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Abstract

Punjabi is an Indo-Aryan language that has contasetroflex and dental series. However,
very little is known about the phonetic and phogatal properties of the retroflex and dental
stops in Punjabi, and whether these are fully eatitre in all word-positions. The aim of this
dissertation is therefore to investigate the phomebperties of the Punjabi retroflex and dental
stops across word-positions using temporal andtiseneasures.

Among the world’s languages, stops are the mosjuéstly occurring manner of
articulation (Schwartz, Boe, Badin, & Sawallis, 2D1Their acoustic cues in Indo-Aryan
languages are yet to be fully investigated. Punfe® a singleton vs. geminate opposition
within the manner class of stops. In this dissemat examine the place contrasts only for the
singleton retroflex and dental stops. Howeversbaglrovide an overview of the singleton vs.
geminate opposition to show that the differencevben these two classes of stops is one of
duration, and not a manner opposition. Firstlyjrdroduction to the phonemic inventory of
Punjabi is provided, followed by the temporal cleteastics of the word-medial Punjabi
singleton and geminate stops. After that, the eshtbetween Punjabi singleton retroflex and
dental stops is investigated in detail, across vpasitions (word-medial, word-initial and
word-final positions). Finally, these insights applied to better understand the nature of
loanword adaptation, showing how English alvealaand Punjabi speakers’ productions of
source loanword /t/ align with Punjabi native rélew and dental categories. For this purpose,
Australian English (AusE) productions of alveolas/t/ and loanword /t/ were compared with
native Punjabi retroflex and dental stops.

The findings suggest that Punjabi singletons diffem geminates in terms of both
consonant duration and the duration of the follgvirowel. The results also suggest that
Punjabi coronal place contrasts are signaled bgdh®lex interaction of temporal and spectral
cues. In the loanword study, the loanword /t/ wamuatically more similar to Punjabi retroflex
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than dental stops. On the other hand, the compexisb the Ausk alveolar /t/ and Punjabi
retroflex stop indicate no clear patterns of adousimilarities. This suggests that Ausg /t/
played little role in explaining the adaptatiorEofglish alveolar stops as retroflexes in Punjabi.
This dissertation will therefore help informetphonetic and phonological processes
underlying coronal contrasts in the native andvaznd phonologies of Indo-Aryan languages.
The detailed phonetic analyses of Punjabi will atsmtribute to the growing body of

crosslinguistic literature on the phonetics of c@s.






Chapter 1: Introduction?

1 Some of the literature review presented in thiaptér will appear in the following chapters thavédeen
submitted for publication.



Cross-linguistic studies have proposed three n@gmre distinctions for speech sounds: labial,
coronal and dorsal (Ladefoged & Maddieson, 1996gR2011; Sagey, 1986). Among these,
the class oforonalsis more diverse than the classes of labials arghtio(Hall, 2011; Hamann,
2003; Paradis & Prunet, 1991). Some languages adkeee or four-way coronal contrast as
found in many Australian (Fletcher & Butcher, 2014)do-Aryan (predominantly three-way
contrast; Arsenault, 2015; Pandey, 2014) and Dranithnguages (three or four-way contrast;
Krishnamurti, 20035.A major challenge in the current phonetic and hagical literature is
how to characterize various types of coronals. @loee, the acoustic analysis of Punjabi
coronals will contribute to our understanding htwge sounds function phonologically.

Coronals have been a focus of study in many areplonetics. One such area is the
analysis of length differences between coronallsings and geminates (e.g., see Yeou, Honda,
& Maeda (2011) who investigated coronal singletand geminates in Figuig Berber). Indo-
Aryan languages have rich consonantal length csistrgeandey, 2014). However, there are
very few studies looking at the acoustic charasties of singleton and geminate stops
(including coronals) in Indo-Aryan languages. Sanalies examined singleton and geminate
stops in Bengali (Lahiri & Hankamer, 1988), Dodahai, 1980) and Hindi (Ohala, 2007) and
found that geminate stops have longer closure idur#tan singleton stops. One of the goals
of this dissertation is therefore to extend thdsedifigs to better understand the temporal
characteristics of Punjabi singleton and gemintpss

The phonetic and phonological behaviour of coronslalso of interest in another
research domain - the adaptation of non-native saetgnChang, 2012; Kang, 2011; Paradis,

2006; Peperkamp, 2005). Many studies have repandEnglish source alveolar stops are

2 In a cross-linguistic survey only 16 languagesewexported to have a four-way coronal contrast (DPS
Maddieson, 1984).



adapted as retroflexes into Indo-Aryan languagediidi or Western Punjabi: Bahri, 1962;
Punjabi: Ghotra, 2006; Hindi: Koshal, 1978; Oh&l8/8; Siraiki: Shackle, 1976; Pahari:
Sharma, 1980). For instance, Ghotra (2006) andn$h&t980) compiled a corpus of English
loanwords adapted into Punjabi and Pahari. Theulte showed that English loanwords with
alveolar stops are adapted as retroflexes ratherdh dentals (e.g., {fftroute’). However, to
date there have been no acoustic studies expladygEnglish alveolar stops are adapted as
retroflexes into Punjabi and other Indo-Aryan laages.

In Chapter 2, | first present a brief overview bé tphonological structure of Punjabi
that provides the larger context for understandirgphonology of coronals and other features
of Punjabi. Chapter 3 then investigates the temppraperties of Punjabi singleton and
geminate stops, including coronals. Chapter 4 ges/a detailed analysis of the acoustic cues
differentiating Punjabi retroflex and dental stopk1 Chapter 4, the main focus is on the
retroflex and dental stops because studies of ddrgguages have shown that these two
consonants are difficult to perceive for both nafWubuy: Bundgaard-Nielsen, Baker, Kroos,
Harvey, & Best, 2015) and non-native speakers gmicn of Hindi retroflex and dental stops
by English and Japanese listeners: Pruitt, JenKinStrange, 2006).The detailed acoustic
analysis of the Punjabi retroflex and dental st provides a baseline from which to
understand why English alveolar stops are adaptiedRunjabi as retroflexes rather than as

dentals (Chapter 5).

3 palatals are not included in this chapter bectheseare acoustically and articulatorily quite difént from other
coronals (c.f. Anderson, 1997; Ladefoged, 2001kP2007; Tabain, 2012; Shalev, Ladefoged, & Bhaeikae,
1993).



Acoustic characteristics of coronals

There is a significant body of literature on corgnia Indo-Aryan languages (Benguerel &
Bhatia, 1980; Berkson, 2012; Dave, 1977; Dutta,7200axwell, Baker, Bundgaard-Nielsen,
& Fletcher, 2015; Mikuteit, 2009; Mikuteit & Reet2007; Ohala & Ohala, 2001). Several
acoustic cues have also been proposed to diffatergoronals (e.g., formant transitions, VOT,
closure duration, total stop duration (closure +TVt@irst) and spectral moments of stop release
bursts). Among various acoustic cues, the lowening3 on the preceding vowel is considered
as a landmark of retroflex articulations (Andersa®)0; Dart & Nihalani, 1999; Dave, 1977;
Flemming, 2003; Hamann, 2003; Hamilton, 1996; Makefal., 2015; Ohala & Ohala, 2001,
Scholtz, 2009; Spajic, Ladefoged, & Bhaskarara®61$tevens & Blumstein, 1975).

Engstrand, Frid, and Lindblom (2007) compared tiven&int frequencies of preceding
vowels in various rhotics and found that retroftéwtics are characterized by the lowest F3
formants among all places of articulation. McGrei®99) demonstrated that F3 is the most
important distinguishing feature of the apico-pbaalars (or retroflexes) in the Aboriginal
language Gooniyandi. Feizollahi (2009) examined th&oflex and dental laterals of
Norwegian and found that retroflex laterals showcmlower F3 in the preceding vowels than
dental laterals. Narayanan, Byrd, and Kaun’s (1329)ly of Tamil liquids also showed that
retroflex laterals have lower F3 formant valuegha preceding vowel than dental laterals.
Retroflex stops in Malayalam were also found todothe F3 formants (Dart, 1991). All these
studies confirm the importance of F3 lowering ie fireceding vowels as a reliable acoustic
correlate of retroflex articulations.

However, there are also several inconsistent repaggarding the phonetic
characterization of retroflexes and dentals in tantext of preceding front vowels.

Ramasubramanian and Thosar’s (1971) study exartiesidrmant transitions of the retroflex
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and dental stops of Tamil before/after vowels W.aTheir spectrographic illustrations of the
preceding /a u/ vowels indicated that transitionso iretroflex and dental stops were
characterized by F3-F2 convergence (Figure 1). WeweF3 and F2 were lowered when
produced in the context of preceding front vowél guggesting that there was no F3-F2
convergence. In terms of formant transitions offtiiowing vowels, Ramasubramanian and
Thosar (1971) observed that both retroflex andalestops were characterized by F3 raising
into all following vowels /i a u/ but F2 loweringto /a u/. The F2 transitions of the following
front vowel /i/ were slightly raised for both refiex and dental stops. As there are no statistical
analyses provided by Ramasubramanian and Thosat ) 19is not clear if transitions into or
out of retroflex and dental stops consistentlyatiéhtiate these consonants.

Ohala and Ohala (2001) investigated the formamsitimns of various places of
articulation in Hindi (labial, dental, retroflexajatal and velar). They argued that retroflex stops
produced after vowels /i a u/ were characterizedF8yF2 convergence. Dental stops, on the
other hand, showed raised F3 and F2 after /a ulpluering of both formants after the front
vowel /i/. Dave (1977) compared the formant traosg of vowels /i e a o u/ into and out of
Gujarati retroflex and dental stops (Figure 2). Higlings indicated that retroflex stops
produced after /a o u/ showed F3-F2 convergenceeMer, no F3-F2 convergence was found
after the front vowels /i e/. Dave (1977) also fduowering of F4 for the retroflex stops
produced after /a o u/ but not after the front viswee/. Maxwell et al. (2015) examined the
formant transitions of the Bengali voiceless agpaaetroflex ¢/ and dental . Their results
indicated that retroflex stops produced after thatfvowel /i/ did not show F3-F2 convergence.
All these studies agree that F3-F2 convergence recatter vowels /a o u/. The main
inconsistency appears for the front vowels /i edddress these issues by examining second and
third formant trajectories as cues to place opmstfor Punjabi retroflex and dental stops.

5
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According to Hamann (2003), there are several lagga where retroflexes pattern with the
back vowels /o ul.In Sinhala, retroflexes are produced as retrofleixe the context of
preceding/following back vowels, but as alveoldsewhere (Gair & Paolillo, 1997). This is
due to the acoustic and articulatory similaritiefween back vowels and retroflexes. The
tongue body during the production of back voweld estroflexes is retractédThe acoustic
consequence of this retraction can be seen inawering of F3 in the preceding vowels
(Hamann, 2003). Front vowels, unlike back voweds) tigger de-retroflexion. This is evident
from languages that disprefer retroflexes in thognitly of front vowels. In Mandarin, retroflex
fricatives do not occur before the front vowel(Duanmu, 2007; Lee-Kim, 2014). The co-
occurrence restrictions between retroflexes andtApack vowels can also be explained by
looking at the articulatory differences in oral itgvThe front vowel /i/ has the smallest front
cavity, but it is longest for the back vowel /uli(@berg & Lindblom, 1990). Similar to back
vowel /u/, retroflex articulations involve a largeont cavity.

Some studies have also reported that retroflexemare likely to be influenced by the
surrounding vowel contexts than dentals. Dave (1@drducted a static palataographic study
on Guijarati coronals and found that retroflexesasttbmore variability across all vowels (i.e.,
fronted in the /i/ context, back in the /u/) bu tirticulation of the dental stops was in the denta
area for all vocalic contexts. Unlike Dave (1973@jainger’s (1980) static palatographic study
indicated more variation in Punjabi dental stop®sg the vowels /i a u/ but less variation in
retroflex stops. The articulation of dental stopswed a lateral contact in the context of front

vowel /i/ but a slight wipe-off in the alveolar teg was observed for the back vowel /ul.

4 Back vowels are also reported to trigger retraflaXsee Bhat, 1973).

5 Tongue tip is also raised for retroflex articutas which results in a larger sublingual spaces Tias a lowering
effect on F3 formant.



Retroflex stops, on the other hand, showed a wip@adhe lateral direction for all vowels.
From the above discussion, it can be concludedttieae are considerable cross-linguistic
differences in the acoustics and articulation tfofeexes®

Locus equations (first proposed by Lindblom, 196%ye also been widely used as
criteria for differentiating places of articulatigBrancazio & Fowler, 1998; Everett, 2008;
Iskarous, Fowler, & Whalen, 2010; Martinez-Celdr&fgtas-Crespo, & Ortega-Escandell,
1999; Rhone & Jongman, 2012; Sussman, McCaffreyjafthews, 1991; Sussman & Shore,
1996; Tabain, 2002) and the coarticulation of stopshe context of preceding/following
vowels (Bouferroum & Boudraa, 2015; Gibson & Oh@6é07; Graetzer, Fletcher, & Hajek,
2015; Krull, 1988; Krull & Lindblom, 1996; Lindblor& Sussman, 2012; Modarresi, Sussman,
Lindblom, & Burlingame, 2004; Yeou, 1997). Howevevithin the class of coronals, no
significant differences have been reported. Sussntdoemeke, and Ahmed (1993)
demonstrated that the F2 locus equations of theflet and dental stops in Urdu are not
statistically different from one another. This wwagher confirmed by a cross-linguistic study
of the retroflex and dental stops of Swedish, Hard Tamil in the VC and CV contexts, which
showed no statistically significant differencestie F2 locus equations of the retroflex and
dental stops in all three languages (Krull & Linaiol, 1996). Tabain and Butcher (1999) also
found that there are no clear patterns of locugstagps among coronals.

Some studies postulated that the perceptibilitthefcoronal contrasts depends on the
preceding and following transition cues (CV or VEar example, Steriade (2008) conducted
a cross-linguistic survey on the perceptual cuesotonals in different word-positions and

found that retroflexes were better differentiatexhf other coronals in terms of VC transitions

6 See also Ladefoged and Bhaskararao (1983) fotadletke discussion about the differences in Indoakrand
Dravidian retroflexes.



compared to CV transitions. This claim is basedtlton Australian and a number of other
languages that neutralize the coronal contrasépical alveolar vs. apical postalveolar or
retroflex—in CV contexts, where there are no cues from aegulieg vowel (Steriade, 2008;
Hamilton, 1996). Steriade (2008) posits that thpegeerns derive from the absence of preceding
transition cues, and that preceding transition eme<rucial for differentiating retroflexes from
other coronals. Some European languages (e.g., é¢gaw) allow retroflexes only in post-
vocalic (VC) position (Johnsen, 2013). There akeess perception studies as well confirming
this general tendency of retroflexes to appear@dntexts. A perceptual categorisation study
of the coronal contrasts of Western Arrernte fouhdt in a VCV context, the correct
identification rate of retroflexes by native Arregnspeakers was 74%. However, this
identification rate dropped significantly in a Cé¥rtext (19%) (Anderson, 1997). As Arrernte
does not contrast apicals in word-initial positidmderson (1997) used CV stimuli excised
from VCV stimuli. Bundgaard-Nielsen et al. (2016uhd similar differences in perception of
Wubuy coronals according to syllable position: Wybative speakers correctly discriminated
retroflexes and dentals in intervocalic context8%9, dropping to 73% for word-initial
consonants.

The perception of coronals is not only influencgddy or VC cues, it might also be
affected by different type of stimuli presentedhe listeners (whole word, first half, second
half or burst only) and vowel contexts (/i a u/yul (1990, p. 2561) tested the perception of
Swedish voiced stops and concluded that the ovieieltification of retroflexes was difficult
compared to other places of articulation. The abrigentification rates of the retroflex stop in
different conditions were 93.2% (whole word), 83.{#&t half), 92.7% (second half) and 69%
(burst only). Ohala and Ohala (2001, p. 275) atswacted a perception experiment using the
VC stimuli in whole word and gated (excluding tiveaf burst) conditions with varying vowel
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contexts (/i a u/). The identification of the rdtex stops differed across gating conditions and
vowels. In the /i/-gated condition, the retrofldaps were correctly identified in 36.5% of the
cases. However, the identification increased irfithehole condition (92.1%). In the /u/-gated
condition, the correct identification rate of thetroflex stops was 66.7% but increased
significantly in the /u/-whole condition with 95.2&6rrect identification. The highest correct
identification of the retroflex stops was foundtire /a/-gated (87.3%) and /a/-whole (95.2%)
conditions. Ohala and Ohala (2001) concluded tmatperception of retroflex stops in a VC
context depends on different conditions (wholegated) as well as on the nature of preceding
vowels (/i a u/). A perception study of coronaldesyond the scope of this dissertation, but
would be very interesting to pursue in further ezsb.

Temporal cues (e.g., VOT/burst duration and clogiueation) are also reported to
differentiate coronals (Anderson & Maddieson, 19%)T has been widely used as a reliable
descriptor of place oppositions (Abdiraman & Ko#@12; Helgason & Ringen, 2008; Kewley-
Port & Preston, 1974, Li, 2013; Ogasawara, 201aefRi Takagi, Ota, & Uchida, 2007; Ringen
& Suomi, 2012; Shimizu, 1989). Retroflexes are mftharacterized by shorter VOT compared
to dentals (Arrernte: Tabain, 2012; Malayalam: Da#91). Anderson and Maddieson (1994)
reported that Tiwi word-medial postalveolars (otra#lexes) had the shortest VOT of all
coronals. In Hindi, the mean VOT values of the et#ss unaspirated retroflex and dental stops
were 8.5 ms and 13.1 ms, respectively (Sharma, K&drarooq, 2014). Similarly, Marathi
voiceless unaspirated retroflex stops (9.5 ms) whweter in duration than dental stops (14.9
ms) (Karjigi & Rao, 2012). These patterns of VOTdhimr geminate retroflex and dental stops
as well. The VOT values of Malayalam retroflex geate stops were shorter than geminate
dental stops (retroflex: 15 ms; dental: 20) (Damlalani, 1999). VOT of stops also varies in
different vowel contexts (Docherty, 1992; Morrisc®rea, & Herring, 2008; Nearey & Rochet,
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1994; Smith, 1978). In Hindi, VOT of the voicelaggaspirated stops was longer in the context
of intervocalic high vowels /i_i/ and /u_u/ compar® the low vowel /a_a/ (Ohala & Ohala,
1992). However, this pattern was consistent onfytlie velar and retroflex stops but not for
dentals and labials.

Lisker and Abramson (1964) investigated VOT chamastics in a wide range of
languages, including some Indo-Aryan languagesy Thepared the VOT values in utterance-
initial and non-initial positions. The mean VOTs Hindi and Marathi initial voiceless
unaspirated retroflex and dental stops were 11shsying no differences in VOT. However,
in non-initial position, there were differences Weén both Hindi and Marathi voiceless
unaspirated retroflex and dental stops (Hindi fetxo8 ms vs. dental 14 ms; Marathi retroflex
3 ms vs. dental 15 ms). The data presented by iLaske Abramson (1964) were based on one
speaker of Hindi and Marathi. Therefore, the VOTuea might differ if there are a large
number of speakers.

Cho and Ladefoged (1999) argued that one of therfacontributing to the differences
in VOT is “the extent of articulatory contact.” Reflexes have short VOT because their release
involves tip of the tongue. The tongue tip is fagteselocity, compared to tongue body (Kuehn
& Moll, 1976). Dentals are articulated with the goe blade which results in a slower
movement of the tongue and longer VOT (Ohala & @ha992).

Some studies report that retroflexes and dentalsairstatistically different in terms of
VOT (Hindi: Dutta, 2007). Hyslop (2009, 2011) reded VOT data from two speakers of
Kurtdp (a Tibeto-Burman language spoken in Bhut&e of the speakers showed no

differences in the VOT of voiceless unaspiratedofix (22 ms) and dental (22 ms) stdps.

7 Hyslop (2009) did not present statistical resettsparing retroflex and dental stops but from ti@TWalues it
can be assumed that both categories were notetitiated.

12



Another speaker had longer VOT for the retroflex (8s) than dental (26 ms) stops. Further
studies with a larger number of speakers are d#sita better understand how VOT patterns
in these languages.

Closure duration has also been found to signifigatiffer between retroflexes and
other coronals. In Tiwi (Anderson & Maddieson, 1p@4d Central Arrernte (Tabain, 2012),
retroflexes were characterized by short closurattur. In terms of closure duration, Sindhi
(an Indo-Aryan language) voiceless unaspiratedfieir stops were also smaller (185 ms) than
dental stops (283 ms) (Keerio, 2010). There arersé¢wther languages showing inconsistent
results in closure duration of retroflexes and disntin Bengali (Mikuteit, 2009; Mikuteit &
Reetz, 2007) and Hindi (Benguerel & Bhatia, 1980i¢tl, 2007) there were no significant
differences in closure duration of the retroflexdatental stops. These findings were also
confirmed by Maxwell et al. (2015) where no diffieces in the closure duration of retroflexes
and dentals were reported. The total stop durgttosure duration + VOT) also showed no
difference. In Bengali real word productions, th&t stop duration of the retroflex stops was
longer than their dental counterparts (Maxwell let 2015). Dart and Nihalani (1999) also
found similar patterns of closure duration in Malmyn. The retroflex geminate stop was 250
ms but dental geminate stop was only 165 ms loragt &d Nihalani (1999) attributed these
differences in closure duration to the duratioprefceding vowels. Dental geminate stops were
preceded by long vowels. In contrast, retroflex mete stops were preceded by short vowels.
These length differences in the preceding vowdéxsdd the closure duration of the Malayalam
geminate retroflex and dental stops. The above-oreed varying and inconsistent results
regarding the temporal properties of retroflexes dentals call for a systematic investigation
in another language that has similar coronal cetdraMoreover, previous studies are based on
the data from limited contexts (predominantly wanddially). In this dissertation, | therefore
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provide a detailed account of temporal properti&dT/burst duration, closure duration, total
stop duration (closure + VOT/burst) of the Punjatioflex and dental stops in different word-
positions and vowel contexts.

