

these speaketsy usinganautomatic algorithnfior detecting positive VO with manual
correction(Sonderegger and Keshet 201Qurlong-termgoal is to investigate potential
variation and change in the voicing contriasBcottish Englishin thispaperwe gain an
impression of one aspect of the realization of voiced aneMss stops by considering positive
VOT over time.

2. Background

2.1. Variation in VOT phonetic and linguistic factors

VOT is sensitive tarange of phonetic and linguistic factpwhich in turn are subject to
languagespecific implementatione(g.Auzouet al.2000,Docherty 1992, Cho and Ladefoged
1999) Place ofstoparticulation typicallyconditionsthelongest values for velaand shortest
values for bilabial stop&.g. Cho and Ladefoged 199@pronal stops generally show longer
VOT durationghan bilabials, butnay not always be distinct frothose of velas: in British
English Docherty (1992) reports a general distinction of bilabial vslabral stops, alveolars
are notsignificantlydifferent from velar stops-ollowing vowel context ats conditions VOT
Af ter Li sker anidtialmbgatwanssaltriodany ifph@ & Vogalic environment
on VOT, subsequent studies hayenerallyobserved longer VOT duratiobgfore highclose
vowels than before lowpenvowels (e.g. Klatt 1973erry and Moyle 2011Esposito 2002cf
Morgensen and Tgnderira13) VOT alsovaries with speech rate, though differently
depending on theoicing of the stopSpecificallyVOT of voiceless stopis negatively
correlated with speech ratghereador voiced stopshere is no correlation @anly asmalltrend
(e.g. Summerfield 197%liller, Green and Reeves 1986essinger and Blumstein 1993).
similar asymmetryn the effectof phrasalaccent on VOT is found by Coé al.(2007), witha

larger effecffor voiceless thafor voiced stops.



Other factorsconsidered recentlgoncernaspects of thevord in which the stop occurs, position

in phrase and lexical frequen&pleet al.(2007)anticipatedorosodic strengthening of several

cues to voicing, inclding VOT, expecting longe¥OT for stops showing phrasal prominence

andin phrasenitial positior their examination of readarratives byour American English
newscasteround no significaneffect of phrase positiohengthening of VOTwasfound in

utterancefinal positioninYa o 6 s stu@y®fornplannedmerican Englistspontaneous

speechYao alsofound that more frguently used wordshowedshorter duration§see also

Sonderegge2012 for spontaneous British English speetijughYuetal. (2013 ) 6 s i mi t at i o

studyof single wordonly showed a nosignificant trendn this direction

2.2. Variation in VOT: gcial and peakerspecificfactors

Several studies have shown that variatiod@T may also beocially conditionedFor

example, Ryafi et al.(1997) and Ryallgt al.(2004)considered ethnicity and gender in Afriean
American and Caucasiglamerican younger male and female speakers (earlier study) and older
speakers (later study). Younger speakers showed significant differences indi€ifingmore
voicing of voicedvoiced stops in male and Africakmerican speakerso significant effects of
gender or ethnicity were observed in the older spealk&esearch on VOT duration and aging
does not present straightforward resuisme studie have found that older speakers (e.g. over
70) show shorter VOT durations than younger spedkegs Benjamin 1982; Ryalkst al.2004)
while other studies have either found no significagerelateddifference in VOT (e.g. Neiman
et al.1983; Petrosio et al.1993) orcomplexinteractiors between age and gendébrre and
Barlow 2009) suggesting thatOT valuesmay reflect age as a sociattpnditioned lifestagas
much aghe results of aginghysiology

Differencesn VOT between groups of speakde.g. old vs. young) found in studigkich do

not alsocontrol forspeech ratenayin fact be due toate 6ee Morriset al.2008). However,
speech rate is unlikely to explahorter VOTs in elderly speakexgho typically speaknore
slowly (e.g.Torreand Barlow 2009)More generally, individual differences in VOT remain even
after speaking rate is controlled féllen et al.2003 Yu et al.2013. Such individual variation

is consistent with the idea thdOT can be manipulateal a sociaindexicalcharacteristiat the



level of the speakewhich may or may nointersect with largesocial categories such as age,

genderandethnicity.

2.3. Variation in VOTbeyond read speech

The majority of studies on VOT have usadgle words elicitedhroughword lists orcarrier
sentences, as well as reading passages or longer narfatyeSrystal and House 1988; Cele
al. 2007) Therehasbeen faless investigationf unscripted spontaneous speechSahderegger
2012,Yao 2009).This is an interestmlacura because very shortly after theiitial exposition

of VOT in citation formsin 1964,Lisker and Abramson (196Wondered aboutow VOT might
vary according tepeech styleThey found that VOTontinued to distinguisktopsin read
sentenceby place of articulation and voicingput alsodiffered from isolatedvord contexin the

degree of overlap in distributions between voiced and voiceless stops.