In addition to spectral (formant transitions) amsnporal analyses (VOT or burst
duration, closure duration and total stop duratispgctral moments (spectral Centre of Gravity
(CoG), spectral variance, spectral skewness, spdairtosis) have also been widely used to
classify different places of articulation, for bdtltatives (Al-Khairy, 2005; Forrest, Weismer,
Milenkovic, & Dougall, 1988; Gordon & Applebaum, @® Gordon, Barthmaier, & Sands,
2002; Jones & Nolan, 2007; Jongman, Wayland, & W@0§0; Zygis, Pape, & Jesus, 2012)
and stops (Eshghi, Zajac, Bijankhan, & Shirazi,2M&irkham, 2011; Nissen, 2003; Nissen &
Fox, 2009; Recasens, 2014; Stoel-Gammon, Willi&®uder, 1994; Sundara, 2005; Sundara
& Polka, 2007; Tabain, 2012).

Spectral moments are correlated with differentcatéitory configurations of the vocal
tract. They therefore provide important informateiout the length of the oral cavity in the
production of consonants (Li, Edwards, & BeckmadQ2, 2009). The first spectral moment
(or spectral CoG (Hz)) indicates mean distributdacoustic energy in the burst spectrum and
correlates with the length of the front cavity. T$exond spectral moment (spectral variance
(Hz)) corresponds to the distribution of acoustiergy on both sides of the mean (Li et al.,
2009). The third spectral moment (spectral skewnasgates whether the acoustic energy in
the burst spectrum is skewed towards higher (wesgkewness) or lower energies (negative
skewness) and is correlated with the length offtbet cavity (Li et al., 2009). The fourth
spectral moment (spectral kurtosis) is a measufpeaikiness’ in the spectral envelope of the
stop release burst. Retroflexes show peak speandrenergy distribution around 3000 KHz,
whereas dentals have flat or diffused spectra amst lenergy distributed in higher frequency
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bands, around 4000 KHz (Stevens & Blumstein, 19Vg}hin the class of coronals, dentals
and palatals show higher spectral CoG, spectrédwves, and negative spectral skewness and
spectral kurtosis (coronal stops: Tabain, 2012atrves: Gordon et al., 2002). Retroflexes have
larger sublingual space, which results in lowercsé CoG, spectral variance, and positive
spectral skewness and spectral kurtosis (TabaitthBy Breen, & Beare, 2014). The spectral
moments associated with a particular stop alsed#tross all vowel contexts (Nissen, 2003).
In Mandarin, spectral CoG of the retroflex fricasvis significantly different across vowels /i
a u/ (higher in the /i a/ than /u/: Y.-H. Chang,12Q In the context of back vowel /u/, the
constriction location is further back in the onadt, which results in a very low spectral CoG
values. Currently, there are no data availablderspectral moments of coronals in Indo-Aryan
languages. Therefore, this dissertation also pesvaldetailed analysis of Punjabi retroflex and
dental stops using spectral moments.
All the acoustic characteristics reported in thést®n might also be important for

understanding the processes of loanword adaptaflossible reasons for why Indo-Aryan
languages adapt English alveolar stops as retesleather than as dentals will also be

investigated.

Loanword adaptation

Loanword adaptation is central to understandingpthenology of languages (LaCharité &
Paradis, 2005). There are two approaches to loahadaptations. The phonological view
suggests that loanword adaptations are driven byptionological grammar of the native
language(e.g., phonotactic constraints and contrastive feaspecifications) (Jacobs &
Gussenhoven, 2000; LaCharité & Paradis, 2005; Barad06; Paradis & LaCharité, 1997).
For instance, in Japanese, a language that doedlmetcomplex clusters, English loanwords

with complex onset or coda clusters are simplifiecbugh a process of vowel epenthesis
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([desukw] ‘desk) (see Paradis &aCharité, 2011). Many other languages show similar
processes of epenthesis during loanword adapt@ign Italian: Repetti, 2012; Sesotho: Rose
& Demuth, 2006¥. According to the phonological view, loanword addisins can also reveal
the hidden knowledge of a native speaker’'s phoncédgrammar that is not apparent in
surface level structures, and provides informa#ibaut the underlying phonology when there
is a clash between the source phonology and th@wiorg language phonology (see Kang,
2011).

Others note the importance of perceptual contiiimstiand suggest that loanword
adaptation takes place at the level of percepBmesma & Hamann, 2008; De Jong & Cho,
2012; Dupoux, 2003; Peperkamp, 2005, 2015; Pepgrkeendelin, & Nakamura, 2008). Both
psycholinguistic and electrophysiological studiewén demonstrated that Japanese listeners
‘hear’ epenthesis when given a nonsense word éiked], interpreting it as [elzo] (Dehaene-
Lambertz, Dupoux, & Gout, 2000; Dupoux, Kakehi, d$e, Pallier, & Mehler, 1999;
Peperkamp, 2005). The perceptual view of loanwala@ptation also suggests that loanword
adaptation can sometimes create novel phonolosginattures that are neither reflected in the
native language nor in source language. For exampkorean native phonology, /s/ in coda
position is realized as [t], but during the adaptatof English loanwords into Korean it
undergoes epenthesis ([povoss’; Kenstowicz & Sohn, 2001). This suggests that nadive
loanword phonology involve different processes.

Some studies support both perceptual and phonalbgipproaches of loanword
adaptation (Chang, 2012). Silverman (1992) argoatsthere are two levels of representations

(Figure 3): a) the Perceptual level; and b) ther@pee level.

8 See also Uffmann (2007) for a cross-linguistioveyrof epenthesis during loanword adaptation.
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Figure 3. Model of loanword phonology (Silvermaf92, p. 293).

At the Perceptual level, the constraints of theiveasegmental and tonal inventories are
activated (perceptual approach). These segmentadtreants are further shaped at the
Operative level by the native phonotactic constgaiphonological approach). In loanword
phonology, both levels play a significant role teage an output form. Yip (1993) accepts
Silverman’s two-level representations and argued the phonological approach alone is
conservative.

Rose and Demuth (2006) suggest that some of theosensy may be due to the use of
different methodologies. Researchers favouring pireceptual approach tend to conduct
experiments with monolingual speakers; researghreygosing the phonological approach tend
to work with bilingual speakers. There are alsdows factors that can influence the way a
loanword is adapted, for instance, the transmissfdoanwords via different sources (i.e., the
adaptation of English loanwords into Korean viaalegse; Kang, Kenstowicz, & Ito, 2008; see
also Poplack & Sankoff, 1984; Poplack, Sankoff, 8lléf, 1988) the degree of bilingualism
(Lev-Ari, Giacomo, & Peperkamp, 2014), differentoplological contexts (e.g., coronals in
different vowel contexts; Crawford, 2008, 2009) amthography (Vendelin & Peperkamp,

2007).
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McCarthy, Evans, and Mahon (2013) tested monolihgod bilingual speakers in an
immigrant community in the UK and found significatitferences in the production of English
stops. In their study, they focused on Sylheti,irzdigenous language of Bangladesh that
contrasts retroflexes and dentals (Gope & Mah&fia5). McCarthy et al. (2013) found that
Sylheti speakers who had recently arrived in theHald L1 phonetic cues in the production of
L2 English labial /p b/, alveolar /t d/ and vellry/ stops. However, those Sylheti speakers who
were born in the UK, and had grown up there biladlyy had different realizations of the same
consonants, producing English stops like native liEhgspeakers. This raises interesting
guestions about how loanwords are adapted in aimorigrant situation. For example, in
Pakistan, Punjabi speakers, whether they are nmapdis or trilinguals, predominantly speak
Punjabi at home. The trilinguals speak Urdu wittrtifriends. Urdu has a similar set of coronal
contrasts as that found in Punjabi. English, onotther hand, has only alveolar stops, and has
a limited role in the day to day life of Punjabesjers. Therefore, Punjabi speakers, in speaking
Punjabi, are less likely to be influenced by Ergfiionetics/phonology. Keeping this in mind,
we also examined whether bilingualism had an afiadhe acoustic cues of English loanwords

produced in a non-immigrant situation (i.e., Paajt

Aims of this dissertation

To date there has been no detailed investigatidheofcoustic cues of coronals in Indo-Aryan
languages across word-positions (word-medial, woitéal and word-final) and vowel (/i e a
u o/) contexts. The aim of this dissertation ig¢fere to investigate the phonetic properties of
the Punjabi retroflex and dental stops across waositions and before/after vowels /i e a o u/,
using temporal and spectral measures. Temporabhctegistics of the Punjabi word-medial
singleton and geminate stops are also investigatedwing that durational contrasts are

important to understand stop oppositions. At the, eme then apply these insights to better
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understand the nature of loanword adaptation, sigpWwow English alveolar /t/ produced by
native English speakers and Punjabi speakers aligniéh Punjabi retroflex and dental
categories. This dissertation addresses the faligwesearch questions:
a. What is the phonology of coronals and other featofethe Punjabi language (Chapter
2)?
b. What are the temporal characteristics of Punjabidwoedial singleton and geminate
stops (Chapter 3)?
c. Which acoustic cues differentiate the contrast betwPunjabi retroflex and dental
stops in word-medial, word-initial and word-finalgitions, across all vowel contexts /i
e a o u/ (Chapter 4)?
d. How do the temporal and spectral differences batiRmjabi retroflex and dental stops
help explain the adaptation of (Australian) Engld¥eolar /t/ as a retroflex rather than
a dental in Punjabi (Chapter 5)?
The remainder of this dissertation is organizetbhgws:
There are several detailed phonological descriptionPunjabi (Arun, 1962; Bailey, 1914;
Bhatia, 1993; Campbell, 1981; Dulai, 1989; DulakK&ul, 1980; Gill & Gleason, 1962; Jain,
1934; Malik, 1995; Singh, 1971 among others). Hoavewvhese descriptions are based
primarily on impressionistic transcriptions. Cuttgnthere is no illustration of the IPA for
Punjabi. Chapter 2 therefore provides an overviéwhe phonological structure of Punjabi.
This illustration will be helpful for linguists amstudents interested in working on the Punjabi
language.
Chapter 3 investigates the temporal differenceBunjabi word-medial singleton and
geminate stops in ai€:C>V2 template. The main aim of this study is to exantiogv the
duration of G, Viand \,vary depending on the duration of that is either a singleton or a
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geminate. Given previous findings from Hindi sirtigles and geminates (Ohala, 2007), we
predicted that the duration of @ a GV1CyV2template would differ significantly, depending
on the durational properties ob (3ingleton or geminate). It was also predicted @awvould

be longer in geminates but shorter in singletomsil&ly, we expected that the duration of the
preceding (V) and following (\%) vowels would be shorter in geminates, but longer
singletons. The findings indicated that &d \4 durations are the most reliable acoustic cues
distinguishing Punjabi singleton from geminate sto and M durations did not differ
significantly for both singleton and geminate stops

Chapter 4 focusses on the temporal and spectrahatieaistics of the Punjabi word-medial,
word-initial and word-final retroflex and dentabps, before/after vowels /i e a o u/ (word-final
stops were only investigated in the context ofui)aln particular, we consider the implications
of Ohala and Ohala’s (2001) claim that Hindi rderfstops show F3-F2 convergence across
all vowels /i a u/. In contrast, Dave (1977) argtieak there is no F3-F2 convergence in the
front vowels /i e/ for Gujarati retroflexes. Thases questions whether Punjabi retroflex stops
show F3-F2 convergence in the front vowels /i éle Goal of this paper is to explore the
acoustic properties which characterize a rich caregstem, by examining in a new detail the
spectral and temporal properties of Punjabi regsofind dental stops. In particular, we sought
to understand whether Punjabi retroflexes show E3X:Bnvergence in the context of a
preceding /i/ vowel, and how the acoustic propsiestop release bursts vary across all vowel
and word-positions. The contrast between Punjdlnftex and dental stops is investigated in
both the maximally informative phonetic environméwiord-medial position) and the less
informative phonetic contexts (word-initial and weinal positions). The results suggested
that Punjabi coronal place contrasts are signayethé complex interaction of temporal and
spectral cues. VOT and total stop duration consiltedifferentiated Punjabi word-medial,
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word-initial and word-final retroflex and dentabpt across all vowels. The F3-F2 difference
and spectral moments of stop release bursts fiiledaracterize both stops in various vocalic
environments. However, spectral variance was abielicue in all but a few environments.

Having established that the temporal charactesisire the most reliable cues to the
distinction between Punjabi retroflex and dentapst Chapter 5 then extends these insights to
better understand the adaptation of English wardHalveolar stops as retroflexes. To do this,
we compared the acoustics of native English alveta(produced by Australian English
speakers) and adapted loanword /t/ (such@st’) with native Punjabi word-final retroflex and
dental stops. To ensure that being bilingual wawt be a factor, we tested two groups of
speakers: Punjabi monolinguals (who only knew Faihgnd trilinguals (who spoke Punjabi,
Urdu and English). The Punjabi monolingual spealn® non-literate. Since this population
could not read Punjabi, we used English loanwotdd tould be easily pictured to the
monolingual group. Most of the high frequency piahle words that could be found in the
corpus (Ghotra, 2006) across the three point vawetexts had final /t/. We thus focussed on
the adaptation of word-final /t/. It was hypothesizthat Australian English (Ausg) /t/ and
loanword /t/ would be acoustically more similatie native retroflex than dental stops. Given
that Punjabi monolinguals and trilinguals have esiee exposure to Punjabi and Urdu (rather
than English), we predicted that there would bedifterences between monolingual and
trilingual Punjabi speakers in the production ogish loanwords. The findings suggested that
the temporal and spectral characteristics of loadwtd are closer to Punjabi retroflex than
dental stops. However, acoustic similarities betw@asE /t/ and Punjabi retroflex stop were
less clear.

Chapter 6 discusses the major findings and compheedata of this dissertation with
other languages that possess the retroflex andldamttrast. The implications, limitations, and
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possible future research directions are then ptedeihe results of this dissertation will help
inform various phonetic and phonological processeterlying coronal contrasts in the native
and loanword phonologies of Indo-Aryan languagesrédver, detailed phonetic analyses
across all word-positions and vocalic contexts hdlp to address some of the inconsistencies
in the current literature on the phonetics of catenThis dissertation will thus provide a
baseline for other phonetic studies on the typolofygoronal contrasts in Australian, Indo-
Aryan and Dravidian languages, and will raise mesyes for further research regarding the

loanword incorporation of coronals.
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Chapter 2: Punjabi (Lyallpuri variety): lllustratio ns
of the IPA

This chapter is based on the following paper wisaturrently under review:

Hussain, Q., Harvey, M., Proctor, M., & Demuth,(kevision submitted). Punjabi: illustration

of the IPA.Journal of the International Phonetic Association.
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Punjabi (Western, 1SO-639-3 pnb (Lyallpyti_sLl¥ variety)) is an Indo-Aryan language
(Indo-European, Indo-Iranian) spoken in Pakistash ladia, with a large number of immigrant
speakers residing in the UK, Canada and Americh &3bleason 1962). In terms of number
of speakers, it is ranked ®t@mong the world’s languages (Lewis, Simons & Feriti116).
The phonology of Punjabi is notable for rich cororantrasts, geminate consonant contrasts,
and the development of three contrastive toneseétspof the phonology of different varieties
of Punjabi have been described in Arun (1961), Bh@t993), Dulai & Koul (1980), Gill &
Gleason (1962), Jain (1934), Malik (1995) and Si(ifv1)?

The lexicon of Punjabi includes loanwords from Acalienglish, Hindi-Urdu, Persian,
Sanskrit and Turkish. The woRLlInjabiitself is a combination of two Persian wordsyu/
=ufive’ and /ab/ <! ‘water’, which literally meanghe land of five river{Shackle 2003).
Punjabi is written in two different scripts: GurntuKmainly used in India), and Shahmukhi, a
modified Perso-Arabic script frequently employedRynjabi speakers in Pakistan. The many
dialects of Punjabi are broadly classified into yvoups: Eastern and Western (also known as
Lahnda or Lahndi}® The Eastern dialects are primarily spoken in tidian state of Punjab,
whereas the Western dialects cover the area olaBuRjakistan (Singh 1971); however, the
distribution of speakers and varieties is more darafed (Shackle 1979). In 1947, during the
partition of India and Pakistan, a large humbePahjabi speakers migrated from India to
Pakistan and settled around Lahore, Sialkot, Sahiasalabad and Gujranwala. Similarly,

Punjabi speakers from the Punjab state of Pakisared to India. The current illustration is

% For brief grammatical descriptions, see also B4869), Bailey (1914), Bailey & Cummings (1912),rQzbell
(1981), Carey (1812), Clivio (1966), Dulai (1988packle (2003), Tisdall (1961) and Vatuk (1964).

10 The classification of Punjabi into Eastern and Wfesdialects is still controversial. Readers afemred to Gill
& Gleason (1962), Grierson (1916) and Shackle (1839 detailed discussion.
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based on the speech of a native Punjabi speakarfeisalabad (Punjab province), Pakistan.
This illustration describes a variety of Punjabblepn in Faisalabad, known as Lyallpuri
(originally from the old name of the city: Lyallpu€ampbell 1981; Gill & Gleason 1962). In
addition to Lyallpuri, some people in the ruralasef Faisalabad speak Jangli, which is a
distinct variety of Punjabi. Jangli speakers caodle found in other rural areas all across
Punjab, Pakistan. One of the most distinctive festwof Jangli is its retention of voiced
aspirates.

In the Punjabi dialect chain, Lyallpuri is surroeddoy the Majhi dialect in the North-
East, and Lahndi (spoken in Multan and surroundnegs, now known as Siraiki) in the South-
West (Gill & Gleason 1962). Lyallpuri shares a nambf features with the Standard Majhi
dialect, in particular a three-way laryngeal costta.g. /p pb/).1?2 On the other hand, Lyallpuri
differs from Siraiki in terms of laryngeal contratnlike Lyallpuri, Siraiki has a five-way
laryngeal contrast (e.g., /p p b 6/; Shackle 2003)3 Figure 1 shows a map of Pakistan, with
the city of Faisalabad where the Lyallpuri varistgpoken. The borderline between India and
Pakistan (indicated with an arrow) shows the curdiwision of Punjabi into Eastern and

Western dialects.

11 The first author of this illustration.

12 Detailed quantitative comparative studies of Lyatl and Lahore Majhi are needed to explore thiedifices
and similarities in two varieties.

13 Western dialects of Punjabi (Pakistan) can begesieed according to their laryngeal contrastsed¢hway
(Lyallpuri and Lahore Maijhi: /ppb/); four-way (Jangli and Awankari: /¢ p b/ (Bahri 1962)); and five-way
(Siraiki: /p p b b 6/ (Shackle 2003)). It should be noted that Siraikias/ considered a separate language (Shackle
1977).
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Figure 1 (Colour online) Map of Pakistai.

Consonants
Labial Dental | Alveolar| Retroflex Palatal Velar Glottal
Plosive | pp'b | L'd (rd | §f'ds | kKkig
Fricative ® (v) S (2) J ) (v) h
Nasal m n n
Lateral I 1
Tap r
Flap r
Approximant v J

14 The World Factbook (Central Intelligence AgencyAl; USA).
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Initial
par
phag
bar
tal
thal
dal
tal
thor
dak
kal
khed
gal
tal
yral
dzal
sal
Jal
hal
mal

nal

lal

rag
vag

jar

B

Cross
torn
outside
beat (n.)
platter
lentil
stop

cold

mail

call
fertilizer
abuse
gait
jump

net

year
shawl
condition
stock
with

red

song

push

friend

Medial
fhapa
nepa

baba

vofta

baza

masa

mama
dana
kana
dzala
pda
sara
saa
paa

maja

Ll

Lla

us

raid
waistband

an old man
ledger
elephant
simple

neck

weak

ours

robbery
raisings (plu.)
garden (plu.)
fodder
spread

tuba

little

subunit of gram
maternal uncle
bird food
one-eyed
cobweb

cold

a female name
jealousy

cot leg

starch

Final

nap

akh

by
Ul
ks

mas

nam

pan

pal
ol
far

se

e

<l

measurement
steam

bury

talk
companionship
remember
fruit dish
sixty-two

love

clean

put

name of a dish
save

armpit
buttonhole
skin

corpse

name

betel leaf
trust

raise

rub

four

burnt

*Lyallpuri has three tones: high), mid (') and low (). Only high and low tones are marked in the wistdl
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The list of words presented above is based on thanal or near minimal pairs of the
Lyallpuri consonantal contrasts in word-initial, demedial and word-final positions. There
are a total 32 consonants, including 5 fricatives garentheses) that are only found in

loanwords from Persian, Arabic and Urdu.

Obstruents

Lyallpuri has a three-way laryngeal contrast insples (e.g., voiceless unaspirated /p/,
voiceless aspirated"/pand voiced unaspirated /b/) at five places ataldtion (labial, dental,
retroflex, palatal and velar). Plosives are cotitrasn all word-positions. The contrast between
voiced unaspirated and voiced aspirated plosiveslog in Lyallpuri (for more details, see the
section on stress and tones). Other varieties pjaBu(e.g., Jangli and Siraiki) still preserve
the four or five-way laryngeal contrast (Shackl®20 Figure 2 shows the waveforms and
spectrograms of the three-way laryngeal contraktmél plosives.

Ipall Iphall Iol/

Aspiration

\

Prevoicing

\

Amplitude (db)

=
=

: 0
ek £

0 Time (s) 1.606

Frequency (Hz)
£ gi
;-

Figure 2 Waveforms and spectrograms ofl/pJ: ‘moment’ (left), /pol/ Je ‘fruit’ (middle),
and /bl/ & ‘curl’ (right), respectively. The arrows indicatspration in voiceless

aspirated /g and prevoicing in voiced /b/.
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There is a three-way coronal contrast in plosieeg.( /tt §/). The category gbalatalsis
described as ‘palatals’ (Arun 1961; Bhatia 1993)palatoalveolars’ (Dulai & Koul 1980).
These sounds belong to the broader categogowinals(see Arsenault 2008 for a detailed
discussion about coronals in Indo-Aryan languagd$)e most important acoustic cue
distinguishing Lyallpuri coronals is VOT. Retroflex in Lyallpuri have the shortest VOT,
followed by dentals and then by palatals (palatelge the longest VOT: Hussain, Harvey,

Proctor & Demuth 2015). Figure 3 illustrates theediway VOT contrast of Lyallpuri.
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H
‘I i

|
|i‘ H ‘ | |1,‘ |‘|‘ H”’l
B «mﬂhﬂ&hﬂ\ 'L” ‘“\l ] | ||| | ‘ ‘ ‘ ‘

|\| Hin lld I'u‘. \
'J| ‘ | WI w '.\' :J| L‘: J

A |
s H‘ H‘
: | 'W \, N
4 Vit n
Y l
‘i
WLl -

F

|
Wt
W

l
"MH

/
W

|
L]

0 Time (s) 0.80

Figure 3 VOT (ms) of Punjabi voiceless unaspirated retroff@l/ JS ‘stop’, voiceless

unaspirated dentallf JG ‘beat (n.)’ and voiceless unaspirated palafal/ 0 ‘gait’.
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The fricatives /s/ andl/are also contrastive in word-initial, medial dmal positions. /h/
can occur word-initially but not word-medially afidally. The contrast among three fricatives
/s h/ in word-initial position is illustrated in Fige 4.

Labial and velar fricatives (represented in paresdés in the consonant table) are only
found in loanwords from Persian, Arabic, Urdu, anthe speech of literate Lyallpuri speakers
(e.g., /Iarurat/ @5 <= ‘'need’, kar/ J\e ‘cave’). Non-literate speakers produce /z/ ayics s/

and 4/ (see Sharma 1971).

/sall Jal/ /hal/

Amplitude (db)

5000

Frequency (Hz)

=
o
B

2.765

Figure 4 Waveforms and spectrograms of /s&l ‘year’ (left), [fal/ J ‘shawl’ (middle) and
/hal/ J~ ‘condition’ (right). The black circles indicate tlmncentration of acoustic

energy in higher or lower frequencies.

Nasals

Lyallpuri contrasts nasals at three places of @gtton: labial /m/, dental /n/ and retrofley./
The first two can occur in all word positions, was retroflexr/ only occurs word-medially
and finally. Palatal and velar nasals occur agphtimes of /n/ and are found in homorganic

clusters with palatal and velar stops (see theseon consonant clusters).
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Liquids (laterals, tap and flap)

There is a four-way liquid contrast in Lyallpunif,//I/, it/ and [/, but only /r/ and /I/ can occur
in all word positions. Thus, retroflex flag And lateral|/ contrast with alveolar /r/ and /I/ word-
medially and finally. The contrast between alvediteral /I/ and retroflex lateral//is
neutralized in some dialects of Punjabi (Bhatia 39%igure 5 presents representative
examples of alveolar tap /r/ and retroflex flgp /

/sara/ Isa

Amplitude (db)

L
=
2
=

| "‘ﬂl!]hl\ I h || Ll i
\ ﬂh
. |

0 Time (s) 1.700

Frequency (Hz)

Figure 5 Waveforms and spectrograms of /sapa# ‘a female name’ (left) and /g& '3\

‘jealousy’ (right).

Approximants

The labial approximant/ and palatal /j/ are contrastive word-initiallycamedially. Urdu
loanwords with word-initial /b/ (/ball. ‘hair’) are sometimes produced aal/ or /val/J's in
Lyallpuri. This kind of variation only occurs indowords and is restricted to word-initial

position.
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Consonant clusters

Lyallpuri has a small set of consonant clustersrdAinitial clusters are rarely found; medial
and final clusters are of limited types and theseniuch inter/intra-speaker variation in
simplification of clusters.

Plosives can occur as the first or second membedieterorganic word-medial clusters.
If the first consonant is a plosive, the secondsooant can be a plosive, liquid or nasal. The
first member of the word-medial consonant clusbeisngs to the first syllable and the second
one to the second syllable. Some representative@ea of the heterorganic word-medial

clusters are presented in (1a<e).

(1) Heterorganic word-medial clusters

(a) Plosives + plosives

/nak.di/ @& cash

/baf.da/ )l escape
(b) Plosives + liquids
nok.ri/ s Ss  job
Ipad.ral Ly level

(c) Plosives + nasals
Ifok.na/  USs  ift
/bad.nam/ #Lx  notorious
(d) Nasals + plosives

lfimta/ Y tong

lfomfya/ s<x spoon

15 Readers are referred to Arun (1961), Gill & Glea$b962) and Malik (1995) for a detailed discussatnout
the types of clusters.
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(e) Fricatives + plosives

lfas.ka/ “-a addicted
Ikaftil &8 boat

Homorganic word-medial clusters are also permittetdyallpuri. The most commonly
found homorganic clusters include nasals + plosiaad also laterals + plosives, as shown in
(2a-b):

(2) Homorganic word-medial clusters

(a) Nasals + plosives

Igonda/ =& dirty
Igon.da/ 13X onion
/mopn.dsa/ i cot
lkon.ga/l &S comb
/kham.ba/ S pole

(b) Laterals + plosives

Igal.ti/ <hle  fault
Idsal.di/ s quickly
/hol.di/ <L turmeric

Word-final clusters are not widespread in Lyallptnmawever, literate Lyallpuri speakers
preserve word-final consonant clusters that areddan Persian, Urdu and Arabic loanwords.
Monolingual Lyallpuri speakers and older generaspeakers frequently epenthesize to break

up clusters. The following types of word-final dieis are permitted in Lyallpuri (3a-H):

(3) Word-final clusters

(a) Fricatives + plosives

Isost/ < lazy

16 See Malik (1995) for a detailed list.
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Igofy <&  wander around

(b) Liquids + plosives

/mord/ 22 man

mirfl  z~  pepper

Geminates
Singleton Geminate
p | fepal W jump kop:a/ & traditional song
lba/ W find Mlob:a/ W found
t | /potal L address Igt:a/ & leaf
d | /sodi/ sxa  century Isd:i/ sia called (fem.)
t | Iketal K cut lotal & puffalo’s calf
foada/ 155 harvesting dodia/ 35 big
Ifoka/  Ss  carry foka/ & bicycle rim
ki | /pokta/ &S burn Ipkta/ & fan
g |/degal B&  wake up dzog:al  Bs  anick name
g | /botfa/ s save /by al ~>  child
g | looftal >3 spread vot™al s cow's calf
dz | lvadsa/ s5 playinstrument | vods:a/ w5 hit
s | /kesal WS rub lkosal  Us  jerk (n.)
m | /komi/ < shortage /kmi/ &  low caste
n |/gna/ & count fonia/ X sugarcane
|| /gola/ S8 neck fol:a/ S money box
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In Lyallpuri, the following consonants can occurgasninates: /p bpdtd kkrgfg" &z s
m n |/. Geminate consonants are always precededtyalized vowels (b u/). The difference
between a singleton and geminate plosive liesdrckbsure duration (Hussain 2015). Geminate
plosives are characterized by longer closure cumatiompared to singletons. There is no
difference in the duration of the vowel precedimggketons and geminates. However, the
following vowel is shorter in geminate than singletplosives. Representative examples of

Lyallpuri word-medial singleton and geminate plesi\are presented in Figures 6 and 7.

Ipata/
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Figure 6 Waveform and spectrogram of voiceless unaspirategieton /f in /pota/ %

‘address’.
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Figure 7 Waveform and spectrogram of voiceless unaspirageuirate /t in /pot;a/ % ‘leaf’.

Vowels

Ny

NI
N

Initial
id

114

es

ef
as
osi

okha

0s

4]

Muslim festival
one

his

luxury

hope

we

difficult

dew

Medial Final
pir o2 Monday pi 3
pir & retract - -
ber _x Dberry pe =
per o5 foot e =
par .t cross pa L
pr o feather - -
tol Jss rice 6)
bol dJds talk bo
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father

lie down

pour

sit

smell



O

u

odas M sad or »  town - - -

ma Usl  low pur s il su s calved

The list of Lyallpuri vowels above contains minin@ near minimal pairs. Figure 8
presents the F1 and F2 formants of Lyallpuri vovpetsduced in word-medial position (based
on five repetitions). The vowel system of Lyallpigisimilar to the Punjabi dialects spoken in
India (Dulai 1989; Gill & Gleason 1962). Lyallpurowels can be categorized into centralized
/1 2 v/ and peripheral vowels /igga 0o u/. Only peripheral vowels occur in all word-posits.
There is a contrast in vowel height (/i/ vs. /aljl ackness (/i/ vs. /ul). In the Lyallpuri dialect
the contrast betweer &nd /e/ is sometimes neutralised. For instaheawbrd for ‘head’ varies
between /s8/ -« and /ser/~ . This can also be observed in Figure 8 below whéeand /e/ are

close to each other in terms of height.

00 *
i L ]
* L u
] I -
Ug
™ 400 d
I [
o 2
ez
L ™
5001 e
&
a
G500 -

2500 2000 1500 1000 500
F2 (Hz)

Figure 8 F1 and F2lot of Punjabi vowels in word-medial position.

Both /e/ anddl are peripheral vowels éf 3 ‘crack’ vs. [gr/ s ‘swim’). /of is higher

than /a/ (ifol/ J> ‘lets go’ vs. ffal/ Ji ‘gait’). The distinction between/ and /o/ is neutralized
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for some speakers who produce the word for ‘oneltedi as /s/ s or /so/s .17 /vl is lowered

and more central than /u/ (/surk ‘pig’ vs. /sur/ s~ ‘rhythm or tune’).

In addition to oral vowels, Lyallpuri has a contias set of nasal vowels. Only peripheral
nasalized vowels contrast with oral vowels (Bhdt®#93; Shackle 2003). Representative

examples of contrastive nasalized peripheral voaadgresented in (4) (Shackle 2083).

(4) Oral vs. nasal vowels in Lyallpuri

Oral Nasal
/he/ — s M o» youare (2sg.)
lga/ ¥  sing lgd/  JX  cow
Ifol s> milking Mol s> from
[0/ s« hundred 13 us« Sleep
Diphthongs

Lyallpuri variety has a rich inventory of diphthadrepresentative examples of minimal or
near minimal pairs of Lyallpuri diphthongs are gneted in (5).4 o/ do not occur as a first or
second member of the diphthongs. Central vowels/ do not occur as a second member of

the diphthongs.
(5) Lyallpuri diphthongs

Isuil s smallneedle /sue/ s« bigneedle
[soil s~ slept (3sin.)  /lau/ ¥ will remove
Imoil s May bu/ s will take

/mai/ &% old lady /khou/ 35S will snatch

17 o/ is slightly diphthongized.

18 Nasalized vowels have important grammatical fumgti(Shackle 2003).

57



Isoe/ s« slept(Xplu)  toal 5 hole
Isael s\  shade dsua/ 15> gambling

Prosodic features

Syllable structure

In Lyallpuri, syllables consist maximally of two s&t consonants and two coda consonants
(C)(C)V(C)(C)2I° The vast majority of Lyallpuri words are monospizor disyllabic. Some

representative examples of Lyallpuri syllables@esented in (6).

(6) Lyallpuri syllables

\% lal I come
Ccv Ikba/ S eat

CvC lgit/ <L song
CV.CV [sitil = whistle
V.CV  Jauril s chainsaw

VC.CV /a.da/ '3 egg

Stress and tone

Stress is not contrastive in Lyallpuri. Howeverallguri and other dialects of Indian Punjabi
are known for the development of three contradtivess: high (), mid (") and low () (Gill
1960)% Minimal pairs of all three tones in monosyllabiwdadisyllabic words are given in (7).

Figure 9 illustrates the differences in FO and tions of high, mid and low tones.

19 Words with initial and final consonant cluster® aery rare and only found in Persian, Urdu andbira
loanwords.

20 See also Bahl (1957).
58



(7) Three-way tonal contrast in Lyallpuri

Monosyllabic Disyllabic
High Ha/ & tea lkgal W3S leper
Mid lfal s enthusiasm #ixa/ 135 whip
Low /fa/ s peek lkga/ 1555 horse
&/ ta/

: 325ms ;345 ms

&/

429 ms

Amplitude (db)

FO (Hz)

0 Time (s)

2.333

Figure 9 Waveforms and spectrograms fé/\> ‘tea’ (left), fa/ s ‘enthusiasm’ (middle) and

Ifal > ‘peek’ (right), representing high, mid and low ésn respectively. The black

solid lines indicate the FO.

In high tone, the pitch is raised near the off§ae mid tone is the default tone and occurs

on the vowels where there is no tone specificaitdhe phonetic level (Bhatia 1975). Low tone

generally has a falling-rising contour (CampbelB1p There are some temporal differences in

three tones. Low tones have the longest durat@iowed by mid and high tones (Gill 1960).

The emergence of contrastive tones in Lyallpusdah Standard Majhi) is generally

associated with the loss of aspiration and voidmgoiced aspirated plosives (Gill 1960;
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Kanwal & Ritchart 2015; Shackle 2003; Sharma 19Yip; 2002). Hindi-Urdu words with
word-initial voiced aspirated plosives (i.e.f @ d" dsf g"/) lost their aspiration/voicing in
Lyallpuri, and the following vowel is produced witbw tone (Purcell, Villegas & Young
1978), as shown in (8). Word-medial and final /as falso been lost, resulting in high tone on

the preceding vowel (9).

(8) Loss of voiced aspirates and voicing

Hindi-Urdu Lyallpuri

Igforal 1558  —  /koral 1558 horse

Idfol/ dsd  —  folf Jds3  drum
(9) Deletion of glottal fricative /h/ in word-mediand final positions

Hindi-Urdu Lyallpuri
/pehla/ 3 — Ipéla/ P first

Irah/ )y — Ira/ o)) path

For further discussion on tonogenesis, readersefeered to Bhatia (1975), Hombert, Ohala

& Ewan (1979) and Ohala (1973).
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Transcription of The North Wind and The Sun

This passage was translated from English to Lyallpad presented here using phonetic
transcription. Only high () and low () tones are marked.

[Jomal d hava e subds viff rophar peja si pi kon bog akotvor €]

[te ferik musabr aja jinekombol di buk:al mari hoi si]

[onaneart la loi pai dséra pélamusabr da kombol lvva geve o bgh takotvar hove ga)

[fer fomal d hova pura zor la kéal:i] [por o dsin:a zor la kefaldi si musabr spna kombol ona

I kas ke lwk:ol mar Eda si]

[axor fomal d hova ne har ke ds kiti] [fer surads gormi nal fomkeya_e nusabr negteti nal
opna lombol 14 dit:a]

[te €d5 fomal d hava numonana peja pi donavryf:0 subds bdia akstver €]

Orthographic version (Shahmukhi script)

ke B (53 Jae (i W1 il (S) b 5 ) i i 08 (5 o bt S0 s s =5 1 g0 Jlat
sp g0 Jua 58 & o g0 gl g o) o gan 15l Jaa 1 il (3 3 (o AV Y Dol 3 ) o (S50
Jlad JAT- o 1l e I8 S G () Jls) JaaS Lyl il oo sy SV 55 s o) ey SV 551050
@ Jlad il 50 Y JaS Wyl b Gy = Jild 5 WSan JU (e S sl (A8 G S b S s 0

o) osBla Wz sl o5 Jlisd G Ly Lia s )50
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Chapter 3: Temporal characteristics of Punjabi

word-medial singletons and geminates

This chapter is based on the following publishepigpa

Hussain, Q. (2015). Temporal characteristics of&hirnword-medial singletons and geminates.

Journal of the Acoustical Society of America, (I38EL388-EL392.
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Abstract

Many studies have investigated the temporal chariatics of the word-medial singletons and
geminates in Indo-Aryan languages. However, lifldeknown about the acoustic cues
distinguishing between the word-medial singletams geminates of Punjabi. The present study
examines the temporal characteristics of Punjabdwaedial singleton and geminate stops in
a GViCyV2 template. The results from five Punjabi speakésaed that, unlike previous
studies of Indo-Aryan languages, the durations 0@ \4 are the most important acoustic
correlates of singleton and geminate stops in Punjdese findings therefore point towards

the cross-linguistic differences in the acousticelates of singletons and geminates.

© 2015 Acoustical Society of America

PACS Numbers: 43.70.Fq, 43.70.Kv.
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1. Introduction

Cross-linguistic studies have demonstrated thagjuages with a singleton and geminate
contrast are relatively rare. In a database con@idl7 languages, only 11 languages exhibit
singleton and geminate consonants (Maddieson, 1¥8dininate consonants show a wide-
range of diversity and appear in word-initial (SsviSerman: Lahiri and Hankamer, 1988),
intervocalic (Italian: Esposito and Benedetto, 1988d word-final positions (Maltese: Hume
et al., 2014). Some languages allow all types ofigates (Tashlhiyt Berber: Ridouane, 2010).
Word-medial geminates are frequently found acrasguages. Punjabi, like many other
Indo-Aryan languages, contrasts word-medial siogieind geminate consonants. There are
ten vowels in Punjabi: three centralized vowelsd/ and seven peripheral vowels /& @ 0o
a/. Geminate consonants are always preceded byatieed vowels and are followed by
peripheral vowels (Dulai and Koul, 1980). In theallpuri dialect of Punjabi, the following
consonants can occur as geminates;_ /othitk k” g f §* ¢ s m n I/. Substantial research efforts
have been made in order to investigate the acoustielates of singleton and geminate
consonants in Indo-Aryan languages (Ghai, 1980;l@h2007). The most essential cue
distinguishing singletons from geminates is thesgte duration (Lahiri and Hankamer, 1988).
Geminates are characterized by longer closure idaratompared to singletons. Ridouane
(2007) found that geminates in Tashlhiyt Berberststently show longer consonant durations
than singletons, regardless of the position of gameis in a word (initial, intervocalic, final)
and types of obstruents (stops, fricatives). Thss also manifested in the EPG
(electropalatography) contact data. Geminates lalager linguopalatal contact than their
singleton counterparts. Kraehenmann and Lahiri §20€ported that the linguopalatal contact
of the word-initial geminates in Swiss German isdger in geminates (167 ms) but shorter in

singletons (112 ms).
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Other acoustic correlates of singletons and gemsnate duration of the preceding and
following vowels. In Italian, the duration of thegeeding vowel is shorter when the following
consonant is a geminate (Esposito and Benedet9)19apanese lengthens the preceding
vowel before geminates and shortens the followimgelt after geminates (Han, 1994).

Phonetic studies of singletons and geminates hiaeeeatablished that the duration of
Ciina GV1CV2 template is longer when@S a geminate. In Hindi (Ohala, 2007), the duration
of C: is longer when €is a geminate but shorter whepi€a singleton. Han (1994) reported
similar results for the Japanese geminates. Turddaaun (2014) associated this lengthening
effect of Gon G with the long-distance anticipatory effects.

The aim of the current study is therefore to ingedé the temporal characteristics of
Punjabi singletons and geminates ini& {C>V > template. Given previous findings from Hindi
(Ohala, 2007) singletons and geminates, we pretittat the duration of 0n a GViCyV2
template would differ significantly, depending dre tdurational properties of2(singleton or
geminate). It is also predicted thai\Would be longer in geminates but shorter in sirggist
Similarly, it is expected that the duration of fireceding vowel would be shorter in geminates,
but longer in singletons (Ohala, 2007). Most of shedies on singletons and geminates do not
report the duration of following vowels. It is algedicted that the duration of following vowels

would be shorter after geminates and longer aiitgietons.

2. Methods

2.1 Participants

Five male Punjabi speakers (21-29 years old, M22u8 years) participated in the experiments.

The native language of the participants was Purjabthey were fluent in English and Urdu
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as well. The participants reported normal speakind hearing abilities. All of the speakers

were residing in Faisalabad, Pakistan and shagedaime dialect of Punjabi.