Baranet al.(1977) seento have been the first to consid&DT of stopsin conversational
speechThey examined childlirected and adultirected speech by four Americ&mglish
speaking mothers, in four styleShey did noffind a difference i'vOT between childand
adultdirectedspeechbuttheydid find that theseparatiorof mean VOT of voice@dnd voiceless
stopswas greatest in citation fornf80 ms)andsmallestin spontaneous spee(30 ms), due to
shorter VOTSs for voiceless stops in spontaneous seE@osy 200 for Hungarian contra
Krull 1991for Swedish.Yao (2009)examinedvOT for voiceless stops innplanned
spontaneous speebly two American Englisispeakers from the Bucke@orpus one male and
one female speaker, with particularly fast and slow speaking rates, respe¥¢tiVElyas
influenced by local speaking rate, place of attton, lexical frequengynd utterancénal
position, though théwvo speakesdid not alwayshowidenticalpatternsMost recently,
Sonderegger (2012) examined VOTvmiceless stops ispontaneous speech by 21 English
speakers mostly from across trited KingdomVOT wassignificantly influencedy the same
factors, and alsseyllable stress, following segment type, following vowel heightl speaker

gender.



2.4.Shortterm shifting invOT

Variability in VOT is clearlyconstrained by a complex s#tintersectingactors phonetic,

linguistic, prosodic, social, and individu&thanges in aspiration durationn a communi t y 0 s
speeclover timealso presume thaariationin VOT during interaction between speakers is

accessible to listeneat some legl, andis amenable to shartand longeterm, shifting, as

listeners become speakécs Tucker 2007)Evidence that this is the cafse shortterm shifting

is provided by recentsearch.

Shockleyet al.(2004)ran two shadowing experiments, one inieh VOT of word-initial
English/p t k/was unaltered, and the second in which VOT had been extendedotihdythat
the shadowed speeohboth experiments was perceptibly different from baseline reading, for
listeners performing an AXB taskndin that VOT in theshadowed speech in the second
experiment was on average 12ms longer than that of the badééise=n (2011jound that
speakers lengthed VOT of wordinitial /p/ when imitating aet of target words after exposur
to productionswvith artificially-extended VOTShe also founthat exposure led to greater VOT
in /p/ in novel wordswhich was also generalized to a new so(/kg. Imitation was also
constrainedy lexical frequency and by aspiratidaration as stops with reduced VOTs were
notimitated.Yu et al.(2013) explored the impact of manipulating listener attitudes and
expectations, as well as personalitytratsn s peaker sé i mitations of | ¢
in a narrativeWhile there was neignificantoverall change in VOT ftdwing exposuredqontra
Nielsen), how much subjects shifted VOT towards or away from the narrator was strongly
affectedby social and cognitive factors, suchhaddinga positive attitude towards the narrator
Such studies offer insights into possible m@dsmaunderlyinglongerterm change, buare

restricted to a couple of time points over a few minutes.

2.5. Longerterm shifting invOT

Sonderegger (2012) consideremdo-day variability inVOT of 22.5k voiced and voiceless
stops in a corpus of spa@meous speech from 12 British contestants on the reality television
show Big Brother UK, over a period of three montisingregression modehg for voiced and

voiceless stops separateg found that m&t cases (voiced or voiceless stops, for an iddaii



speaker) showed one or two kinds of charidgly fluctuations around the meanVOT was
the norm in the data, while about half of caslseshoweds t eady change i n a sp
VOT over time Shortterm dailyvariability in VOT overa timescal®f days to months seems to

bethe normandi for some speakeiismay lay the foundations for longéerm changes.

Shifts in VOT overa similar timescal@ave also been observeditingual speakerécf e.qg.

Flege and Eefting 1987and are languaggpeeific. Sancier and Fowler (1997undtha a

bilingual BrazilianPortuguese/American Englispeakeshowed consistently shortéOT in
Portuguese thaim English, buts e v er a l mont hsdé residence i n Br a:
languages than afterséay of similar length in AmericéMore recently, Balukas and Koops

(2014)also showed Enguagebasedasymmetryin voiceless stops in spontaneous

codeswitching (New Mexican Spanish/Englishyek in longtermlanguagecontact situatios,

long after langage acquisitionthe language acquired first may continue to exert subtle and

consstent effects on VOT

Very few studiesndeedhave considerechange in VOT ovelonger timescale$Geiger and
Salmons (200&)liscusgpreliminaryresults ofa smallscalereattime study of aspiratiom
voiced and voiceless stojrsarecessive 19century German dialect spoken in Wisconsin
which point toa slightreduction in VOT over timghoughnot inthe direction ostandard
American EnglishTakada (2012) considedtwo apparentime corporaof a large number of
Japanesspeakersrom five regionsreadng word lists collected in the late 1980s and the late
2000s.She found indicationthatthe distinctive role of VOTor the voicing contrass

weakeningn two regions thoughdifferently in each, even within the same language.