2.2 Speech material

The target words consisted of five pairs of simgleaind geminate stops, with\GCoV 2
template. @was one of the following stopgp k b/; Vi was 8/; C> was either a singleton /p t
t/ k/ or a geminate /; t: t[: k:/; and V2 was /a/. All words were real Punjatords. The target
words were elicited in an utterance-medial posjtienu____ ke, which can be literally

translated asay it

2.3 Procedure

The participants were invited into a quiet roonthet University of Agriculture, Faisalabad.
Before the experiment, a practice session was ateduo familiarize participants with the
task. Target words were written in Punjabi orthpgsa(Shahmukhi script) and presented on a
computer screen. Participants were asked to readvéinds in an utterance-medial position.
Each item was repeated five times (Broad and Cletn2®14) resulting in a total of 250 tokens
(5 singletons + 5 geminates x 5 repetitions x %iggpants = 250 items). The recordings were
made using a Zoom H2 digital voice recorder withudt-in microphone at a sampling rate of

44.1 KHz.

2.4 Acoustic segmentation

A total of 250 items were acoustically segmentadgi®raat. Four items were excluded due
to mispronunciations. The vowels (\&nd \%) were segmented as clear F2 energy in the

spectrogram. Closure durations and VOTs were segu¢ogether for the {and Gdurations

69



(Ridouane, 2007). Fig. 1 presents a representakample of the acoustic segmentation of the

target items.

Amplitude
Amplitude

th
[=}
=]
=]
W
=3
=3
=l

n

Frequency (Hz)

(==

Frequency (Hz)

0 520 0 520
Time (ms) Time (ms)

Fig. 1. Acoustic waveform and spectrum showing sagmentation of the target iteiheft:
/paka/ ‘cook’; right: /pok:al ‘firm or strong’). Acoustic landmarks, /1C;V2, are indicated

with the dotted lines.

3. Results

Separate repeated-measure analyses of varianceMAN®ere conducted for each acoustic
measurement, with 1CV1, C> andV2 as dependent variables, place (labial, dentaipffex,
palatal, and velar) and consonant type (singlesorgeminate) as within-subject factors. The

alpha value was set at 0.05.

3.1 Consonant durations (G and C)

It was predicted that the duration of @ould be longer whens a geminate. Furthermore,
the duration of @was anticipated to be longer in geminates and sharmtsingletons. The
results of Gduration indicated that there was a significaneetfof placeff (4, 16) = 10.322,

p<0.001], but unexpectedly, there was no signifiedfdct of consonant typé&[(1, 4) = 4.203,
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p=0.110] and no significant interaction betweenplaee and consonant tyge (4, 16) = .170,
p=0.950]. This suggests that the duration efv@ried significantly across different places of
articulation but @ duration did not differ significantly when the @as one of the singleton or
geminate stops. The results of diiration showed a significant effect of pld€e(4, 16) =
13.359,p<0.001] and consonant type (1, 4) = 44.346p=0.003] but no significant interaction
between the place and consonant tyipg4, 16) = 1.357p=0.292]. This indicates that>C
duration was significant across different placearttulation andC, duration, as expected, was
significantly longer for geminates, compared toghtons. Table 1 presents the mean
C1V1CVadurations across different places of articulatibhe mean values ofiGnd G are

plotted in Fig. 2.

Table 1. Mean ©/1C;V2 durations (ms) in singletons and geminates, aaliffesent places of
articulation. The first value in each cell reprdsethe mean value and second value in

parentheses shows the SD.

Place Consonant C V1 C2 V2
Labial Ipl 100 (10) 39 (11) 111 (19) 210 (33)
Ip:/ 113 (16) 46 (5) 143 (10) 128 (33)
Dental Iy 111 (19) 45 (10) 101 (10) 173 (54)
It/ 116 (22) 45 (7) 149 (10) 130 (29)
Retroflex Il 110 (34) 45 (10) 87 (14) 199 (41)
It/ 117 (23 47 (6 125 (17 122 (19
Palatal 1ty 81 (27 47 (11 102 (18 205 (37
It/ 85 (24 53 (8 140 (16 130 (37
Velar I/ 109 (17) 39 (12) 102 (12) 207 (24)
Ik:/ 118 (11) 52 (10) 142 (15) 143 (26)
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Fig. 2. Mean ¢(left) and G (right) durations (ms) in singletons and geminaaesoss different

places of articulation. Error bars indicate staddaror of the mean.

Although there were no statistically significantfeliences in ¢ but G was slightly longer
when G was a geminate. For the labial ®Was on average 13 ms longer in geminates than
singletons. This minor difference in singletons gedinates was also reflected in other places
of articulation (dental: 5 ms; retroflex: 7 ms; gial: 4 ms; velar: 9 ms)..Ghowed longer

durations in geminates but shorter in singletons.

3.2 Vowel durations (M and V>)

It was expected that the duration of the preceslimgels would be shorter in geminates, but
longer in singletons. On the other hand, the domadif the following vowels would be shorter
after geminates and longer after singletons. Thault® of repeated-measures ANOVA
suggested that plack (4, 16) = 1.765=0.185] and consonant typee (1, 4) = 1.106p=0.352]
had no significant effect on;\luration and there was no significant interactietween the
place and consonant type (4, 16) = 1.316p=0.306]. This suggests that Wuration was not

significantly different in both singletons and gewties. However, as predicted, the repeated-
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measures ANOVA indicated that there was an effecbnsonant type onMuration | (1, 4)

= 170.844,p<0.001], with geminates showing shorter Wuration, and singletons are
characterized by the longek duration. The effect of place on Wuration was not significant
[F (4, 16) = 1.873p=0.165] and there was no significant interactiomween place and
consonant typeH (1.586, 6.344) = 1.618)=0.265]. Figure 3 illustrates the mean vowel

durations of singletons and geminates across diftgulaces of articulation.

250 2507 Singleton
z z B Geminate
< 200+ = 2007
s -
g £
'E 150+ E 150
= a
— [
> 100 ” 100~
g :
2 50 = so-
0= 0
Labial Dental Retroflex Palatal Velar Labial Demntal Retroflex Palatal Velar
Place Place

Fig. 3. Mean Y (left) and \4 (right) durations (ms) in singletons and gemingaesoss different

places of articulation. Error bars indicate staddaror of the mean.

V1 duration was not significant in singletons and gertes but it was slightly longer in
geminate labial, retroflex, palatal and velar, canggl to singletons. )/ duration was
consistently longer in singletons but shorter imgetes. On average, the difference between
the V- duration of labial, dental, retroflex, palatal avelar was 82, 43, 77, 75, and 63 ms,

respectively.
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4. Discussion

The present study investigated the temporal cheniatits of Punjabi word-medial singleton
and geminate stops across different places ofugation. The findings suggest that consonant
duration of G and vowel duration of ¥ are the primary acoustic correlates of Punjabi
geminates. The durational correlates efate in line with the previous studies (Ohala, 2007
Lahiri and Hankamer, 1988), however, the result€oflo not match with other studies on
singletons and geminates. It is argued that, umlikat has been reported for Italian (Turco and
Braun, 2014), Hindi (Ohala, 2007), and Japanesen,(H&94) geminates, there are no
anticipatory effects of &lengthening on Cduration in Punjabi.

Languages exhibit three types of durational pasternen talking about the duration of
preceding vowel (Y): (a) languages that shorten the preceding vowetnwthe following
consonant is a geminate (Italian: Esposito and &ett@, 1999; Tashlhiyt Berber: Ridouane,
2007); (b) languages that lengthen the precedingelqJapanese: Han, 1994); and (c)
languages that show no difference in the duratiopreceding vowel (Turkish: Lahiri and
Hankamer, 1988). Punjabi falls under the categbtype (c) languages that show no difference
in V1 duration.

The duration of the following vowel @Y is not widely reported in the literature.
However, for the Japanese geminates Han (1994) ssiioat the duration of the following
vowel (V2) is shorter when the preceding consonan) (€ a geminate. The results ot V
duration in the current study are similar to Japan@&lan, 1994). The duration of & shorter
in geminates, compared to singletons.

The results of this study depart from other Indgakr languages. As reported by many
studies, for the geminate consonants, the durafigmeceding vowel (Y) is shorter in Hindi

(Ohala, 2007), Dogri (Ghai, 1980), and Bengali (dahnd Hankamer, 1988), than their
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singleton counterparts. These languages sharathe lsnguage family and their phonological
systems closely resemble with Punjabi. The findioigthis study also confirm that languages
belonging to the same language family might behdifferently in terms of the temporal

characteristics of singleton and geminate stops.
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Chapter 4: Acoustic characteristics of Punjabi

retroflex and dental stops

This chapter is based on the following paper thaurrently being revised:

Hussain, Q., Proctor, M., Harvey, M., & Demuth, (i1 revision). Acoustic characteristics of
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Abstract

The place category “retroflex” is found in many dndryan languages; however, it has not
been clearly established which acoustic charattesigeliably differentiate retroflexes from
other coronals. This study investigates the acopstonetic properties of Punjabi retroflek /
and dental /tin word-medial and word-initial contexts acrose /a o u/, and in word-final
context across /i a u/. Formant transitions, clesurd release durations, and spectral moments
of release bursts are compared in 2,280 stop topeothiced by thirty speakers. Although
burst spectral measures and formant transitionsadaonsistently differentiate retroflexes
from dentals in some vowel contexts, stop releasatmn and total stop duration reliably
differentiate Punjabi retroflex and dental stopsoas all word contexts and vocalic
environments. These results suggest that Punjabnabplace contrasts are signaled by the
complex interaction of temporal and spectral cues.

Keywords:Punjabi; coronal; retroflex; dental; formant trdimsis
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l. INTRODUCTION

Languages which have a contrastive set of retraftmxsonants are comparatively rare
(Ladefoged and Maddieson, 1996). Donohue et al.3R6stimate that only 14% of languages
in the world contrast retroflex stops with otherarmal stops. Several studies have reported data
on retroflexes in Indo-Aryan languages, but resafiésnot entirely consistent. Ohala and Ohala
(2001) reported that retroflex stops in Hindi atemacterized by F3-F2 convergence after
vowels /i a u/. Dave (1977) found that there i$-BeF2 convergence for Gujarati retroflex stops
produced after /i/ and /e/. This raises the questbether F3-F2 convergence is a reliable
acoustic correlate of retroflex articulations.Hosld also be noted that Ohala and Ohala (2001)
and Dave (1977) reported data from only a few pigidints (ten Hindi speakers and only one
Guijarati speaker) and did not provide any quamntgagnalysis on formant transitions.
Therefore, more data are required to fully undexstdne phonetic characteristics of coronal
stop contrasts in Indo-Aryan languages.

Punjabi is an Indo-Aryan language spoken in Pakistad India, and in expatriate
communities throughout the world. Despite the largmber of speakers (>100 million;"1i
speaker numbers globally (Lewis et al., 2015)),j&nirremains relatively understudied, with
little or no data available on many aspects ofpii@nological system. Punjabi has a three-way
coronal contrast: dental//tretroflex {/, and palatalfl (see Appendix A). These stops are
contrastive in all word contexts (medial, initiahd final). In this paper we examine the Punjabi
It/l-It/ contrast, because studies of other languages sloen that the contrast between
retroflex and dental stops is difficult to percefee both native (Wubuy: Bundgaard-Nielsen et
al., 2015) and non-native speakers (perceptionindiHetroflex and dental stops by English

and Japanese listeners: Pruitt et al., 2006). &dftis not included as it is acoustically and
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articulatorily quite different from other corondtsf. Anderson, 1997; Park, 2007; Shalev et al.,
1993; Tabain, 2012).

Formant transitions have been a particular focuthefresearch on place oppositions
(Halle et al., 1957; Delattre et al., 1962; Iskaretial., 2010; Rhone and Jongman, 2012, etc.).
Lowering of F3 in preceding vowels has been argadxd the most important acoustic correlate
of retroflex articulations (Hamann, 2003; Hamiltdr§96), as F2 may be raised or lowered
before a retroflex, depending on the vowel contexfustralian indigenous languages, palatals
are clearly differentiated from other coronals (€&nArrernte: Tabain, 2012; Pitjantjatjara:
Tabain and Beare, 2011); however, acousticallytadgnalveolars, and retroflexes are not as
clearly differentiated. In Wubuy, an Australian gaage with a four-way coronal contrast, F2
transitions from the preceding vowel in an intedac/aCa/ context do not robustly distinguish
dental, alveolar, and retroflex, but F3 transititmasn the preceding vowel differentiate all three
places. In /Ca/ contexts, the F2 onset of thewalg /a/ vowel differentiates retroflex vs.
dental and retroflex vs. alveolar stops, but ne¢allar vs. dental stops; however, F3 transitions
do not differentiate Wubuy dentals, alveolars, eetitbflexes (Bundgaard-Nielsen et al., 2012).
Unlike Wubuy, Central Arrernte (Tabain, 2012) does maintain a four-way coronal contrast
word-initially, with the contrast between alveoland retroflex being neutralized (Tabain,
2012).

The perceptibility of some coronal contrasts mageael also on the type and direction
of transition cues. Steriade’s (2008) cross-lintyuisurvey of perceptual cues to coronals in
different word contexts found that retroflexes weetter differentiated from other coronals in
terms of VC transitions compared to CV transitioftss claim is based on data from Australian
and other languages that neutralize coronal cdstraapical alveolar vs. apical postalveolar or
retroflex — in CV contexts, where there are no dues a preceding vowel (Hamilton, 1996;
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Steriade, 2008). Steriade (2008) posits that thatterns derive from the absence of preceding
transition cues, and that preceding transition emerucial for differentiating retroflexes from
other coronals. Steriade’s (2008) observationdwatbeer confirmed by perception studies. A
perceptual categorization study of the coronal rests of Western Arrernte found that in a
VCV context, the correct identification rate ofraftexes by native Arrernte speakers was 74%.
However, this identification rate dropped signifidg in a CV context (19%) (Anderson,
1997). As Western Arrernte does not contrast apiceivord-initial context, Anderson (1997)
used CV stimuli excised from VCV stimuli. Bundgaditelsen et al. (2015) found similar
differences in perception of Wubuy coronals acawgdio syllable position: Wubuy native
speakers correctly discriminated retroflexes andals in intervocalic context (83%), dropping
to 73% for word-initial context.

In word-initial context, formant transitions do ndistinguish retroflexes from dentals.
However, VOT may distinguish the two coronals. kEsknd Abramson (1964) investigated
VOT characteristics in a wide range of languagesluding some Indo-Aryan languages, in
utterance-initial and non-initial contexts. Mean V&of Hindi and Marathi initial voiceless
unaspirated retroflex and dental stops were 11shmsying no differences in VOT. However,
in non-initial context, there were differences bedw both Hindi and Marathi voiceless
unaspirated retroflex and dental stops (Hindi fexo8 ms vs. dental 14 ms; Marathi retroflex
3 ms vs. dental 15 ms). The data presented by lLaske Abramson (1964) were based on one
speaker each of Hindi and Marathi. It is possiblat tvOT values might differ in a larger
population of speakers. In Tiwi, word-medial releafpostalveolars are characterized by
shorter VOT compared to dentals (Anderson and Mesdadi, 1994). Comparisons of VOT
between retroflexes and dentals do not consisteafgrt that retroflexes have longer VOT.
Hyslop (2009) recorded VOT data from two speakérKwittp (a Tibeto-Burman language

81



spoken in Bhutan). One of the speakers showed ffieretices in VOT of the voiceless
unaspirated retroflex (22 ms) and dental (22 nmg)sstwhile another speaker had longer VOT
for retroflex (31 ms) than dental (26 ms) stops.

Closure duration has also been found to signiflgatitfer between retroflexes and other
coronals. In Tiwi (Anderson and Maddieson, 1994 &entral Arrernte (Tabain, 2012),
retroflexes were characterized by shorter closuratin. In terms of closure duration, Sindhi
(an Indo-Aryan language) voiceless unaspiratedftetr stops were also shorter (185 ms) than
dental stops (283 ms) (Keerio, 2010). In Bengalik{Nkit and Reetz, 2007) and Hindi
(Benguerel and Bhatia, 1980; Dutta, 2007), thereew® significant differences in closure
duration of the retroflex and dental stops. Maxwatllal. (2015) investigated the closure
duration and total stop duration (closure + VOT)tlid Bengali word-medial retroflex and
dental stops and found no significant differences.

Other acoustic cues that have been reported terdiftiate retroflexes from dentals are
energy distribution in the burst spectrum and bamgplitude (Anderson and Maddieson, 1994),
such that retroflexes show peak spectrum and ergiggybution around 3000 Hz, whereas
dentals have flat or diffused spectra and burstggndistributed in higher frequency bands,
around 4000 Hz (Stevens and Blumstein, 1975). Thesestic differences might be associated
with the differences in constriction location ahd part of the tongue that makes contact with
the hard palate. Retroflexes are articulated withtbngue tip and tend to have faster release
and intense bursts (Gordon and Maddieson, 1999).

Apart from formant transitions, VOT or burst ducati closure duration, and total stop
duration, spectral moments (Center of gravity (Go@Jiance, skewness, kurtosis) have been
widely used to classify different places of artatidn (e.g., retroflex and dental fricatives:
Gordon et al., 2002; and stops in general: Eshigal.e2013; Nissen and Fox, 2009; Tabain,
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2012, etc.). Spectral moments are correlated witbrdnt articulatory configurations of the
vocal tract and therefore provide important infotima about the length of the oral cavity in
the production of consonants (Li et al., 2009). Tingt spectral moment (or spectral CoG)
indicates mean distribution of energy in the bgpctrum, and correlates with the length of
the front cavity. The second spectral moment (spkeariance) corresponds to the distribution
of acoustic energy on both sides of the mean (Lalet2009). The third spectral moment
(spectral skewness) indicates whether the acoesttgy in the burst spectrum is skewed
towards higher (positive skewness) or lower energnegative skewness), and is correlated
with the length of the front cavity (Li et al., 280 The fourth spectral moment (spectral
kurtosis) is a measure of ‘peakiness’ in the spéenvelope of the burst release. Within the
class of coronals, dentals and palatals show hgpeatral CoG, spectral variance, and negative
spectral skewness and spectral kurtosis in songgidages (Gordon et al., 2002; Tabain, 2012;
Tabain et al., 2016). Retroflexes tend to haveelasyblingual space, which results in lower
spectral CoG, spectral variance, and positive splectkewness and spectral kurtosis
(Bundgaard-Nielsen et al., 2016; Tabain et al.,4208pectral moments of alveolars more
closely match those of retroflexes than dental®girg 2012).

The formant transitions, VOT or burst duration,stiee duration, and spectral moments
associated with a particular stop are also expettatiffer across vowel contexts (Nissen,
2003). For instance, retroflexes show higher spe€oG in the context of following /i/, than
/ul (Tabain and Butcher, 2015) which might be doehe articulatory incompatibility of
retroflexes with /i/ (Hamann, 2003). This is evitd&om languages which show a dispreference
for retroflexes in the vicinity of front vowels. IMandarin, retroflex fricatives do not occur
before the front vowel /i/ (Lee-Kim, 2014). Prevsostudies of Indo-Aryan coronal stops have
mainly addressed only temporal cues (Berkson, 2B&RBguerel and Bhatia, 1980) or formant
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transitions (Dave, 1977; Ohala and Ohala, 2001 xwWwédl et al. (2015) investigated temporal
characteristics and formant transitions of Bengalid-medial retroflex and dental stops, but
no data on spectral moments were reported. Vely ig known about the influence of vowels
and word contexts on the temporal and spectralgtigs of retroflex and dental stops in
Punjabi.

The goal of this paper is to examine the acoustpgrties of Punjabi coronal stops more
closely than has previously been examined in ao-lhgan language, to better understand the
realization of dental-retroflex contrasts. We faadi®n voiceless unaspirated stapsnd /L,
produced across a full range of word contexts (alediitial, final), and vocalic /i e a o0 u/
environments. We examined key temporal and spectre$ that have been widely used to
classify coronals: stop closure, release, and $td@l duration; formant trajectories, and spectral
moments of stop release bursts (Berkson, 2012; Bl and Bhatia, 1980; Bundgaard-
Nielsen et al., 2016; Dave, 1977; Maxwell et al12; Mikuteit and Reetz, 2007; Ohala and
Ohala, 2001; Tabain, 2012; Tabain and Butcher, RAmn5particular, we examined formant
transitions to see if F3 reliably differentiatesamal place, and whether Punjabi retroflexes are

cued by F3-F2 convergence after high front vowels.

. METHOD

A. Participants

Word-medial and word-initial stop contrasts werarmaied in the speech of twelve male
speakers of Punjabi (20 to 29 years of age, meahy&ars). All informants were trilinguals
with some knowledge of Urdu and English. Coronahtcasts were elicited in word-final
context from another eighteen male Punjabi spedkenstrilinguals and eight monolinguals;

22 to 30 years old, mean 26.4 years). Two additigpeakers were excluded from the analysis:
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one speaker consistently resyllabified the targatd® with the carrier sentence, and a second
participant produced atypical vowels compared teospeakers. Our initial analyses showed
that the temporal and spectral properties of Pumyabd-final retroflex and dental stops do not
differ significantly across Punjabi trilinguals antbnolinguals. Therefore, we collapsed the
word-final data from both groups. None of the ma@pants had speech or hearing difficulties.
Speakers were recruited from Faisalabad, Pakistad,all spoke the Lyallpuri dialect of
Punjabi, which closely resembles the Majhi dialectPunjabi spoken in Lahore (Gill and

Gleason, 1962).

B. Speech material

The word-medial and word-initial target words cetesd of ten disyllabicGiV1CzV?2)
nonsense words (see Appendix B). The target con®ii@ or C) were either a retroflex//
or a dental /t Viand \bwere selected from the five vowels /i e a o u/. Woed-final target
words consisted of twelve monosyllabiaYGC2) real Punjabi words with the target consonant
(Co) in word-final context, preceded by a voweli \selected from the three maximally
contrastive vowels /i a u/ (see Appendix C). Punglmws coronals in all word contexts,
preceded or followed by peripheral or central vawélll speech materials used in this study
(real or nonsense words) contained peripheral v@welreduce the influence of vowel length
on consonant duration, and followed the phonotaestrictions of Punjabi.

Word-medial and word-initial consonants were adiditusing a reading task in which
participants were presented with nonsense wordsewrin the Shahmukhi script of Punjabi
(10 word-medial items 10 word-initial items x 12 participants x 5 repetis = 1200 tokens).
The word-final consonant data were recorded usingligited imitation task. All word-final

target words were matched with a picture (accomgzhhy an auditory prompt produced by a
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female Punjabi speaker), pseudo-randomized, arsg¢pted in five different blocks (12 word-
final itemsx 5 repetitionsx 18 speakers 1080 items). The target words were embedded in a
Punjabi carrier sentenceek odz] (‘Say___ today). Given that there were two different
methods of elicitation (single word productions feord-medial and initial contexts and in a
carrier phrase for word-final context), we expectedt there may be task-related temporal

differences. We consider these differences in ibeudsion section.

C. Procedure

The procedure for recording the word-medial, worntial, and word-final data was
similar. The participants were invited into a quiebm at the University of Agriculture,
Faisalabad (Pakistan). Before the experiment, etipeasession was conducted to familiarize
participants with the task. Because the data welleated in Pakistan, a portable Zoom H2
digital recorder with in-built microphone (122 dBlibectional max. sound pressure input, +39
dB input gain) was used to make audio recordindissgeech was recorded in stereo mode, at
44.1 kHz and encoded in 16 bit, uncompressed WAVh&. The stereo recordings were

converted to mono in Praat.

D. Acoustic analyses

A total of 2,280 lexical items were recorded, camitay target stops in three different
word contexts: word-medial (600 items), word-idi{@00 items), and word-final (1080 items).
We used the same criteria to identify temporal taacks in all stops. For consonants elicited
in word-medial context, 5 temporal landmarks wereated: (1) preceding vowel onset, (2)
preceding vowel offset (stop closure onset), (Base burst onset, (4) voice onset of following
vowel, and (5) following vowel offset (see Figurne landmarks (1), (2), (4), and (5) defining

vowel intervals were manually located by visuapmstion of the waveform and spectrogram,
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making reference to periodicity and formant endogynds. Landmarks (2) and (3) represent
closure duration that was located at the point eakimum attenuation of F2 energy in the
transition from adjacent vocalic intervals. Voicaset time (VOT) was calculated as the
duration of interval (4-3). In word-medial contexbtal stop duration (closure + VOT) was
calculated as the duration of the interval fromdlesure onset (2) to VOT offset (4). In word-
final context, where VOT cannot be measured, wel bsest release duration as an equivalent
parameter. Total stop duration therefore provide®msistent measure of closure + release
duration for stops produced in word-medial and wiomdl contexts, because all stops examined
in this study are voiceless. Because closure duraannot be reliably measured word-initially,
we only reported VOT for initial stops.

To validate the placement of temporal landmarketlar trained phonetician segmented
10% of the data containing stops produced in woedhal context (60 items). The average
differences between closure durations calculatethbytwo analysts were 8 ms in retroflex
stops, and 1 ms for dental stops; for VOT, the ayedifferences were 3 ms (retroflexes) and
1 ms (dentals).

Formant analyses of the Punjabi retroflex and dest¢gps were conducted, focusing on
the first three formant trajectories (F1, F2, F3joiand out of each target stop. For each
consonant of interest, a Praat script was usedetatify F1, F2, and F3 values at six sample
time points in the preceding (50, 60, 70, 80, 99 400% total vowel duration) and following
(0, 10, 20, 30, 40 and 50% total vowel durationjvets (see Figure 1). These sample time
points were then used to extract formants with ldM@lysis over a sliding 25 ms analysis
window with a 50 db dynamic range (Boersma and W#ei2014). Formants were estimated
in Praat, and subsequently validated in a custoaplgcal user interface implemented in
Matlab. The automatic formant tracker in Praatmt always correctly identify the formants
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near the offset of the preceding vowels. Therefilwe extracted formants were checked at each
time step by visually comparing them with an addiéil set of formant estimates superimposed
on the target spectrogram. Formants were re-edimasing an alternative algorithm (14th
order LPC, 25 ms 50% overlapping analysis windowx reearch frequency: 4000 Hz), and
manually corrected only where needed, in casesentier original Praat estimates deviated
excessively from the validation estimates. Finallgses were based on the corrected formant
trajectories.

The first four spectral moments (spectral CoG, spévariance, spectral skewness, and
spectral kurtosis) of stop release bursts weremabsasured in Praat from FFT spectra generated
over a single 20 ms Hamming analysis window cedtatethe beginning of the stop release
bursts (landmark (3), Figure 1) (Forrest et al88)9 Unlike word-final context, stop release
bursts in word-medial and word-initial contexts eésllowed by vowels. Therefore, we might

expect some differences in spectral moments awrostcontexts (see section IV. Discussion).
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FIG. 1. Spectral and temporal analysis of Punjabrdamedial coronal stops: acoustic
waveform and wideband spectrogram for the nonsenwe /pata. Temporal landmarks
indicated at: (1) preceding vowel onset, (2) prawgdowel offset (stop closure onset), (3)
release burst onset, (4) voice onset of followiowel, and (5) following vowel offset. Voice
onset time (VOT) is calculated as the duratiomtdnival (4-3). Formants are measured at six
sample time points in the second half of the prixgdowel (50, 60, 70, 80, 90, 100% total
vowel duration) and at six sample time points mfilhst half of the following vowel (0, 10, 20,

30, 40, 50% total vowel duration).

. RESULTS

A. Word-medial stop properties

1. Formant measures of word-medial stops

We first describe the acoustic properties of thej&hi word-medial retroflex and dental

stops, and how these are encoded in the precedihdodowing vowels. Figures 2a-b show
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mean formant trajectories of context vowels /i@ @& and their characteristic transitions into
and out of Punjabi word-medial retroflex and destaps. The figures show the last 50% of the
preceding vowels and first 50% of the following & To examine the influence of Punjabi

word-medial retroflex and dental stops on formaafettories in context vowels, separate
repeated-measure ANOVAs for each vowel context werglucted, with consonant type (two

levels: retroflex and dental), vowels (/i e a o, und sample time points (six levels

corresponding to the six sample time points) freecpding (50% to 100%) and following (0%

to 50%) vowels as within-subject factors, and F3difference as a dependent variable.
Statistical results are presented in Table I.

For word-medial retroflex and dental stops produaker vowels /e a o u/, the effect of
consonant type and sample time points was significdowever, the interaction between
consonant type and sample time points was onlyfgignt for /a/ and /o/, which indicates that
the F3-F2 difference in vowels /a/ and /o/ vanpath retroflex and dental stops. There were
no significant interactions between consonant gpésample time points for preceding /e/ and
/ul vowels, suggesting that the F3-F2 differenceawels /e/ and /u/ did not vary significantly
for the retroflex and dental stops. In the contéxireceding /i/, there was no effect of consonant
type, but a significant effect of sample time psintas found. The interaction between
consonant type and sample time points was notfgignt. This suggests that the relationship
between second and third formants did not systealftivary with place in the transition from
a preceding /i/ into retroflex vs. dental stopse@W4, mean F3-F2 difference from the offset
(100%) of the preceding vowels /i e a o u/ was Emébr the retroflex (/i/: 498 Hz (240); /el:
520 Hz (69); /a/: 352 Hz (135); /o/: 1099 Hz (27/8): 1329 Hz (285)) than dental stops (/i/:

592 Hz (147); fel: 715 Hz (99); /a/; 1352 Hz (1¥8); 1676 Hz (136); /u/: 1517 Hz (169)). The
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smallest F3-F2 difference was found for the reénofitop near the offset of the preceding vowel
lal.

For the F3-F2 difference in vowels /a o u/ produatter word-medial retroflex and dental
stops, there was a main effect of consonant typmpke time points, and a significant
interaction between consonant type and sample poiets, which indicates a significant
difference in 2¢ and 3 formant spacing for both retroflex and dental stopthe transitions
into these post-consonantal vowels. For post-cargah/i/, there was no significant effect of
consonant type and sample time points; howevernntieeaction between consonant type and
sample time points was significant, which indicatest the higher formant trajectories out of
Punjabi retroflex and dental stops into high freatvel /i/ differed significantly. Similarly,
there was no main effect of consonant type on F8iff@rence for coronals produced before
vowel /el. The effect of sample time points was#igant, but no significant interaction
between consonant type and sample time points wasdf This indicates that the F3-F2
difference did not vary significantly across rekeaf and dental stops in mid-front vowel
context. Mean F3-F2 difference from the onset (@¥)he following vowels /e a o u/ was
smaller for the retroflex (/e/: 674 Hz (84); /aB49Hz (179); /o/: 1141 Hz (269); /u/: 1149 Hz
(264)) than dental stops (/e/: 694 Hz (137); /82ALHz (153); /o/: 1466 Hz (172); /u/: 1391 Hz
(141)), but F3-F2 difference from the onset of Bofeing /i/ vowel was larger in retroflexes

(630 Hz (98)) than in dental stops (601 Hz (75)).
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FIG. 2a. (Color online) Mean vowel trajectorieszfHf /i e a 0 u/ preceding and following
word-medial retroflex stops (all speakers, all g@nFormants averaged at six sample time

points for each context vowel. Error bars showddaad deviation of mean frequencies (Hz).
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Table I.F3-F2 difference in word-medial stops: results eparate repeated-measure ANOVAs with consonant (tyye levels: retroflex and
dental), vowels (/i e a 0 u/), and sample time o{gix levels corresponding to the six sample tpomts) from preceding (50% to 100%) and

following (0% to 50%) vowels as within-subject fast; F3-F2 difference as a dependent variable.asilside the parentheses represent degrees

of freedom (df) and values on the right side shiogptvalues. * indicates statistical significance watpha value op = 0.05.

F3-F2 Difference

Factors fil lel lal lo/ u/
Preceding Vowel

Consonant type (CT) (1, 11) = 0.077 (1,11) < 0.001* (1, 11) = 0.001* 1, 11) < 0.001* (1,11) = 0.026*

Time Points (TP) (5, 55) <0.001* (5, 55) <0.001* (5, 55) <0.001* (5, 55) <0.001* (5, 55) <0.001*

CT*TP (1.28, 14.13) = 0.147 (5, 55) = 0.185 (5, 55) <0Q0 (5, 55) < 0.001* (5, 55) =0.263
Following Vowel

Consonant type (CT) (1, 11) = 0.229 (1,11) =0.435 (1, 11) = 0.001* , 11) < 0.001* (1, 11) = 0.025*

Time Points (TP) (5, 55) =0.12¢ (5, 55) <0.001* (5, 55) <0.001* (5, 55) <0.001* (5, 55) <0.001*

CT*TP (5, 55) = 0.001* (5, 55) = 0.954 (5, 55) < 0.001* 5, §5) = 0.012* (5, 55) < 0.001*
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In addition to F3-F2 difference, separate analyge® also run to investigate if third formant
trajectories in vowels produced before Punjabi woktial retroflex and dental stops reliably
differentiated the two coronals. Repeated-measiN®¥As were conducted using consonant
type (retroflex and dental), vowels (/i e a o af)d six sample time points in the preceding
vowels (50% to 100%) as within-subject factorshw#B as a dependent variable. The results
showed that F3 transitions into retroflex and destaps are not significantly different in
preceding /i/ contextH (1, 11) = 3.909p = 0.074]; however, F3 transitions from preceding
vowels /e a o u/ did differ significantly (/eF [1, 11) = 18.019p = 0.001]; /a/: F (1, 11) =
104.472p < 0.001]; /of/: F (1, 11) = 23.392p = 0.001]; /u/: F (1, 11) = 14.577p = 0.003]).
These data suggest that F3 may only provide a tagsto place for coronal stops produced

after non high-front vowels in Punjabi.

2. Temporal properties of word-medial stops

Figure 3 presents the boxplots of closure duratié®T, and total stop duration of the
Punjabi word-medial retroflex and dental stops.a®ate repeated-measure ANOVAs in each
vowel context were conducted using consonant tygteoflex and dental) and vowels (/i e a o
u/) as within-subject factors; closure duration, MGnd total stop duration as dependent
variables. The ANOVA results indicated that thererevsignificant differences in closure
duration of the Punjabi word-medial retroflex arehthl stops, but only in the context of /i_i/
[F (1, 11) = 25.710p < 0.001], /e_e/K (1, 11) = 32.568p < 0.001], and /a_aH (1, 11) =
15.537,p=0.002]. In the context of back vowels, /o BAL, 11) = 2.840p = 0.120] and /u_u/

[F (1, 11) = 2.162p = 0.169], closure duration did not differentiaterdranedial stops.
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FIG. 3. Boxplotf closure duration (ms), VOT (ms), and total stiopation (ms) of Punjabi
word-medial retroflex and dental stops producefl ith, /e_e/, /a_al, /o_o/, and /u_u/ contexts

(all speakers, all items).

VOT reliably differentiated the Punjabi word-medrattroflex and dental stops in all
vowel contexts (/i_i/{F (1, 11) = 33.524p < 0.001]; /e_e/:F (1, 11) = 33.559p < 0.001];
la_al: F (1, 11) = 8.381p=0.015]; /o_o/:F (1, 11) = 16.176p = 0.002]; /u_u/: F (1, 11) =
13.170,p = 0.004]). Similarly, total stop duration also éiféntiated the word-medial retroflex
and dental stops in all vowel contexts (/i [i:(1, 11) = 54.392p < 0.001]; /e_e/:F (1, 11) =
60.171p<0.001]; /a_a/:F (1, 11) = 42.261p < 0.001]; /o_o/:F (1, 11) = 10.625p = 0.008];

Ju_ul: F (1, 11) = 6.269p = 0.029)).
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Retroflex stops were characterized by shorter noé@sure duration and VOT (closure
duration: 101 ms (20); VOT: 13 ms (4)), averagewsxall vowel contexts). In contrast, dental
stops showed longer mean closure duration and \(@Eyre duration: 112 ms (18); VOT: 19
ms (4)). The total stop duration of the retroflésps was also shorter (113 ms (19)) than that
of the dental stops (131 ms (17)). Having examitiedr temporal properties, we will now
address the spectral characteristics of stop releassts of Punjabi word-medial retroflex and

dental stops.

3. Spectral properties of word-medial stop releases

Figure 4 depicts the boxplots of spectral momesgedtral CoG, spectral variance,
spectral skewness, and spectral kurtosis) of gllese bursts of Punjabi word-medial retroflex
and dental stops produced in all five vowel /i @ a/ contexts. Separate repeated-measure
ANOVAs in each vowel context were conducted usingsonant type (retroflex and dental)
and vowels (/i e a o u/) as within-subject fact@pectral CoG, spectral variance, spectral
skewness, and spectral kurtosis as dependent lemiabhe results of repeated-measure
ANOVAs in each vowel context indicated that spdd@@aG differentiated the Punjabi retroflex
and dental stops in the context of the back voWel/: [F (1, 11) = 27.746p < 0.001]; /u_u/:

[F (1, 11) = 45.814p < 0.001]). However, spectral CoG did not differatgithe Punjabi word-
medial retroflex and dental stops in the contexti af [F (1, 11) = .041p = 0.843], /e_e/KF

(1, 11) = .333p = 0.575], and /a_aH (1, 11) = .178p = 0.681]. There were no consistent
patterns in the spectral CoG values across thesteps in /i_i/, /e_el/, and /a_a/ contexts.
However, in the context of back non-low vowelsya#éex stops (/o_o/: 835 Hz (174); /u_u/:
728 Hz (171)) consistently showed smaller speddal values compared to dental stops

(/o_o/: 1493 Hz (353); /u_u/: 1565 Hz (468)). Mespectral CoG collapsed across all vowel
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contexts was 1070 Hz (242) for retroflex stops 48d1 Hz (385) for dental stops, suggesting
that the concentration of acoustic energy in thestospectrum is characteristically lower for

retroflexes than dentals.
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FIG. 4. Boxplots of spectral CoG (Hz), spectraliamace (Hz), spectral skewness, and spectral
kurtosis of stop release bursts of Punjabi wordialaétroflex and dental stops produced in

fi_il, le_el, la_al, lo_ol, and /u_u/ contexts gpktakers, all items).

Spectral variance reliably distinguished the Punjabrd-medial retroflex and dental
stops in the context of /i_[iF (1, 11) =5.748p=0.035], /a_a/F (1, 11) = 24.098p < 0.001],

/lo_ol [F (1, 11) = 98.043p < 0.001], and /u_uM (1, 11) = 65.011p < 0.001]. However, the
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coronals were not differentiated in the contexteofe/ F (1, 11) = 3.711p = 0.080]. Two
speakers produced dental stops with very low salecairiance (SP9: 830 Hz; SP10: 940 Hz)
in the /e_e/ context, even lower than retroflexpst¢SP9: 905 Hz; SP10: 1078 Hz). This is
probably why spectral variance did not reach stediksignificance. After excluding these two
speakers, spectral variance was significant fan betroflex and dental stops (1, 9) = 5.670,

p = 0.041]. Spectral variance was lowest for the woetlial retroflex stops (/i_i/: 1357 Hz
(194); le_el: 1246 Hz (179); /a_al: 1057 Hz (1%6)p/: 764 Hz (149); /u_u/: 739 Hz (148)),
compared to dental stops (/i_i/: 1718 Hz (506)e/e1398 Hz (331); /a_a/: 1304 Hz (277);
/o_ol: 1375 Hz (199); /u_u/: 1259 Hz (181)). Avazdgacross all vowels, overall spectral
variance was 1033 Hz (165) for retroflex stops a#tll Hz (299) for dental stops.

Spectral skewness differentiated the Punjabi woedhal retroflex and dental stops
across all vowel contexts, except /i_i/ (/i [ (1, 11) = 2.144p = 0.171]; /e_el:F (1, 11) =
13.047,p=0.004]; /a_al:F (1, 11) = 15.035 = 0.003]; /o_o/:FF (1, 11) = 17.96% = 0.001];
/u_u/: [F (1, 11) = 14.908p = 0.003]). There were no significant differencesspectral
skewness of stop release bursts of the retroflexdemtal stops in the context of /i_i/, but the
retroflex stops showed much smaller spectral skewne the context of /i_i/ (1.75 (1)),
compared to dental stops (2.42 (.97)). In back Vowaetexts, retroflex stops were characterized
by higher spectral skewness (/o_o/: 2.86 (.93u/u3.55 (1.60)) than dental stops (/o_o/: 1.49
(.53); /lu_u/: 1.52 (1.25)).

Spectral kurtosis distinguished the Punjabi wordhaleretroflex and dental stops in the
context of /e_e/, /o_o/, and /u_ul/, but not indbetext of /i_i/ and /a_a/ (/i_i[F (1, 11) = .091,
p=0.768]; /e_e/l:F (1, 11) =5.929p = 0.033]; /a_a/:F (1, 11) = 2.809p = 0.122]; /o_o/: F
(1,11) =26.587p<0.001]; /u_u/:F (1, 11) = 15.970p = 0.002]). The highest spectral kurtosis
values were observed for the retroflex stops predu back vowel contexts (/o_o/: 23.51 (13);
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/u_u/: 32.30 (20)). In contrast, dental stops shibthe lowest spectral kurtosis values in /o_o/

and /u_u/ contexts (/o_o/: 3.83 (1); /u_u/: 8.81)(1

B. Word-initial stop properties

1. Formant measures of word-initial stops

Mean formant trajectories of following vowels &® u/ produced after the Punjabi word-
initial retroflex and dental stops are illustrated=igure 5. To evaluate the behavior of higher
formant transitions out of Punjabi word-initial n@flex and dental stops, separate repeated-
measure ANOVAs for each vowel context were condljoddth consonant type (two levels:
retroflex and dental), vowels (/i e a o u/), anchghe time points (six levels corresponding to
the six sample time points) from following vowe®¥4 to 50%) as within-subject factors, and
F3-F2 difference as a dependent variable. Stalgtisults are presented in Table II.

The results showed that there was a significaecefif consonant type and sample time
points for stops produced before /i/, but no sigaiit interaction between consonant type and
sample time points was found. This indicates th#tahd 3¢ formant spacing did not
systematically differ in the transition from retie{ vs. dental stops to a following high front
vowel. For stops produced before /e/, no signifiedfect of consonant type was observed on
higher formant spacing. There was a significareafbf sample time points for following /e/
but no significant interaction between consonapetgnd sample time points. This indicates
that F3-F2 difference does not contrast signifigafdr Punjabi retroflex and dental stops
produced before /e/. For the following /a o u/ vtsyéhe effect of consonant type and sample
time points was significant. However, the interactbetween consonant type and sample time
points was only significant for /a/ and /o/, shogvsignificant F3-F2 differences for retroflex

and dental stops produced before low back vowedsariM-3-F2 difference from the onset (0%)
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of the following vowels /e a o u/ was shorter foe retroflex (/e/: 664 Hz (119); /a/: 1035 Hz
(203); /o/: 1181 Hz (248); /ul: 1231 Hz (251)) thdamntal stops (/e/: 670 Hz (109); /a/: 1319 Hz
(158); /o/: 1526 Hz (196); /u/: 1469 Hz (207)). Hower, the F3-F2 difference from the onset

of following /i/ vowel was larger in retroflex (6 42z (149)) than dental stops (543 Hz (123)).