2.6. VOT in Scottish English

Scottish Englishsreporedas havingroiceless plosives witlessaspiration than in Southern
varieties of AngleEnglish(Wells 1982 cf Catford2002 Masuya 1997. Scottid English
comprises &ipolarsociolinguistic continuum of varietidsom Sottish Standard Englisio

vernacular Scotge.g. Aitken 1984)WhilstScottishStandarcEnglish hashadless aspirated stops

2 Thereare of course numerous accounts of historical shifts in stop aspiration (e.g. Iverson and Salmons 1995).
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than AngleEnglishfor some timé syllable-initial stops in Scots aneported as being
unaspiratedat least according to commentators writing before the Second Worl@#teaston
1997:505) However,Johnston (1980: 78, in Scobbie 2006: 334ggestshat more aspirated
stopsarespreadig intoScotsMa s u y189@)smallscale studghows thahis 15 Scottish
Standard EnglisbpeakerfiaveshortermeanVOT durations than the five Angienglish
speakersoverall and at each place of articulat{@fl stops:Scottish, mean = 39ms, all Anglo-
English, mean = 5fs), though no statistical tests are givikha s u patlish sample has an
apparentime dimension with eight speakers born in the@sq6 their 40s) and the rest born in
the 1920s1940s(in their 60s80s) Mean VOTs are shortéor the older speaketkhan forthe
younger speakerghough there ismneoverlap.He interpets his results as an indication that
aspirationis lengthemng in Scottish Standard Engdfisespecially in the youngepeakers born in
the 1960s (see Scobbiédb).

Differences betweedegree ofaispiration andernaculagtandardaccent backgrounid Scottish
Englisharealsma ppar ent i n Sudyoftwbrdiet@dbilalyia?dopsan)read
wordlists from 12 speakevgho were born and raised in Shetlabhdt whose parents fell into
three groups in terms of geographical backgro@fettland, Scotland and Englafidhe results
showed thaindividual differences impositive VOTfor /p/ couldnot easily be assigned tosmall
number oflag categoriesRatherthere wasa range of durations whigattern generallyith
parental backgroundnformants withvernaculaiShetlandic parentshowshorter VOTs than
thosewith Scottish parentghough in a gradient fashioxoiced stops showegither prevoicing,
or shortlag VOT,sometimedoth in the same speak&he results are consistent witie
assumption of morkgss aspirated stops across ploées of thesociolinguistic continuum of
Scottish English spoken in Shetland, and also patsibility of ongoingchangen VOT.

In a recent and substantsldy onVOT in Scottish EnglishDochertyet al.(2011)analyzel
4662 tokens of voiced and voiceless plositesn read wordlistsfrom 159 speakers in four
locdionsalong theScottishEnglish borderThey found thayounger speakers overall showed

significantly longer aspiration (and less prevoicing) than older speaketattributed this

%6 Wh a breathed plosive occurs ... the emission of breath is barely perceptible. It never strikes the ear in the same
way as in Southern English or Ilrish.6 Grant (1912: 80).
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pattern to age grading (older speakers have longer VOT: see 2.2) rather than dipparent
changeThey also found differencescording tdocation with VOT shorter forScottish
speakers aheEastern end (Eyemouth) théor speakers at the Western end of the Border
(Gretna) a patterrconsistentvith their previous findingghat Eyemouth speakeusea higher
proportionof moe o6 Sc ot t j(esghrbotiditygSaottishavel Length RujeAsin
Scobbie (2006), and in line with the studiéshortterm shiftsreviewed abové2.3), VOT

appears to bsubject to subtle sociolinguistic control

2.7. Research Questiorisr this paper

Previous accounts of Scottish Englgiggest thatwo subtlechangesnay beunderwayScottish
Standard Englisfis shifting to longer durations more like Angknglish (Masuya 1997), and
Scotsin turnis shifting to durations more like Scotti§tandard English (Johnston 1994t the
same timethe evidence to daten Scottish EnglisivOT is restricted to anecdotal observation or
measures fromsingle words and read speerdilected at a single point in tim&easingapart
agegrading from langage changeequiresinspection ohaturallyoccuring spontaneous spdec
from speakers of different ages recorded at different time pélete we considestops in
spontaneous speech in a vernacuialedt, drawingon the resources of a recently consted
reaktime corpus of Glaswegian. Whilstir longterm aim is to investigate potential change in
the voicing contragh this dialecti which would require inspection of positive and negative
VOT, as well as other measures capturing voicing during dagud closure duratidnwithin

the scope of this papeawve restrict our focus to a particular dimension, positive V&iBbling us
to observe variability in thiparticularaspecbf the voicing contrastver time To overcome the
time commitment requickto obtain large numbers of robust VOT measures from spontaneous
speech, walsodeveloped a serautomated procedure for the taBkom this base we address

these reearch questions:

1 Whatfactors affecpositiveVOT in stressed syllablaitial stopsin spontaneouScottish
Englishspeech

1 What is the evidence for changepositiveVOT over time?



3. Methodology

3.1. Sample

We analys&/OT in stops produced by 23 speakiosn therecently createdsounds of the City,
corpus of Glaswegian vernacul@his isa controlledaccessforcealigned,electroniccorpus of
audio recordings and orthographic transcrifstan 142 speakers (around 730,000 words),
alignedusingLaBB-CAT software(Fromont and Hag012).The recordings aref spontaneous
speechandincludeoral historyand sociolinguistiénterviews, conversations between friends,
and extracts of broadcast spe€feinformantsare workingclassas determined by factors
such as socieconomic backgrouneducation, and occupatiofhe corpus is staiured by
gender, decade of recordiffgom the 1970s to the 2000sind by generation of the speaker
(older. 67-90; middleaged: 4665; young: 1615). Its real and ajparenttime structureallows
investigationof stabilityand changeffectively across thentire 28 century.Speech style
ranges from very casual to variable stgtefting found in interviews (Johnston 1983); there is
also a range in terms of recording quality. Our earlier analysis of 12 speake¥sample
presented here ditbt show ay differences in theffectiveness of our serautomatic
measurement procedure as a result of theaygpeech recording(uartSmithet al.2015. In
this study, we did not code or test furtherpossibleadditionalvariation arising from
differences in recording context or interlocutor (cf Tucker 2007).

The sample for this study is shown in Tabl&\E worked with the recordings of 23 female
speakersfrom three age categorigmadein the 1970s and the 2000$e realtime comparison
allows us to ssessheevidence for change aspirationover time.Theage stratification enables
us to consider the influence of physiological age on \&pé&cificallywhether shorter VOT is
found in older speakers, and lon§&DT in younger oneslheage stratificabn also permits
apparentime comparisonThis assumeshat speakertend to maintain the pattern of systemic
phonetic features which they acquired as chilanegr their lifesparfSankoff and Blondeau
2007), though it is not yet known how well this assutian holds foVOT which is
demonstrably flexibléor some speakefSancier and Fowler 1997; Sonderegger 20/@).the

apparent time comparisorewvould predict longer durationsmmiddle- andyounger speakers,
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thanin older speakerstyle-shifting towards the standard could also induce longer durations

whilst shifting towards the vernacular would lead tordneerse

Table 1: Realand apparerime dimensions of the sample of 23 speakers fronsthands of the Cityorpus
analysed in this study. 3F3 female speakers, and so on.

Apparent-time
Age
Old Middle Young
Decade DECADE OFBIRTH DECADE OFBIRTH DECADE OFBIRTH
Recording
Realtime
1970s 3F 4F 4E
(1890s DECADE OFBIRTH1) (1920sh: DECADE OFBIRTH3) | (1960s DECADE OFBIRTH5)
2000s 4F 4F 4F
(1920sa: DECADE OFBIRTH2) | (1950s DECADE OFBIRTH4) (1990s DECADE OFBIRTH6)

The sample permits comparison by DecadRedording(70s vs 00s) and Age (Old vs Middle vs
Young).Here wecompare the six grous levels of ainglefactor,DECADE OFBIRTH, which

enables comparison of each group with each other gnoupattime:
- 0Old: recorded in 706born 18909 vsrecorded in 00gborn1920sa)
- Middle:recorded in 706born1920sb) vsrecorded in 00s (borbh9503
- Young recorded in 70s (borh9603 vsrecorded in 006born19903

ard apparentime:

- recorded in the 70€Id (born 1890sys Middle (born 1920s) vs Young(born 1960s)
- recorded in the 00s: Old (born 1928svs Middle (born 1950s) vso¥ing (born 1990s)

3.2. Stops
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We reportthe results fosingletonvoiced and voiceless stofyst k b d g/ which occurred at the
beginning of a stressed syllalfeg.peopk, appear, ten, dtendetc) Tokens which occurred in
words or syllablesvhich were unstressed dndreducedn theutterancefor example many
realized as glottal stopere excludedThe manual correction of the automatically predicted
VOT durationsalso excluded tokens which werefutifilt to measure foother reasons, for
example, when the burst could not be identif@dwhenthe plosive was strongly lenited or

released as a fricativ€he procedure for analysing VOT is outlined belovéattion4.

3.3. Linguistic factors

We measurd a range of ariables foreach token that wexpected to affecVOT using
information from the forcaligned Text@ds, as well as two databases of information about
words in British English: CELEXRaayenet al.199%) and SubtlexXJK (van Heuveret al.

2014). Variables insmall cajtals are included in the models of VOT described below.

1 PLACE OF ARTICULATION of the stressed syllablaitial stop was defined as bilabial,
alveolar, or vela(3 levels)based on the fit pronunciation listed in CELEX.

1 Local speaking rat.SR)was defined as syllables per second in a phrase, where phrase
was defined as the interval between two intervals of silence of at leastsl50

1 LSR was used to define two variables included imtloelels below: its mean value for a
given speakemEAN LOCAL SPEAKING RATE, andthed i f f er ence bet ween a
and the mean speaking rate (for the speaker who produced &pPERENG RATE
DEVIATION. This step was taken in view of the substantalation in howquickly
individuals speak, to separate t hlevelpotent.
vari abl e) an(yafpiven speaker, relatveete herhaverage mte)oice
onset time (Theodoret al.2009.

1 PHRASE POSITION was defined as initial or medial (2 levels) based on whether the stop

occurred at the absolute left edge of a phrase (defined as above).

* In this analysis we did not code or test for position of the stop in the word, ¢emipare e.gt/ intendvsa 6 t t e n d .
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1 FOLLOWING VOWELQUALITY was defined as high or ndngh (2 levels), based on the
transcription of the following voel segment, in turn based on firet pronunciation for
the vowellisted in CELEX.

1 woRD FREQUENCY(log-transformed) for each token was defined by looking up the

orthographic form irSubtlexUK.>

4. Analysis ofpositive VOT using semiautomatic methods for spontaneous speech corpora

4.1. Positive VOT analysis

It is well known that the voicing contrast of varieties of English cannot be adequately
characterized only using VOT (Lisker and Abramson 1967), and certainly not using only positive
VOT. We hadoriginally intended to analyse both positive and negative VOT in oesetabut

an interesting anomafyndeed, resultjrom this study of spontaneous speech is how voising
realizedin our data, in contrast with previous studies of Scottish Englishfodhd that

prevoiced stops with voicing lead, whereby voicing begins at some point during the closure and
continues to the burst were very ramdeed in this datasébnly some 15 instancesjoicing

during stop closure tended to appear either as asmigwoicing throughout the entire closure,

or as no voicing at all; a proportion showed some perseverative voicing into the closure
continuing from the preceding voicsggmentThe practical outcome for our study was that

whilst the positive VOT algoritim functioned well, th@automatic negative VO@lgorithm

(Henry et al. 2012)vasunable to predict negative VOT reliably from these recordiimgs

ongoing work we havdevised other measures for characterizing voicing (e.g. proportion of

voicing during cloare) Wereport here only the results for positive VOT.

VOT was annotated by a twoot e p -afiusteoommat i cO process: automati c
by manual correctiorOur procedure for measuring positive VOT (for both voiced and voiceless
stops) was to iehtify the period of aperiodic friction following the initiation of a visible burst

until the initiation of quasperiodicity visible from the waveform. This included instances of

® One word (Townhead, a place name) was not listed in Subttexand the 4 tokens for this word were excluded.
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very short periods of aperiodic friction which occurred aftest initial visible spike reflecting

the onset of thburd of fully voiced closuresd.g. Nearey and Rochet 1994), though a small

degree of damping immediately before release was often observed (this is commonly reported

for English, and also Scottigfnglish; see Sibbie 2006: 37-B). This meanghat our measures

of VOT reflect the release phase of vdess and voiced stopsicluding what in previous

studies have been c ouandshatlagand bustrdgratpnag ( daspi r

respectively

Step 1: Autamatic measurement We first automaticdy measured stop VOTIsy applying the
AutoVOTsoftware (Keshett al.2014), an implementation of tiseipervised learninglgarithm
described in Sonderegger akdshet (2012)AutoMOT uses aeat of handabelled VOT
measurementasa training set of stops train astructured suppostector machinelassifier
PredictingvOT for a new set of stops requires a trainedsifier ad a window of time in the
audio file for each tokewithin which tosearch for the beginmg of the VOT interval. Applying
the classifieto each token yields a predicted VOT interar this study, one voiceless stop
classifier and one voiced stop classifier was trained using addlfiftandannotated voiceless
and voiced stopokensfrom (each of) fivespeakerss training datalrhe algorithm was then run
using these classifiem the entireecordings of the sampleith search windows determined
based on the forealigned segment boundaries provided_a3B-CAT for each target stof he
algorithm was applied twicdo predict VOT for voicelesandthenvoicedstop tokensusing the

voiceless and then thveiced classifier.