Retroflex Dental

3000 o ¢ §—p——4—4 —a4—
}— T

2000 — *—i—*-*_*_’ §'— _i' i i

1000 =

3000 =
2000 = ¢—4—+—¢—4—% | p——9p—0—0—0—0

1000 =

(=]

— 33—+ ——— 43 Formants
] @ F1
H’-.——.——Q-—. ——— o o » ® F2

* F3

Frequency (Hz)
— [~] [
= =2 [=]
=) =) (=)
= = =
1 1 1

(=]

3000 = 2 I I I l I

2000 -

o
1000 {¢———0—o o o>
*r—r—o—0—0— *r—o——0—0—
0
3000 = — 3
2000 = -

Sample Time Points

FIG. 5. (Color online) Mean vowel trajectories (Hx)/i e a o u/ produced after word-initial
retroflex (left) and dental (right) stops (all skees, all items). Formants averaged at six sample
time points for each context vowel. Error bars statandard deviation of mean frequencies

(H2).
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Table II. F3-F2 difference in word-initial stops: resultsseparate repeated-measure ANOVAs with consonaegt (tyyo levels: retroflex and
dental), vowels (/i e a o u/), and sample time {0fsix levels corresponding to the six sample tioiats) from following vowels (0% to 50%) as
within-subject factors; F3-F2 difference as a deleen variable. Values inside the parentheses reptréise df and values on the right side show

thep values. * indicates statistical significance walpha value op = 0.05.

F3-F2 (Hz) of Following Vowel

Factors fil lel la/ o/ u/

Consonant type (CT)  (1,11) = 0.057*  (1,11)=0.239 (1, 11)=0.017* ,{1)<0.001* (1, 11) = 0.001*
Time Points (TP) (5,55)=0.002 (5,55)<0.001 (5,55 <0.001 (5 55)<0.001 (5, 55)<0.001

CT*TP (5,55)=0.275  (5,55)=0.408 (5, 55)<0.001* ,§5)<0.001* (5, 55)=0.522
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2. Temporal properties of word-initial stops

Figure 6 presents boxplots of VOT for the Punjabrdvinitial retroflex and dental stops.
Separate repeated-measure ANOVAs were conductdd amitsonant type (retroflex and
dental) and vowels (/i e a 0 u/) as within-subfactors, and VOT as a dependent variable. The
ANOVA results showed that VOT significantly distuighed word-initial retroflex and dental
stops across all vowel contexts (/F: (L, 11) = 200.476p < 0.001]; /e/: F (1, 11) = 54.851p
< 0.001]; /a/: F (1, 11) = 7.129p = 0.022]; /o/: F (1, 11) = 12.936p = 0.004]; /u/: F (1, 11)
= 29.306,p < 0.001]), which suggests that VOT is a robust atiocorrelate of place for
Punjabi word-initial retroflex and dental stops.nger VOTs can be observed for dentals (/i/:
25 ms (3); /el: 21 ms (4); /al: 18 ms (3); /o/: (BY; /u/: 22 ms (4)) produced in all vowel
contexts, compared to the shorter VOTs that chariaet retroflex stops (/i/: 15 ms (3); /e/: 14
ms (3); /a/: 15 ms (4); /o/: 14 (4); /ul: 16 ms)(@oduced before the same vowels. Mean VOT
for retroflexes collapsed across all vowels wagteh@15 ms (3)) than the grand mean VOT

for dentals (21 ms (4)).

VOT
40
= Retroflex
30 - B Dental
- .
‘E' 20 $ ? H
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Q
10 = % %
0 I I I I I
| e a 0 u
Vowel

FIG. 6. Boxplot of VOT (ms) of Punjabi word-initieetroflex and dental stops produced before

vowels /i e a o ufall speakers, all items).
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3. Spectral properties of word-initial stop release

Boxplots of the first four spectral moments (sp&cCoG, spectral variance, spectral
skewness, and spectral kurtosis) characterizing r&tiease bursts of the Punjabi word-initial
retroflex and dental stops are compared in Figureparate repeated-measure ANOVAS in
each vowel context were conducted using consogpst(retroflex and dental) and vowels (/i
e a o u/) as within-subject factors; spectral Cefgctral variance, spectral skewness, and
spectral kurtosis as dependent variables. Thetsestirepeated-measure ANOVAs in each
vowel context indicated that spectral CoG diffeizted the Punjabi word-initial retroflex and
dental stops only before /o u/, but not beforedi eontexts (/i/:ff (1, 11) = 1.203p = 0.296];
lel: [F (1, 11) =.052p = 0.823]; /a/: F (1, 11) = .395p = 0.542]; /o/: F (1, 11) = 44.922p <
0.001]; /u/: F (1, 11) = 65.193p < 0.001]). In the context of back vowels, retrofletops
showed much smaller spectral CoG (/o/: 886 Hz (1&6) 777 Hz (227)) compared to dental
stops (/o/: 1723 Hz (337); /ul: 1728 Hz (430)). Wimllapsed across all vowels, the mean
spectral CoG of the word-initial retroflex and danétops was 1128 Hz (256) and 1550 Hz
(417), respectively.

Spectral variance distinguished the Punjabi woitlairretroflex and dental stop bursts
before all vowels except /e/ (/ilF[(1, 11) = 8.859p = 0.013]; /e/: F (1, 11) = 3.080p =
0.107]; /a/: F (1, 11) = 10.972p < 0.007]; /o/: F (1, 11) = 91.717p < 0.001]; /u/: F (1, 11)
= 64.329,p < 0.001]). Similar to the word-medial data, in t@ntext of /e/, SP9 and SP10
produced dental stops with lower spectral varigii®@d4 Hz and 1124 Hz, respectively) than
retroflex stops (1109 Hz and 1335 Hz). After exahgdthese two speakers, spectral variance
was significant for both dental and retroflex stffp§l, 9) = 5.283p = 0.047]. The word-initial
retroflex stops showed the lowest spectral variaawess all vowels (/i/: 1388 Hz (202); /el:

1315 Hz (137); /a/: 1098 Hz (135); /o/: 765 Hz (£50/: 722 Hz (121)) than dental stops (/i/:
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1748 Hz (361); /el: 1471 Hz (316); /a/: 1444 HzAB3o/: 1567 Hz (330); /u/: 1410 Hz (299)).
The overall spectral variance collapsed acrosgalels was 1058 Hz (149) for retroflex stops

and 1528 Hz (329) for dental stops.

Spectral CoG Spectral Variance
3000 3000
2 Retroflex
~ & Dental
5 2000 = I 2000 -
I : @
g [&]
3 | 5
O 1000 - é = 1000 -
= 3 T &
0 1 1 1 1 1 0 1 1 1 1 1
i e a o u i e a o u
Vowel Vowel
Spectral Skewness Spectral Kurtosis
] 100
6 - 75 =
@ @
@ (7]
S 4- - S s0- :
) : é 5
7 . ¥
‘7 QQ é & % %" ﬁ é =
0 I 1 1 1 1 0 1 1 1 F I$
i [ a o u i e a .} u
Vowel Vowel

FIG. 7. Boxplots of spectral CoG (Hz), spectraliasace (Hz), spectral skewness, and spectral
kurtosis of stop release bursts of Punjabi wortlahietroflex and dental stops produced before

lil, lel, lal, o/, and /u/ contexts (all speakeaikitems).

Word-initial coronal release bursts were differated by spectral skewness but only
before /e o u/ (/i/:F (1, 11) = 1.458p = 0.253]; /e/: F (1, 11) = 9.301p = 0.011]; /a/: F (1,

11) = 4.391p = 0.060]; /o/: E (1, 11) = 38.177p < 0.001]; /u/: E (1, 11) = 18.907p = 0.001]).

105



Spectral skewness of the Punjabi word-initial ipsostop releases was higher in the context
of the back vowels /o u/ (/o/: 2.88 (.71); /u/:B.@)) compared to dental stops in the same
vocalic contexts (/o/: 1.25 (.58); /u/: 1.39 (.68pectral skewness collapsed across all vowels
was 2.45 (.94) for the retroflex stops and 2.04)(fér the dental stops.
Release burst spectral kurtosis distinguished timga®i word-initial retroflex and dental

stops only before /e o u/ (/iF[(1, 11) = .045p = 0.837]; /e/: F (1, 11) = 4.532p = 0.057];

fal: [F (1, 11) = .763p = 0.401]; /o/: F (1, 11) =59.527p < 0.001]; /u/: F (1, 11) = 17.038,

p = 0.002]). Spectral kurtosis of word-initial retieX stops produced before back vowels /o u/
was higher (/o/: 23.91 (10); /u/: 40.87 (29)) thandental stops produced in the same contexts
(/ol: 2.74 (2); /ul: 6.07 (5)). Mean spectral ksgitocollapsed across all vowel contexts was

17.41 (10.82) for retroflex stops and 8 (5.94)dental stops.

C. Word-final stop properties

1. Formant measures of word-final stops

Figure 8 presents the mean formant trajectorigeeo’owels /i a u/ produced before the
Punjabi word-final retroflex and dental stops. Aeated-measures ANOVA was conducted
with consonant type (two levels: retroflex and d@@ntvowels (/i a u/), and sample time points
(six levels corresponding to the six sample tima{sd from preceding vowels (50% to 100%)
as within-subject factors, and F3-F2 differencaaependent variable. Statistical results are
presented in Table Il

The ANOVA results indicated that there was a sigaiit effect of consonant type for
word-final stops produced after /i/ (showing larg@-F2 difference for dental than retroflex
stops) but neither sample time points nor the auon between consonant type and sample

time points were statistically significant. Thigggests that F3-F2 difference did not vary across
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sample time points for both retroflex and dentapst A main effect of consonant type and

sample time points on F3-F2 difference was foundsfops produced after /a/ and /u/ vowels,

with a significant interaction between consonapetgnd sample time points. This indicates

that F3-F2 difference varied significantly acrosset points and two stop types. Mean F3-F2

difference from the offset (100%) of the precedwogvels /i a u/ was shorter for retroflex (/i/:

473 Hz (84); /a/: 331 Hz (88); /u/: 1039 Hz (28B)An dental stops (/i/: 612 Hz (102); /a/: 1190

Hz (171); /ul: 1441 Hz (158)).

Retroflex

Dental

3000 =

2000 -

1000 =

—————
—t—r———

H_’—{-*__,
————

3000 =

2000 -

Frequency (Hz)
=
=
1

o

3000 =

2000 =

1000 =

50 60 70 80 90 100

50 60 70 80 90 100

Sample Time Points

Formants

o F1
® F2
o F3

FIG. 8. (Color online) Mean vowel trajectories (Hx)/i a u/ produced before Punjabi word-

final retroflex (left) and dental (right) stopsl(apeakers, all items). Formants averaged at six

sample time points for each vowel. Error bars slstamdard deviation of mean frequencies

(H2).
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Table Ill. F3-F2 difference in word-final stops: results gbamate repeated-measure ANOVAs
with consonant type (two levels: retroflex and @éntvowels (/i a u/), and sample time points
(six levels corresponding to the six sample tima{sy from preceding vowels (50% to 100%)
as within-subject factors; F3-F2 difference as getelent variable. Values inside the
parentheses represent the df and values on thesiitghshow the values. * indicates statistical

significance with alpha value pf= 0.05.

F3-F2 (Hz) before Word-Final Stop

Factors lil lal fu/

Consonant type (CT) (1, 17) <0.001*  (1,17)<0.001* (1, 17) = 0.002*
Time Points (TP) (5,85)=0.54z (5, 85) <0.001* (5, 85) <0.001*

CT*TP (5.85)=0.437  (5,85)<0.001* (5, 85) < 0.001*

In addition to F3-F2 difference, separate analygese also run to investigate if third
formant trajectories in vowels produced before Bonyord-final retroflex and dental stops
reliably differentiated the two coronals. Repeateehsure ANOVAs were conducted using
consonant type (retroflex and dental), vowels (/iug, and six sample time points
(corresponding to the six sample time points) frmeceding vowels (50% to 100%) as within-
subject factors, with F3 as a dependent variake. fEsults showed that F3 transitions into
retroflex and dental stops are significantly diéier across vowel contexts (/i [1, 17) =
56.261,p < 0.001]; /a/: F (1, 17) = 167.553p < 0.001]; /u/: F (1, 17) = 81.750p < 0.001]).
The reason F3 achieved statistical significanctnéncontext of front vowel /i/ because F3 is

slightly higher for the dental than retroflex stqpse Figure 8).
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2. Temporal properties of word-final stops

Figure 9 shows boxplots of closure duration, bdwsation, and total stop duration of the
Punjabi word-final retroflex and dental stops. Tealeate whether these temporal
characteristics robustly distinguished the Punyatnid-final retroflex and dental stops across
all vowels /i a u/, separate repeated-measure ANONMAeach vowel context were conducted
using consonant type (retroflex and dental) andelsWi a u/) as within-subject factors; closure
duration, burst duration, and total stop duratierdapendent variables. The ANOVA results
showed that there was a closure duration differdxeteeen the Punjabi word-final retroflex
and dental stops produced after all three vowgid K/ (1, 17) = 29.092p < 0.001]; /a/: F (1,
17) = 44.068p < 0.001]; /u/: F (1, 17) = 31.420p < 0.001]). The burst duration of the word-
final retroflex and dental stops was also significkor each vowel context (/i/F[(1, 17) =
17.630,p = 0.001]; /a/: F (1, 17) = 23.549p < 0.001]; /u/: F (1, 17) = 25.999p < 0.001)).
Significant contrasts were also found for totapsdarations (/i/:F (1, 17) = 49.672y < 0.001];
lal: [F (1, 17) = 67.941p < 0.001]; /u/: F (1, 17) = 53.415p < 0.001]).

The retroflex stops were consistently produced wsittaller closure and burst durations
(closure duration: 86 ms (21); burst duration: 19 (&), averaged across all vowel contexts),
compared to dental stops (closure duration: 10120% burst duration: 15 ms (4)). The total
stop duration also appeared to maintain the cdnetsveen retroflex (96 ms (22)) and dental
(116 ms (20)) stops. The findings suggest that ordwinal context, all temporal cues

consistently differentiated Punjabi retroflex arehthl stops produced after all vowels.
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FIG. 9. Boxplots of closure duration (ms), burstation (ms), and total stop duration (ms) of

Punjabi word-final retroflex and dental stops proet after /i a u/ (all speakers, all items).

3. Spectral properties of word-final stop releases

Figure 10 presents the boxplots illustrating tihet fiour spectral moments (spectral CoG,
spectral variance, spectral skewness, and spécitalsis) of the Punjabi word-final retroflex
and dental stops produced after the vowels /i @ainvestigate whether spectral moments of
stop release bursts consistently distinguishe@timgabi retroflex and dental stops in all vocalic
environments, separate repeated-measure ANOVAsch gowel context were conducted
using consonant type (retroflex and dental) andelsw/i a u/) as within-subject factors;
spectral CoG, spectral variance, spectral skewaeasgsspectral kurtosis as dependent variables.
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The ANOVA results showed that spectral varianceabdy} differentiated the retroflex
and dental stops in all three vocalic environméfits[F (1, 17) = 53.463p < 0.001]; /a/: F
(2, 17) = 65.087p < 0.001]; /u/: F (1, 17) = 75.866p < 0.001]). Spectral CoG also
differentiated retroflexes and dentals but onlyhe context of /u/ (/i/:} (1, 17) = .322p =
0.578];/al:F(1,17)=1.945p=0.181]; /u/: F (1, 17) = 40.153) < 0.001]). Spectral skewness
distinguished the two stops after /i/ and /a/,rmit/u/ (/i/: [F (1, 17) = 19.104p < 0.001]; /a/:

[F (1, 17) = 8.536p = 0.010]; /u/: F (1, 17) = .636)p = 0.436]). Spectral kurtosis only
distinguished the word-final retroflex and dentalps produced after /u/, but not in /i/ and /a/
contexts (/i/: F (1, 17) = 3.959p = 0.063]; /a/: F (1, 17) = .728p = 0.405]; /u/: F (1, 17) =
5.741,p=0.028]).

Overall, dental stops were characterized by highmectral CoG (1689 Hz (484),
collapsed across vowels), spectral variance (167 7369)), spectral skewness (2.06 (1.14)),
and spectral kurtosis (8.30 (9.43)). Retroflexpstmn the other hand, showed small spectral
CoG (1484 Hz (372)), spectral variance (1154 HB)} Spectral skewness (1.41 (.77)), and
spectral kurtosis (7.06 (5.13)). In the contexti/pfetroflex stops showed highest spectral CoG
(1863 Hz (398)) and spectral variance (1332 Hz YRr0%owever, lowest spectral CoG (1218
Hz (323)) and spectral variance (1014 Hz (190))enavserved in the context of back vowel
/ul. This suggests that the place of articulatibtine retroflex is fronted after /i/, but is rettad
following /u/. These results are consistent witarticulatory factors, if the retroflex stop was
produced with a more anterior posture in the cdntéxi/ compared to those produced after
/ul. Dental stops showed an increase in the sp&bt@ of their release bursts when produced
after /u/ (1797 Hz (449)), compared to /i/ (1791 (342)), but the lowest spectral CoG for

dental stops was found in the context of /a/ (14Z9460)).
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FIG. 10. Boxplots of spectral CoG (Hz), specteiance (Hz), spectral skewness, and spectral
kurtosis of stop release bursts of Punjabi word#fretroflex and dental stops produced after /i

a u/ contexts (all speakers, all items).

V. DISCUSSION

In this study, we investigated the acoustic phanetoperties of Punjabi retroflex and
dental stops in word-medial, word-initial, and wdiaal contexts. The findings suggest that
Punjabi coronal place contrasts are signaled bgdah®lex interaction of temporal and spectral

cues.
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In word-medial context, VOT and total stop duratioonsistently differentiated the
Punjabi retroflex and dental stops. Spectral vagamas also significant for all speakers in all
vocalic environments, except /e_e/. Two speakeP9(8nd SP10) had very low spectral
variance for dental stops in /e_e/ context (lowantretroflex stops), which affected the overall
spectral variance. However, after excluding thesespeakers, spectral variance of medial stop
release bursts differed significantly for the remiag speakers in all word-medial contexts (and
also in word-initial context; see the discussiofoi. Spectral skewness in /i_i/ and spectral
kurtosis in /i_i/ and /a_a/ contexts failed to cdwerize the Punjabi word-medial retroflex and
dental stops. Similarly, the F3-F2 difference & fireceding vowel /i/ was not significantly
different for retroflex and dental stops (suggestio F3-F2 convergence), which is consistent
with the findings of Gujarati retroflexes (Dave,71). However, F3-F2 difference reliably
differentiated the word-medial stops in /a o u/teats. Third formant trajectories of preceding
vowels /e a o u/ reliably distinguished retroflerdadental stops, but F3 did not vary
significantly for stops produced after /i/. Theswlings showed that word-medial context is the
maximally informative phonetic environment in whitthencode coronal contrasts, but not all
acoustic properties provide robust cues to corplzale contrasts.

Word-initially, VOT consistently differentiated bdotretroflex and dental stops. Similar
to the word-medial context, spectral variance ef Bunjabi word-initial retroflex and dental
stops was significant before /i a o u/ but not befe/. After excluding the two speakers (SP9
and SP10), spectral variance achieved statistigaificance across all vowels. Spectral CoG
of the word-initial stop bursts was significant/anu/ contexts; spectral skewness and spectral
kurtosis differentiated the Punjabi word-initialneflex and dental stops but only in the contexts

of /e o u/. All acoustic properties distinguisheaord+initial retroflex and dental stops produced

113



before back non-low vowels /o u/. The F3-F2 diffexe failed to characterize Punjabi word-
initial retroflex and dental stops produced befe/e

Word-finally, all temporal characteristics examinéliffered significantly between
retroflex and dental stops. Third formant trajeie®r and F3-F2 differences were also
significantly different for stops produced aftet ebntext vowels /i a u/; however, F3-F2
difference did not vary systematically and catecgdly for stops following the high-front
vowel /i/. Among the four spectral characterisb€stop release bursts examined, only spectral
variance consistently differentiated the retrofex dental stops in all vocalic environments.

In all word contexts, VOT (or burst duration) aratal stop duration of the Punjabi
retroflex and dental stops produced by these Pusjadmkers pattern consistently with data
from other languages showing that retroflexes &egacterized by short VOTs, compared to
dentals (Tiwi: Anderson and Maddieson, 1994; WubByndgaard-Nielsen et al., 2016;
Central Arrernte: Tabain, 2012). On the other hana,results differ from other studies that
found no difference in VOT of the retroflex and t#@rstops in Bengali (Maxwell et al., 2015).
These differences might be due to the types oétamgprds used in our study and other related
studies. For instance, Maxwell et al. (2015) useddmedial voiceless aspirated retroflex and
dental stops of Bengali in the context of /i/ aaivVowels and found no differences between
the closure duration, VOT, and total stop duratbithe retroflex and dental stops across all
vowels. Interestingly, their findings suggested tha dental stop had shorter total stop duration
than the retroflex stop (at least in real words)e Tise of voiceless aspirated stops might be a
confounding factor for the quantification of releasues to place oppositions. Voiceless
aspirated stops have a very long aspiration phasshwnasks the actual duration of the stops

(Mikuteit and Reetz, 2007). Furthermore, Maxwelbét(2015) did not measure the spectral

114



moments of stop release bursts. In contrast, adysheasured both temporal cues and spectral
moments of the voiceless unaspirated retroflexcemal stops.

Cho and Ladefoged (1999) argued that VOT is aftedte the extent of articulatory
contact. The reason Punjabi retroflex stops hawe &fOT might be due to their small tongue
contact with the palate and faster release ofahgue tip (Kuehn and Moll, 1976). Long VOTs
of dental stops reflect their slow tongue moveme@ni: results of VOT in word-initial context
differ from Lisker and Abramson (1964) who found differences in VOTs of word-initial
voiceless unaspirated retroflex and dental stopsirdi and Marathi. However, they reported
differences in VOTSs of both stops in non-initiahtext.

Some differences among the temporal and spectahcteristics of the Punjabi retroflex
and dental stops were observed across word confestsinstance, closure duration of the
Punjabi retroflex stops was smaller in word-finahtext (86 ms (21)) than when produced
word-medially (101 ms (20)). This might be duehe tifferent elicitation methods. The word-
final stops were elicited in a carrier sentencecWltiompressed the closure duration. The word-
medial stops were elicited in citation form whiclight have lengthened the closure duration.
On the other hand, mean spectral CoG and speetriaince of the retroflex stops in word-final
context (CoG: 1484 (372); variance: 1154 (198)) ligker than both word-medial (CoG: 1070
(242); variance: 1033 (165)) and word-initial (Cd328 (256); variance: 1058 (149)) contexts.
There were minor differences in VOT (or burst diama) of the Punjabi retroflex stops across
word contexts (word-medial: 13 ms (4); word-initidb ms (3), and word-final: 10 ms (2)).

We also found that a number of acoustic cues (sdeCdG, skewness, and kurtosis) did
not differentiate the Punjabi retroflex and destaps in the vicinity of front vowels. This raises
the question of the articulatory constraints whéthigh front vowel might impose on an
adjacent retroflex (Dixit and Flege, 1991; Hama2@03; Krull and Lindblom, 1996). High

115



front vowels are typically produced with bunchedglial posture (Jackson and McGowan,
2012; Takemoto et al., 2006), but retroflex consbr@oduction involves tongue-retraction
and raising of the tongue tip (Bhat, 1973; Narayaetaal., 1999; Smith et al., 2013). Many of
the goals of production of the high-front vowelseréfore appear to be articulatorily
incompatible with those of retroflex production.bBan and Butcher (2015) found similar
effects in Pitjantjatjara, where retroflex stopegede before the /i/ vowel was more anterior than
the alveolar stop release. They proposed that fireiags may account for the cross-linguistic
scarcity of retroflexes in the context of high freowel /i/.

Overall, the results of spectral moments indicdtader spectral CoG and spectral
variance for retroflexes but higher for dentalsisTib consistent with previous studies showing
that retroflexes have concentration of acoustiaggne the lower regions of burst spectrum,
compared to dentals (Bundgaard-Nielsen et al., 281#vens and Blumstein, 1975; Tabain,
2012). The results also showed that spectral Cogtopf release bursts did not characterize the
Punjabi retroflex and dental stops in the contéktamt vowels /i e/. Spectral CoG is correlated
with the length of front cavity. This indicates th&ont cavity length may not differ
systematically for Punjabi retroflex and dentalpstqroduced before front vowels /i el.
Surprisingly, spectral CoG also failed to distirgfuthe Punjabi retroflex and dental stops in
the context of low vowel /a/, which is consideredbé a neutral and optimal vowel for studying
the coronal contrasts of a language (Kochetov.ep@l4).

The data presented in this paper offer new detsétlse properties of the complex coronal
system of Punjabi, which should contribute to tmealder understanding of phonetic and
phonological processes underlying coronal contraststher Indo-Aryan languages. The
phonetic analyses of Punjabi coronals across woddvacalic contexts will help to address
some of the inconsistencies in the current litesatun the phonetics and phonology of coronals.

116



The acoustic results presented here can be u$editer explore the types of cues that listeners

might use during the perception of coronals.
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APPENDIX A. Phonemic inventory of Punjabi (adapted from Gilll @sleason, 1962).

Segments occurring only in loanwords are indicatgoarentheses.

Labial Dental Alveolar Retroflex Palatal Velar Glottal

Plosive ppb tihd tehd i dz kkg
Fricative () (v) s @) 1) ) (¥) h
Nasal m n n,
Lateral | l
Tap r
Flap t
Approximant v j
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APPENDIX B. Punjabi nonsense target words contrastify//in word-medial and word-

initial contexts, preceded/followed by each of filve vowels /i e a o u/.

Preceding/following vowels

Context Target Il lel la/ lo/ u/

Word-medial Retroflex Iphiti/ Iphete/ Ipatal /poto/ /prutu/

Dental /phiti/ /prete/ /pata/ /pato/ Iputu/

Word-initial Retroflex ltiphi/ ltepel tapal/ topro/ kuphu/

Dental Htiphil hepel  [mpal  [opol  fupu/

APPENDIX C. Punjabi real target words contrasting/#/ in word-final context after vowels

fiaul.
Preceding vowels
Target Il lal lu/
Retroflex  /ptit/ ‘village officer’ /p"at/ ‘torn’ Ikut/ ‘mountain top’
it/ ‘type of cloth”  /fat/ ‘fruit dish’ Igut/ ‘short man’
Dental Igit/ ‘song’ /bat/ ‘talk’ Isu/ ‘thread’

/bit/ ‘passed’ Ifrat/ ‘roof’ Ifrut/ ‘impure’
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APPENDIX D. Mean (SD) durations in ms of vowels in elicitatitems (all speakers, all items).

Vowels preceding coronal stops Vowels following coronal stops

Context Target il lel la/ fo/ fu/ il lel lal fo/ ful
Medial Retroflex 127 (40) 137 (36) 136 (34) 127 (40) 128 (39) 17»(3 193 (46) 183 (45) 186 (42) 182 (41)
Dental 113 (41)  125(38) 127 (36) 124 (40) 119 (40) 174H(4 181(35) 187(39) 190 (40) 178 (36)
Initial Retroflex - - - - - 121 (35) 129(33) 132(30) 129 (35)  13B)
Dental - - - - - 117 (34)  118(30) 132(27) 127 (35)  138)
Final Retroflex 194 (21) - 221 (15) - 213 (22) - - - - -
Dental 199 (18) - 215 (16) - 190 (15) - - -
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Chapter 5: Adaptation of English word-final

alveolar stops into Punjabi

This chapter is based on the following paper:
Hussain, Q., Harvey, M., Proctor, M., & Demuth, (ix preparation). Adaptation of English

word-final alveolar stops into Punjabi.
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Abstract

Alveolar stops are typically adapted as retroflexben English words are borrowed into Indo-
Aryan languages (Ghotra, 2006; Arsenault, 2008y eithat Indo-Aryan languages have
retroflex, dental and palatal stops, it is not knomhy English alveolar stops are mapped to the
category of retroflexes rather than dentals or tpla Are there any acoustic similarities
between English alveolar and retroflex stops? Thaper investigates the acoustic
characteristics of the word-final loanword /t/ aldstralian English (Ausk) /t/ and compares
them with native Punjabi retroflex and dental stppduced after different vowels. The results
indicate that loanword /t/ is acoustically more isamto the Punjabi retroflex than dental stops,
especially with respect to closure duration, spéstariance and spectral skewness. However,
a comparison of temporal and spectral charactesisfiAusE /t/ and the Punjabi retroflex stops

found only a few similar acoustic characteristies)(, spectral skewness).

127



1. Introduction

When speakers of a particular language borrow wonata a foreign language, they make
changes that are constrained by the phonologicahgrar of their native language (e.g.,
deletion of illicit consonants, simplification oflusters with vowel epenthesis). The term
“loanword adaptation” refers to the process of wing the non-native words and then making
them compatible with the native segmental invensmng phonotactic constraints (Kang, 2011).
Several models of loanword adaptation have beemposed. Phonologically-motivated
analyses propose that loanword adaptation is gedeby the phonological constraints of the
native language (Jacobs & Gussenhoven, 2000; La@€h@arParadis, 2005; Paradis, 2006;
Paradis & aCharité, 1997, 2011). An example supporting thenplogical view comes from
Japanese, a language that does not allow comphsonant clusters (Vance, 2008). As a result,
English loanwords with complex onset or coda clsstee simplified with vowel epenthesis
([desukw] ‘desk) (see Paradis &aCharité, 2011). However, other accounts sugdest t
loanword adaptation is primarily driven by percegptiiactors (Peperkamp, 2005, 2015;
Peperkamp & Dupoux, 2003; Peperkamp, Vendelin, &avaura, 2008). Some of the
examples regarding the role of perceptual factofeanword adaptations come from Japanese
which does not allow complex clusters. Both psyitmplistic and electrophysiological studies
have demonstrated that Japanese listeners heathegisnin a nonsense word [ebzo] and
perceive it as [elhzo] (Dehaene-Lambertz, Dupoux, & Gout, 2000; Dupd{xkehi, Hirose,
Pallier, & Mehler, 1999; Peperkamp, 2005). Otharoamts emphasize the importance of both
perceptual and phonological factors in the adaptatif loanwords (Silverman, 1992; Yip,
1993), some suggesting that the different metheesl may contribute to different proposals
of loanword adaptation (e.g., Rose & Demuth, 2006)his paper, we explore the possible
perceptual underpinnings of loanword adaptationekgmining the adaptation of English

alveolar stops in words such sigeetinto Punjabi.
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Punjabi is an Indo-Aryan language that has beeoomtact with various languages,
including British English, Persian, Arabic and Tistk Among these, British English left a
significant mark on the Punjabi lexicon with the@aduction of new administrative, agricultural
and architectural terms (Ghotra, 2006; Kachru, 20@8hould be noted that very few Punjabi
speakers probably had direct contact with the 8rittnglish. Rather, contact was via Indian
English. Indian English (Sailaja, 2009) emerge@mthe British recruited administration staff
who could work as interpreters between locals archigher administrative government (e.g.,
law courts; Clark, 1956). Thus, these people niigivie started borrowing and adapting words
from English into Punjabi and other Indo-Aryan laages.

Punjabi has a three way coronal contrast (e.g4/) (Bhatia, 1993; see Appendix 1).
Previous studies of Punjabi loanword phonology heeorted that English alveolar /t/ is
adapted as retroflex rather than as dental (engy/,'mat’; Ghotra, 2006; Pahari: Sharma, 1980),
but there has been little investigation as to whssenault (2006, 2008) hypothesized that
English alveolar stops can either be adapted esflestes or dentals in Indo-Aryan languages
because alveolars show acoustic similarities ttn betroflexes and dentals. Alveolar stops
share the characteristics of release bursts witbflexes, but share preceding and following
F2 formant transitions with dentals (Bundgaard-séel Baker, Kroos, Harvey, & Best, 2012;
Hamilton, 1996). Interestingly, the phonologicatigres associated with dentals, alveolars and
retroflexes also overlap: dentals and alveolars @raracterized as+nterior] whereas
retroflexes as{anterior] (Arsenault, 2008; Kang, 2000). Howeveiterms of apicality, dentals
are specified as [—apical] but alveolars and regxes as [+apical] (see Clements, 2001). This
suggests that alveolars share the feature of aritgrivith dentals, but share the feature of
apicality with retroflexes. Perhaps, then, there aompeting acoustic characteristics for
Punjabi listeners that might contribute to the daftipn of English alveolar stops as retroflexes

or dentals. It should be noted that Arsenault’ O80bservations are based on other sources
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(Koshal, 1978; Ohala, 1978), and without any adouwstidence. Moreover, previous studies
on Punjabi (Ghotra, 2006) and Pahari (Sharma, 1880)relied on perceptual judgements of
phoneme mappings. Therefore, a detailed acousiily $¢ needed to investigate the potential
similarities between English alveolar /t/ and Indiran retroflex and dental stops. This study
will shed light on the phonetic realization of taeglish alveolar /t/ as adapted into Punjabi and
the possible role of the temporal and spectralasttaristics that listeners might use in adapting
English alveolar stops.

In the current literature on coronal contrasts,geral characteristics (VOT, closure and
burst durations, total stop duration (closure + Y@enguerel & Bhatia, 1980; Berkson, 2012;
Dutta, 2007; Hussain, Proctor, Harvey, & Demuthrewision; Maxwell, Baker, Bundgaard-
Nielsen, & Fletcher, 2015; Mikuteit, 2009; Mikut&itReetz, 2007), F3-F2 difference (Dave,
1977) and first four spectral moments (spectral Ceigctral variance, spectral skewness and
spectral kurtosis: Tabain, 2012) are widely useddmpare retroflexes with dentals. In an
earlier study, we investigated the temporal andtspkecharacteristics of the Punjabi retroflex
It/ and dental /tstops in word-medial, word-initial and word-finabsitions (Hussain et al., in
revision). The findings indicated that in word-meddposition, VOT and total stop duration
(closure + VOT) consistently distinguished Punjeddroflex and dental stops across vowel
contexts (smaller VOT and total stop duration inakexes than dentals). However, the F3-F2
difference was not significantly different for Pahj coronals produced after /i/ nor before /i
e/. Moreover, closure duration alone and the spkctroments (spectral CoG, spectral
skewness, and spectral kurtosis) of stop releassbdid not consistently distinguish the two
stops in all vocalic environments. In word-initiadsition, VOT consistently differentiated
Punjabi retroflex and dental stops produced bedtireowels /i e a o u/. In word-final position
(where Punjabi retroflex and dental stops were éxadhacross the three vowel contexts /i a

u/), all temporal characteristics differed sigrafitly between Punjabi retroflex and dental
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stops. However, among the four spectral charatiteyisf the word-final stop release bursts,
only spectral variance consistently differentiatkd retroflex and dental stops in all vocalic
environments. Overall these findings indicate tteamhporal characteristics provide reliable
acoustic information differentiating Punjabi reteof and dental stops, across word-positons
and vowel contexts. This raises the possibilityt,tifaEnglish alveolar /t/ was adapted as a
retroflex, the temporal characteristics of Englighand Punjabi retroflext// might be more
similar than those of English alveolar /t/ and Rbndental jt If this is found to be the case,
this would suggest that Punjabi listeners mightglveiemporal characteristics more heavily
than spectral characteristics in the adaptatidnafish alveolars as retroflexes. Such a scenario
would be consistent with literature on cue weightsuggesting the importance of temporal
characteristics during the perception of non-naswends (Kivistéde Souza & Carlet, 2014).

In this paper, we examine the temporal and spectratacteristics of Punjabi native
retroflex t/ and dental /t English source loanword /t/, and native Englisin the context of
vowels /i a u/. To examine whether loanword /t/ &mgjlish alveolar /t/ share similar temporal
and spectral characteristics with native Punjatibfiex 4/ and dental /f we conducted two
experiments: one with Punjabi speakers producimgtiye Punjabi word-final retrofley/ /and
dental /t and b) loanwords from English containing a wargf /t/; and a second experiment
with Australian English (Ausg) speakers producimglish word-final /t/. Auskt (Cox, 2012)
and Standard Southern British English (McMahon, 2208re similar in terms of their
consonantal systems, and should therefore appréxirhistorical patterns of loanword
adaptation. However, there are some important reiffees between the vowel systems of
Punjabi and Australian English. In Australian Esfgli:/ is frontedand therefore it does not

resemble the Punjabi vowel /{gee Figure 1)Rather, the Ausk vowel Joshares similar F1,
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F2 and F3 formant values with Punjabi %/ Thus, instead ofa:/, English words with the
vowel /a/ were selected for this experiment. In this wag,were better able to assess possible
similarities in the spectral characteristics of fhenjabi and English words across vowel

contexts (see the section on speech material foe ohetail).

Flvs.F2 F3vs.F2
200 3000 .
A
i ®
e cA ﬁ
|*| ® .‘: H a
oy
400 e 2000
= hd =
= o £
bl Ll
[T {118
600 1000
A
a
& @ AuskE
800 e A Punjabi
0
2500 2000 1500 1000 500 2500 2000 1500 1000 500
F2 (Hz) F2 (Hz)

Figure 1. Mean F1, F2 and F3 of Punjabi (triangles) vowedsu/ (18 male Punjabi speakers)
and Australian English (circles) vowels ¢ o: v u:/ (60 male Australian English speakers;
Cox, 2006). The left panel shows F1 (y-axis) and>axis). The right panel presents F3 (y-

axis) and F2 (x-axis).

Several studies have also reported differencesdsetymonolinguals and bilinguals when
producing English consonants. McCarthy, Evans, Mation (2013) tested monolingual and
bilingual speakers in an immigrant community in ti€ and found significant differences in
the production of English stops. In their studgytfiocused on Sylheti, an indigenous language
of Bangladesh that contrasts retroflexes and de(@dpe & Mahanta, 2015). McCarthy et al.
(2013) found that Sylheti speakers who had receatiived in the UK used L1 phonetic

characteristics in the production of L2 Englishididp b/, alveolar /t d/ and velar ¢ stops.

21 F3 and F2 vowel plot is also presented becausenair focus is on the F3 and F2 formants (seeeabtos
on acoustic analysis).
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However, those Sylheti speakers who were bornariij, and had grown up there bilingually,
had different realizations of the same consonamtgjucing English stops like native English
speakers. This raises interesting questions almvutdanwords are adapted in a non-immigrant
situation. For example, in Pakistan, Punjabi spesakehether they are monolinguals or
trilinguals, predominantly speak Punjabi at homesbor, 1993). Trilinguals may speak Urdu
(and some English) at work and with friends, aretgpically literate (Mansoor, 1993). Urdu
has a similar set of coronal contrasts comparetabfound in Punjabi (dental, retroflex and
palatal). English, on the other hand, has onlya@arestops, and has a limited role in the day to
day life of Punjabi speakers. Therefore, even iimdgiial Punjabi speakers in Pakistan are less
likely to be influenced by English phonetics/phawy than bilingual speakers growing up in
the UK. However, to fully assess the possibilitattincreased exposure to either written or
spoken English might affect the acoustic charasties of loanwords adapted from English in
a non-immigrant situation, we also tested botimggital and monolingual Punjabi speakers.
The monolingual participants in this study, howevegre not literate, thereby restricting
the speech materials to picturable nouns that deeilgsed in an elicited production task. Most
of the loanwords nouns with /t/ occurring in thenxt of the three point vowels /i a u/
contained /t/ in coda position. This study thereftocused on the acoustic characteristics of

Punjabi native coronals, loanword /t/, and (Ausirgl English coda /t/.

2. Method

2.1 Participants

Three groups of male participants were recruited:Runjabi trilinguals (who spoke Punjabi,
Urdu and English: 22 to 29 years old, mean 25.29)eaight Punjabi monolinguals (26 to 30
years old, mean 28 years) and ten monolingual speak Australian English (Ausk) (23 to 38

years old, mean 30.2 years). Two additional Punjadmolingual participants were excluded
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from the analysis due to inappropriate productidnth® target words: one consistently
resyllabified the target words with the carriertesigce, and the other produced atypical vowels.
All Punjabi participants were recruited from thev8mment College University, Faisalabad
and the University of Agriculture, Pakistan. Allak@ the Lyallpuri dialect of Punjabi, which
closely resembles the Majhi dialect of Punjabi gpoln Lahore (Gill & Gleason, 1962). The

AusE speakers were recruited from Macquarie UniyerSydney, Australia.

2.2 Speech material

Three types of speech material were used: a) Pumgdive words with word-final retroflex//
and dental /f b) loanwords from English with word-final /thé c) English words with word-
final alveolar /t/ (Table 1). All were elicited wita picture naming task. English loanwords were
selected from a corpus of loanwords (Ghotra, 20D&)get consonants were elicited after three
different vowels /i a u/. The /il vowel context wergtical for our analysis because coronals are
less contrastive in this context (see Hussain.diralevision) for further detail). Most of the
high frequency picturable English loanwords foundthe loanwords corpus with /t/ in the
context of these three point vowels were monosidlalouns with a word-final /t/ (Ghotra,
2006). Thus, all speech materials used in thisystuete CVC monosyllables where the target
coronal consonants appeared in word-final (coda)tipn. Six loanwords from English were
selected from Ghotra (2006). These loanwords wiariegl in an elicited production task using
the Punjabi carrier phrasec[k ods] (‘Say___today).

To compare loanwords with Punjabi native words, Bixnjabi native words were
selected, each with the target retroflgxand dental /tin the same word-final (coda) position,
preceded by one of the three vowels /i a u/. Singas not possible to find comparable minimal
pairs for these items where the pictures were fpibgurable nouns (see Table 1), the native
Punjabi target words were pre-recorded by a n&ivgabi speaker and played to participants,
who then repeated them as part of the entire phrastemale Punjabi speaker recorded the
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Punjabi words using the same carrier phrase [lods] (‘Say___today). The recordings were
made using a Zoom H2 digital recorder with a biiltnicrophone at 44 KHz, and added to the
pictures which were then shown on the computerescr&éhe Punjabi words (including the

entire carrier phrase) were then used as auditomts presented to the Punjabi participants.