Step 2: Manual correction Manualinspectioncorrection and codingvas carried out by four
annotators, whwereentered into the modebss afixed effectof ANNOTATOR. The coding

scheme had three labels:

1. The automatic prediction waorrect
The automatic prediction was incorrect but eaSityrectable, and so was corrected
3. Notusable The st opds lofiduatban@lignmerd errorgMO® cosld npt

be reliably determined (due to speaker overlap, background noise, or another cause); the
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token was realized as another segment (fricative, approxiglatil) or deletecor

there was #@ranscriptiorerror. These tokens were excluded from further analysis.

An annotator could process all instances of voiced or voiceless stops@talminutes of
conversational speech in around 40 minutes, sometimes less. This is very much quicker than any
process of locatig and then hand labelirsgopburst and onset of voicing in spontaneous speech,
even using force-aligned segmentation tier as a guide. The speed of our analysis meant that we
could process all possible tokens from each speaker, and so also obtaindarigers ofdkens

for analysis.

Predictions were corrected for 5823 voiced and 4075 voiceless’Stapke 2shows the
breakdown of tokens by the three labels. 29.8% of voiced and 7.9% of voiceless tokens were
coded adNot usable The remaining 4087 voed tokens and 3247 voiceless tokens make up the

datasets used to modmsitiveVOT for voiced and voiceless stops presented below.

Table2: Number and percentage of automatically measst@osby coding label

N Correct Corrected Not usable
Voicedstops 5823 3171 (54.4%) 916 (15.7%) 1736 (29.8%)
Voicelessstops 4075 2689 (76.2%) 558 (15.8%) 828 (7.9%)
All stops 9898 5860 (62.6%) 1474 (15.8%) 2564 (21.6%)

4.2. Statistical Analysis

We modelled VO as a function of the variables discussed ab8\8), (using mixeeeffects
linear regression models (using the Ime4 package Bakeset al.2014). To limit the
complexity ofthe exposition of the resujtaefitted separate models for voiceless and voiced
stops.Because VOT can only take on positivadues in our datasé.1), and because the

distribution of VOT (for voiceless and voiced stops3tionglyright skewed Kigure 1), we use

®These counts amter excluding197 voiced and 73 voiceless tokens where there were errors in thalmanu
correction coding or in applying processing scripts.
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log(VOT) as the response variable in the mo@®&tmderegger 2012)Ve discuss the fixedffect

and randorreffect terms included in the models in turn.

4.2.1.Fixed efécts

The sameightmain effects were included in the voiced and voiceless models

- the following linguistic factors expected @ffect VOT, based on previous wotk
addres®ur first research questioproperties of the host wordLACE OF ARTICULATION,
FOLLOWING VOWEL HEIGHT, LEXICAL FREQUENCY), of the speakeMEAN LOCAL SPEAKING
RATE), and of the observatioSKEAKING RATE DEVIATION, PHRASE POSITION

- DECADE OF BIRTH to answer our second research question, whether VOT is changing over
time (3.1; Table 1)

- ANNOTATOR, to account for the possibility that annotators used different criteria in
correctingthe VOT predictions(4.1).

To facilitate interpretation of the main efféetms in the models and to minimize unnecessary
collinearity, ategorical variables wermded usingielmertcontrastswith the levels of each

variable ordered as follows:

- PLACE OF ARTICULATION : bilabial, alveolar, velar

- FOLLOWING VOWEL HEIGHT : low, high

- PHRASE POSITION initial, medial

- ANNOTATOR: 1, 2, 3,4

- DECADE OF BIRTH: 1890s, 1920, 1920sb, 1950s, 1960s, 199(sceabove 3.1)

The individual fixed effect coefficients faNNOTATOR werenot significant, and sthis factoris
notdiscussedurther Continuous variable$MEAN LOCAL SPEAKING RATE, SPEAKING RATE

DEVIATION) were centere¢by subtracting the meargeparately within the voiced and voiceless

" Helmertcontrastsneans that the first contrast fIrACE OF ARTICULATION corresponds té: the difference
between alveolar and bilabial (positive = alveolar), the second coctrassponds to 1/8e difference between
velar and the mean of alveolar and bilabial (0.33*(vél@lveolar + bilabial)/2)), and so on for other variables.
Note that Helmert coding for a factor with two values (suchH®\SE POSITION is the same as sum coding.
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subsets of the dat®lain effect terms fothe eightvariableswere included irbothmodes to test
hypotheses based on previous work, to test for sources of measurement error, and to address our
research questienTo decide which interactienbetween the eight variables to includeach

model, we assessed potential interactions in two \(ggysarately for the voiced and voiceless

data)

1. exploratory plotsexamining the joint effect of two variables on VOT in the empirical
data (such asigure 6). Pairs of variables whemne variable seemed to modulate the
othervar a b | e 6 sVO& Wdresflagged asmotential interactions.

2. stepwise backwards model selectfdmeginning with a model with random intercepts
only (by-speaker and bword), and all possible twavay interactions between the eight
variables, with the exp#ion of ANNOTATOR (since this variable was included only as a
control for overall intelannotator differencesjerms weralropped using an alpha =

0.01 significance level, due to the large number of comparisons being performed.

Interactions that were leeted by both methods were included as fixed effects: for voiced stops,
the interactions betwe@nACE OF ARTICULATION andDECADE OF BIRTH and betweeRLACE OF
ARTICULATION andSPEAKING RATE DEVIATION; for voiceless stops, the interactions between
PLACE OF ARTICULATION andDECADE OF BIRTH betweersPEAKING RATE DEVIATION andDECADE

OF BIRTH, and betweeRREQUENCYandDECADE OF BIRTH

4.2.2.Random effects

By-word and byspeaker random effects were included to account for the fact that tokens from
individual words (voiced: 376 levels; voiceless: 550 levels) and speakers (voiced and voiceless:
23 levels) are not independent.-Bwrd and byspeaker random intercepts were included to
account for account for differences in VOT among speakers and wordsceftexiling for

other sources of variability (Alleet al.2003, Sonderegger 2012). All possiblevogrd and by
speaker random slopes were included in each model, to account for variability among speakers

and words in the influences on VOT captured byfitked-effect termgsuch as speaking rate:

8 perfomed using step() in the ImerTest packagR ifkuznetsovaet al.2014.
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Theodoreet al.2009, and to guard against Type | error in the fbedfibct coefficientsBarr et
al. 2013. However, correlationbetween randoreffectterms were not includedince doing so
led to unidentifidle modelsTo a certain extent including speaker random intercepts and
slopes also controls for additional situational factors such as recording context owMNGT,

werenot includedas fixed factorsn the moded.

4.2.3.Procedure and diagnostics

After fitting initial models for the voiced and voiceless data with the fixed and raseffent

terms described above, examination of the residuals showed that they were mostly normally
distributed, with the exception of a small fraction of tokens (ab#)tfar from the origin which
caused the residual distributions to be skewed. Since these points are likely to have an undue
influence on the model fitpoints with residuals more than 3 SD from the origin were excluded
(voiced: 28 points; voiceless: 35ipts) (Baayen 2008 The models were then refitted to the
trimmed datasets, with the result that the residual distributions were brought closer to normality.
It is the result of these models that are reported below.

The condition number of the model matwas 6.8 for voiced stops and 7.3 for voiceless stops,
indicating a low level of collinearity between predictors, unlikely to affect model reBaltsi€y

et al.198Q Baayen 2008j. The (Pearson}orrelation between fitted values and log(VOT) was
= 0.693 for the voiced model ama 0.733 for the voiceless modef = 0.480, 0.537)Thus, the
models explain approximate#}8% and 54%f variability in VOT for the voiced and voiceless

stops

5. Results

We now preserthe modeltesults with respect tour two research questio®e focus first on
thosefactorswhicha f f ect VOT i ndependently of a speaker
(sections 5.1, 5.2Yhen in section 5.3 we consider the evidencevtogther the stop contrast

may be changing ovéime (terms involvingECADE OF BIRTH. Full statements of the results are

°Besley et al. (1980: 105) characterize kappa-b®%s indicating "weak".
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given in Tables AJA3 in the Appendix. Table Al presents fhgoe 3analysis of variance

(ANOVA) table for the fixed effects included in each model, with denominator degrees of
freedom, Fvalue, and correspondingppa |l ue cal cul ated wusing Satt
(usingthe ImerTest package in)Rrables A2 and A3ummarize the fixe@ffect coefficients for

each model. Coefficient significances were computed udegjs with dgrees of freedom

computed using the Satterthwaite approximation (again using ImerTest). The random effect

variancesre given in Table A4.

5.1. Wordlevel variables
We first consider variables defined at the level of the word:e s t o fi@.svoicedvs.c i n g

voiceless)its place of articulationthefollowing voweld Beight, andvord frequency.

The empirical distribution of VOT for voiced and voiceless stops in Figure 1 clearlys satw
the wicing contrast is maintained through positive VOT tfeese speaker$his is confirmed by
comparinghe predicted estimates from the two modElgonentiating the estimated intercepts
for the voiceless and voiced modglgespredicted VOTs of 46.5 nend 15.5ms, when all

other predictors are held at thaverage value¥. The 99% confidence intervals ftrese
interceptqusinga Wald testare[42.2, 513] msand[13.6, 17.6 ms

In both the voiceless and voiced modelace of articulatiosignificantly affects VOT(PLACE

OF ARTICULATION: voiced:F(2, 23.49 =83.8 p < 0.000%; voicelessF(2, 28.3) = 45,p <

0.0001) Due to the pesence of an interaction PfACE OF ARTICULATION With DECADE OF BIRTH

in both modelg5.3), these main effects can be interpreted as showing that VOT does differ
significantly by place of articulation, averaging over all groups of speaRerget a better sense
of how placeaffects VOT, poshoc Tukey tests were carried out FACE OF ARTICULATION for
each model. For voiced stops, we fithee commonly found pattern bflabial < alveolar < velar
(/b/ < dl,/g/; 1d] < Igt p < 0.0001); Cho and Ladefoged 199%por voiceless stops, bilabials had

©More preciselybecause all categorical predictors in the voiceless and voiced VOT models have beets Helme

coded and all continuous predictors were centered, the intercept can be interpreted as the predicted value of the
response (log(VOT)) when continuous predictors are held at their average values, averaged across predictions for all
levels of each catedoal variable.
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lower VOT than alveolars, which did not differ significantly from veldpg € /t/, /k/: p <
0.0001; /t/ = /k/p = 0.28; seeDocherty 1992 These patterns are reflected in the empirical

distribution of VOT by place of articulation shownHigure 2.
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Figurel : Histogram ofVOT for voiced(n = 4088)and voicelesgn = 3247 stops untransformed (left) and on a log

scale (right).
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3247 stops.

" Tukey posthoc tests were carried out using ghlt in the multcomp packa@eHiothornet al.2008), adjustingfor
multiple comparisons using the singieep method, and averaging over interactions RittCTE OF ARTICULATION

and over covaates.
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The effectof following vowel heightandword frequencyn VOT for both voiceless and voiced
stopsarein the expected directiarflonger VOT before high vowels than before fagh

vowels shorter VOT in more frequent woidé¥utdo not reach significance&QLLOWING VOWEL
HEIGHT: voicedp = 0.15, voiceles = 0.55 LEXICAL FREQUENCY. voicedp = 0.94 voiceles9
=0.2).

5.2. Speakelevel and observaticievel variables
We nowconsider the influence efariables describingroperties of speakers (eXCE&®CADE OF
BIRTH, see section 5.3 belg and observation®NNOTATOR, MEAN SPEAKING RATE, SPEAKING

RATE DEVIATION, andPHRASEPOSITION

For bothvoicelessandvoicedstops,which annotator corrected the VOT predictidosa given
speaker does not significantly affect VQINNOTATOR: voiced:F(3,12.4 =1.40, p=0.29
voicelessf(3, 12.3 =0.86 p = 0.49. This gives confidence in the quality of the semutomatic
measuremergrocessand suggests that annotators used very similar criteria in correcting the

automatic VOT measurements.

As p e a k e rlota spealkeng rate did not significantly affect VOT for either voiceless or
voiced StopsSMEAN LOCAL SPEAKING RATE: voicedp = 0.92, voicelesp = 0.76), although in

both cases the effect is in the expected dire¢®DT decreasefor fager mean speaking rate

On the other hand, speaki ndges affact MOTErPEA’ING RATEV € t O
DEVIATION: voiceles$ =-0.022 p=0.012 voicedi =-0.016 p=0.052), although only

marginally for voiced stopsyith VOT deceasingfor faster speectHowever, the effect both has

a larger effect size andmsore sigificant for voiceless than for voiced stqpsflecting the

pattern seen in empirical plots of VOT as a function of speaking rate deviatiomgB)gThese
differences between the voiceless and voiced stop speaking rate effects are in line with previous
work onglobalspeaking rate effects in lab spegely. Milleret al.(1989; Kessinger and
Blumstein(1997).
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Phrasemedialstops havéower VOT than phrasénitial stops asanticipated The effect has a
larger effect size and is much more significant for voiced than for voiceless stops, with voiceless

stops only reaching marginal significar(e&RASE POSITION voiceles$ =-0.025 p=0.092
voiced =-0.046 p = 0.0040. Having said that, it is clear from the empirical plots of VOT
versus phrase position in Figure 4, tplatase positioonly has a very small effect on VOT

relative to other variables.
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Figure3: Scatterplobf log(VOT) andSPEAKING RATE DEVIATION (difference between local speaking rate and a
speaker 86s me afar vaceddlefth + 4088) andivbieeless (right:= 3247) stops, with a linear

smoothesuperimposedsolid line; shading represents 95%nfidence intervals).
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