Table 1. Native Punjabi words with word-final retroflel And dental /t loanwords with /t/,

and Australian English words with alveolar /t/ geaftront, low and back vowels.

Vowels
Front Low Back
Punjabi /t/ Iphit/  ‘village officer  /phat/ ‘torn’ /ku:t/  ‘mountain top’

it/ ‘type of cloth  /fat/ ‘fruit dish’  /gu:t/ ‘short man

Punjabi /t/ lgi:t/ ‘song’ /bat/ ‘talk’ Isut/ ‘thread’
/bi:t/ ‘passed’ Ifra/ ‘roof’ Ifrut/ ‘impure’

Loanword /t/ Isi:t/ ‘seat’ Ikat/ ‘cut’ /but/ ‘boot’
[fi:t/ ‘sheet’ Ipat/ ‘pot’ Isut/ ‘suit’

AUsSE /t/ [si:t/ ‘seat’ /he:t/ ‘heart’ lko:t/ ‘court’
[fi:t/ ‘sheet’ Ike:t/ ‘cart’ [fot/ ‘fort’

Based on the spectral similarities of Punjabi venaeid Ausk vowels (Figure 1), a set of six

Ausk CVC words were selected with the long vowels: /o:/ and coda /t/. These most closely

matched the Punjabi vowels /i a u/ in spectralati@ristics. In a picture naming task, the target
English words were elicited in a carrier phrasetean unstressed vowdlsay ~ again’

It should be noted that in English, flapping canwowhen /t/ is preceded by a stressed vowel

and followed by an unstressed vowel (de Jong, 1998ps also have very short durations (10-
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40 ms) and no release burst (Riehl, 2003; Zue &iradre, 1979). To minimize flapping, the

participants were asked to speak slowly (see tkessetion on procedure for more details).

2.3 Procedure

The Punjabi participants were invited into a quiedm at the University of Agriculture,
Faisalabad (Pakistan). Before the experiment, these familiarized with the task. For the
native Punjabi experiment, pseudo-randomized vigwampts (accompanied by auditory
prompts) were presented on a computer screendrdffferent blocks (12 items5 repetitions

x 18 participants (10 trilinguals and 8 monolinguals)080 items). After seeing and hearing
the prompts, participants were asked to producdaiget word in the carrier phrase. After
eliciting the Punjabi native words, the loanwordsrevthen elicited using the same procedure
(and participants), but without the auditory promigtese again were pseudo-randomized and
presented on a computer screen in five differesthkd (6 items 5 repetitions< 18 participants
(10 trilinguals and 8 monolinguals) 540 items). There was a small break betweenwibe t
parts of the experiment. Speech recordings wereeraaithg a Zoom H2 digital voice recorder
with built-in microphone, at a sampling rate of #&kHz. At the end of the experiments, the
participants completed a language background questire.

The Ausk participants were invited into a souné+atated room at Macquarie
University. The procedure was similar to that uséth the native Punjabi speakers for the
loanword stimuli. The visual prompts used to elitié target English words were pseudo-
randomized and presented in five different blogkg€msx 5 repetitionsx 10 participants
300 items). There was a small break halfway throtlgh experiment to ensure that the
participants did not ‘speed up’ and begin to pradine alveolar /t/ as a flap. All the target items
produced by the participants had a release buosifitmed by a strong vertical spike in the
burst spectrum, see the next section 2.4 Acousttyais). Thus, all target items by the Aust

speakers were included in the analysis. The presefaelease bursts in all items also
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confirmed that there was no flapping. The recorslingere made with AKG C 353 EB
microphone at a sampling rate of 44.1 KHz and m&dron a Windows computer with

Audacity software.

2.4 Acoustic analyses

A total of 1920 words were recorded (native Punyabids (retroflex and dental stops): 1080;
loanwords from English produced by Punjabi speak&49); English words produced by
Australian English speakers: 300). For each wortemporal landmarks were located: (1)
vowel onset, (2) vowel offset (stop closure ong&) release burst onset and (4) release burst
offset (see Figure 2). Landmarks (1) and (2) degrniowel interval were manually located by
visual inspection of the waveform and spectrogramaking reference to periodicity and
formant energy bands. Stop closure was locatetleaptint of maximum attenuation of F2
energy in the transition from adjacent vocalic imé. The stop release burst was located at the
onset of the first strong vertical spike in the e@mvm (landmarks (3) and (4); Song, Demuth,
& Shattuck-Hufnagel, 2012). Total stop durationoétire + burst) was identified from the
closure onset (2) to burst offset (4).

For validation of the temporal landmarks, anoth&ned phonetician segmented 10% of
the data from native Punjabi retroflex and dentaps (108 items). The average difference
between two coders for closure duration was 0 etsaftex) and 3 ms (dental). For the burst
duration, the average inter-coder difference wass3or both stops.

Formant analyses for loanword /t/, Ausk /t/, andjRbi retroflex {/ and dental_/twere
conducted, focusing on the first three formanetayries (F1, F2, F3) into each target stop. A
Praat script was then used to identify F1, F2 aBdidtues at six equidistant time points (50,
60, 70, 80, 90% and 100%) from the preceding vaw@is main formants of interest are F2
and F3 (F3-F2 difference) because these two forsnaa widely used to investigate coronal

places of articulation (Dave, 1977; Ohala & Oha)1). Formants were estimated using LPC
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analysis over a sliding 25 ms analysis window witb0 db dynamic range (Boersma &
Weenink, 2014). The automatic formant tracker iaa®did not always correctly identify the
formants near the offset of the preceding vowelser&fore, to ensure that Praat's formant
tracker extracted the correct formant trajectoties extracted formants were validated at each
time step by visually comparing with an additiosat of formant estimates superimposed on
the target spectrogram, using an algorithm in Maglia#" order LPC, 25 ms analysis window,
max search frequency: 4000 Hz), and manually ctedewhere needed. The final analyses
were based on the corrected formants.

The first four spectral moments (spectral CoG, spevariance, spectral skewness, and
spectral kurtosis) of stop release bursts wererakssured in Praat from FFT spectra generated
over single sliding 20 ms Hamming analysis windaestred at the beginning of the stop
release bursts (landmark (3), Figure 2) (Forrestiswier, Milenkovic, & Dougall, 1988).

Vowel Burst
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Figure 2. Temporal and spectral analysis of stops: acoustweform and wideband
spectrogram for the word "/ ‘torn’. Temporal landmarks indicated at: (1) vowel ong2t,
vowel offset (stop closure onset), (3) releasetumset and (4) release burst offset. Formants
F1, F2 and F3 are measured at six equidistant satinp¢ points (50, 60, 70, 80, 90, 100%) in

the vowel before the coda stop.
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2.5 Hypotheses

Based on the previous studies on Punjabi loanwbah@ogy that reported the adaptation of
English alveolar /t/ as retroflex//(Ghotra, 2006; Sharma, 1980), we hypothesized tha
loanword /t/ would share more temporal (closureatian, burst duration and total stop
duration) and spectral characteristics (F3-F2 difiee and spectral moments of stop release
bursts (spectral CoG, spectral variance, spediealigess and spectral kurtosis)) with Punjabi
retroflex {/ than Punjabi dental//tacross the vowel /i a u/ contexts. We also hypsized that
AusE /t/ would share more temporal and spectraladtaristics with Punjabi retrofley than
with Punjabi dental /t Regarding the possible effects of multilingualjsve hypothesized that
there would be no difference in acoustic charasties between the monolingual and trilingual
Punjabi speakers because the dominant local laeguadPakistan are Punjabi and Urdu (rather

than English).

3. Results

To test our hypotheses, we conducted a range afateg-measure ANOVAs. Separate
repeated-measure ANOVAs were first used to comgherdifferent group of speakers (Punjabi
monolinguals and trilinguals). The second set aflyses compared the temporal and spectral
characteristics of the following consonants: (aan\ord /t/ vs. Punjabi retroflex/y (b)
loanword /t/ vs. Punjabi dental;/{c) AusE /t/ vs. Punjabi retroflex//and (d) Ausk /t/ vs.
Punjabi dental /t Several repeated-measure ANOVAs and one-way AN©Were run to
compare the acoustic characteristics of these camss and to determine whether the temporal
and spectral characteristics of loanword /t/ andEALli/ were more similar to Punjabi retroflex
It/ or dental jt

The temporal and spectral characteristics of loadwobwere first compared with Punjabi
retroflex f/ and dental /t The possible effect of group (Punjabi monoliriguand trilinguals)

on the acoustic characteristics of loanword /tff Banjabi retroflext/ and dental /twas also
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investigated. Finally, the spectral and temporalrabteristics of Ausk /t/ were compared with

Punjabi retroflext/ and dental /t

3.1 Phonetic characteristics of loanword /t/, Punjai retroflex and dental stops

3.1.1 F3-F2 difference

Figure 3 illustrates the mean formant transitioin$he vowels /i a u/ produced before loanword
/t/, Punjabi retroflext/ and dental /t(mean values are presented in Appendix 2). Itlzan
observed that the formant transitions of the loanwtl are closer to Punjabi retroflex than
dental /. Punjabi retroflext/ showed F3-F2 convergence before vowels /a u/nbubefore

/il. Similarly, loanword /t/ was also characterizsdF3-F2 convergence for /a/ and /u/ but not
for /i/. Punjabi dental /t on the other hand, showed flat F3 and raisethf2e contexts of /a/
and /ul.

To investigate the effect of various factors onf3eF2 difference of the vowels /i a u/
produced before loanword /t/, Punjabi retroflgahd dental /f a repeated-measures ANOVA
was conducted, with group (Punjabi monolingualdnitinguals) as a between-subjects factor,
consonant type (loanword /t/, Punjabi retroflgxahd Punjabi dental/)Jt vowels (/i a u/) and
six equidistant sample time points (50% to 100%raceding vowels as within-subject factors;
and F3-F2 difference as a dependent variable. d$dts indicated that there was no significant
effect of groupF (1, 16) = .059p=0.811], suggesting that Punjabi monolinguals afiddguals
did not differ significantly in terms of F3-F2 diffence. Subsequent repeated-measure
ANOVAs for each vowel context and consonant typesvemnducted to compare loanword /t/,
Punjabi retroflex {f and dental /t As there were no significant differences between
monolinguals and trilinguals, the factor of groupsano longer included in the subsequent-

models of repeated-measure ANOVAs.
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Figure 3. Mean formant trajectories in vowels /i a u/ progdidefore loanword /t/ (left),
Punjabi retroflex t/ (middle) and Punjabi dental/ /right) (all speakers, all items), at six

equidistant sample time points. Error bars showdsted deviation of mean frequencies (Hz).

The comparisons of F3-F2 difference of the vowess U/ produced before loanword /t/ and
Punjabi retroflext/ showed that in the context of /i/, there weresignificant differencesq
(1, 17) = 2.167p=0.159]. However, the F3-F2 difference varied digantly in the context of
/al [F (1, 17) = 10.180p=0.005] and /u/F (1, 17) = 4.719p=0.044]. On the other hand, the
F3-F2 difference of the vowels produced before \Wand /t/ and Punjabi dental/ /tvas
significant in the context of /i/lH (1, 17) = 36.765p<0.001] and /a/F (1, 17) = 91.625,
p<0.001], but not /u/f (1, 17) = .848p=0.370]. This indicated that the F3-F2 differentéhe
vowels produced before loanword /t/ and Punjabidfietx 4/ were similar in terms of F3-F2

difference, but only in the context of /i/, notua However, formant transitions into loanword
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It/ and Punjabi dental/ Avere significantly different in terms of F3-F2Zfdrence in the contexts

of /il and /al/.

3.1.2 Temporal properties of word-final stops

Figure 4 presents the boxplots of closure durationst duration and total stop duration of the
word-final loanword /t/, Punjabi retroflex /and dental /f produced after /i a u/ (mean values
are presented in Appendix 3). To investigate tliecefof various factors on closure duration,
burst duration and total stop duration of the loardwv't/, Punjabi retroflext/ and dental /f a
repeated-measures ANOVA was first conducted wittugrimonolinguals vs. trilinguals) as a
between-subjects factor, consonant type (loanwgré@unjabi retroflext/ and Punjabi dental
It/) and vowels (/i a u/) as within-subject factargisure duration, burst duration and total stop
duration as dependent variables.

The results of repeated-measures ANOVA showed goifiiant effect of group on
closure durationff (1, 16) = .482p=0.497], burst duratiorH (1, 16) = .220p=0.645] and total
stop duration f (1, 16) = .418,p=0.527]. This indicates that there were no sigaific
differences in Punjabi monolinguals and trilinguatsoss temporal characteristics. Subsequent
repeated-measure ANOVAs for all speakers and eawiehcontext showed that in the context
of /il [F (1, 17) = 3.967p=0.063] and /u/Kf (1, 17) = 3.361p=0.084] there was no difference
in closure duration of the loanword /t/ and Punjaioflex f/. However, in the context of /a/
there were significant differences (1, 17) = 4.984p=0.039].The comparison of loanword /t/
and Punjabi dental/ indicated that there was a significant differemeeclosure duration
between two stop types across all vowels (/(1, 17) = 42.181p<0.001]; /a/: F (1, 17) =
50.858,p<0.001]; /u/: F (1, 17) = 25.010p<0.001]. This suggests that closure duration of
loanword /t/ was similar to Punjabi retroflegt (in the context of /i/ and /u/), but was quite

different from that of the Punjabi dentgl
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A comparison of burst duration of loanword /t/ @uhjabi retroflext/ showed that these
were significantly different across vowels (/i (1, 17) = 13.791p=0.002]; /a/: F (1, 17) =
15.741,p=0.001]: /u/ F (1, 17) = 6.746p=0.019]). The burst duration of loanword /t/ and
Punjabi dental /talso showed significant differences across voW@ls[F (1, 17) = 56.445,
p<0.001]; /a/: F (1, 17) = 37.216p<0.001]; /u/: F (1, 17) = 37.056p<0.001]). These results
indicate that loanword /t/ is significantly differefrom both Punjabi retroflex//and dental /t

However, the burst duration of loanword /t/ is eloto Punjabi retroflext/ than to dental /t

(Figure 4).
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Figure 4. Boxplots of closure duration (ms), burst duration (ms), @o@l stop duration
(closure + burst (ms)) of loanword /t/ (dark greyes), Punjabi retroflex//(white boxes) and

dental /t (light grey boxes), produced after vowels /i 4all speakers, all items).
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Total stop duration of loanword /t/, Punjafgidnd dental /twas also compared. The results of
repeated-measure ANOVAs showed that loanword /d &unjabi retroflex t/ were
significantly different across vowels (/iF[(1, 17) = 7.111p=0.016]; /a/: F (1, 17) = 7.594,
p=0.014]; /u/: F (1, 17) = 4.823p=0.042]). Total stop duration of loanword /t/ andnfabi
dental /t also indicated significant differences across esw/i/: [F (1, 17) = 69.914p<0.001];
lal: [F (1, 17) = 67.117p<0.001]; /u/: F (1, 17) = 39.831p<0.001]). This indicates that the
total stop duration of loanword /t/ is significgndifferent from both Punjabi retrofley /and
dental /t. Again, however, it can be observed in Figurehdt toanword /t/ more closely
resembles Punjabi retrofley in terms of total stop duration, across all vasvdlhis may be
why loanword /t/ is reported to be adapted in Poirgs retroflexy/. It also raises interesting
guestions about the temporal properties of Endlisand how these will be similar or different

to loanword /t/.

3.1.3 Spectral properties of word-final stop reless

Figure 5 shows the boxplots of spectral momentedisal CoG, variance, skewness and
kurtosis) of stop release bursts of loanword (thjRbi retroflex f/ and dental /t(mean values
are presented in Appendix 3). To investigate tHecefof various factors on the spectral
moments of stop release bursts, a repeated-mea8WNE¥A was conducted with group
(monolinguals vs. trilinguals) as a between-suljderctor, consonant type (loanword /t/,
Punjabi retroflext/ and Punjabi dentaljtand vowels (/i a u/) as within-subject factasectral
CoG, spectral variance, spectral skewness, andrap&artosis as dependent variables. The
results showed that there was no effect of grouppattral CoGH (1, 16) = .322p=0.578],
spectral varianceq (1, 16) = .503p=0.489, spectral skewned$s (1, 16) = .120p=0.734] and
spectral kurtosisH (1, 16) = .052p=0.823]. This suggests that spectral moments pfretiease

bursts were not different for Punjabi monolinguatsl trilinguals.
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Figure 5. Boxplots of spectral moments of stop release bursts forwoaah /t/ (dark grey
boxes), Punjabi retroflext//(white boxes) and dental/ /flight grey boxes) produced after

vowels /i a u/ (all speakers, all items).

Subsequent repeated-measure ANOVAs were condumtdigef different vowel contexts using
all participants, comparing the spectral momentstap release bursts of loanword /t/, Punjabi
retroflex / and dental /t The comparisons of spectral CoG of loanwordartid Punjabi
retroflex t/ in the different vowel contexts indicated thagrén were no significant differences
(il: [F (1, 17) = 1.198p=0.289]; /a/: F (1, 17) = .088p=0.771]; /u/: F (1, 17) = .793,

p=0.386]). Similarly, spectral CoG of loanword fcAPunjabi dental/tndicated no significant
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differences in the context of /iF[(1, 17) = 1.513p=0.235] and /a/f (1, 17) = .641p=0.434].
However, in the context of /u/, loanword /t/ anchfaibi dental ftwere significantly different
[F (1, 17) = 18.965p<0.001]. These results reveal that loanword /thj&hi retroflex {/ and
Punjabi dental /thad similar spectral CoG across vowels, excepPtmjabi dental /tin the
context of /u/.

Measures of spectral variance of loanword /t/ amadjdbi retroflex ¢/ in different vowel
contexts indicated that there were no significaffexeénces in the context of /iF[(1, 17) =
.274,p=0.607], /a/ F (1, 17) = 2.024p=0.173] and /u/F (1, 17) = .443p=0.515]. However,
the comparisons of loanword /t/ and Punjabi defitaih different vowel contexts showed
significant differences across vowels (#:(fL, 17) = 28.037p<0.001]; /a/: F (1, 17) = 34.426,
p<0.001]; /u/: F (1, 17) = 57.907p<0.001]). This indicates that loanword /t/ and Ribnj
retroflex {/ share similar properties of spectral variancd, that Punjabi dental//is quite
different.

Spectral skewness of loanword /t/ and Punjabi fletto/t/ showed no significant
differences across vowels (/iF [1, 17) = .239p=0.631]; /a/: F (1, 17) = .007p=0.935]; /ul:
[F (1, 17) = .722p=0.407]). On the other hand, the spectral skewnéssanword /t/ and
Punjabi dentaly showed significant differences between the twp sypes in the context of
fil [F (1, 17) = 19.096p<0.001] and /a/K (1, 17) = 7.077p=0.016], though not for /uH (1,
17) = .095,p=0.762]. This suggests that spectral skewnessommword /t/ was similar to
Punjabi retroflex{/ but different from Punjabi dental.

Spectral kurtosis of loanword /t/ and Punjabi ri¢vo /t/ showed no significant
differences for any vowel (/i/fH (1, 17) = .000p=0.983]; /a/: F (1, 17) = .171p=0.684]; /ul:
[F (1, 17) = 2.714p=0.118]). A comparison with loanword /t/ and Pumjdbntal /t in the
different vowel contexts also showed no significaifferences (/i/: | (1, 17) = 3.365,

p=0.084]; /a/; F (1, 17) = .955p=0.342]; /u/: F (1, 17) = 1.613p=0.221]). This indicates that
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loanword /t/, Punjabi retroflex//and Punjabi dental//&ll share similar values in spectral
kurtosis.

Overall, these findings show that loanword /t/ eowastically similar to the Punjabi
retroflex {/ in terms of many of the temporal (closure durmdtiand spectral (spectral variance
and skewness) characteristics investigated. Pudgal /t, on the other hand, differs from
loanword /t/ in both temporal and spectral chargties. This suggests that loanword /t/ is
produced as retroflex/ by Punjabi speakers, rather than as dertal /t

In the next section, we compare the acoustic cleniatics of Ausk /t/ with Punjabi
retroflex {/ and dental /t This might shed light on why Punjabi speakepa@English alveolar
stops as retroflexes, rather than as dentals.&s there no acoustic differences found between
the Punjabi monolinguals and trilinguals in theabanalysis, their data are treated together as

one group in the analysis below.

3.2 Phonetic characteristics of Ausk /t/, Punjabietroflex and dental stops

3.2.1 F3-F2 difference

In this section we compare the F3-F2 differencAudtralian English (Ausg) vowels &: o:/
and Punjabiowels /i a u/ produced before AusE /t/, Punjabioféex £/ or dental /t?? Figure

6 illustrates the mean formant transitions of tleevels produced before Ausk /t/, Punjabi
retroflex {/ and dental /t(mean values are presented in Appendix 2). Itlmambserved in
Figure 6 that the formant transitions of the AugHr the context of /i/ are closer to Punjabi
retroflex t/ than dental /t However, in the context of /a u/, Ausk /t/ doed show F3-F2

convergence and looks more similar to Punjabi détitdnan retroflext/.

22 For the figures and reporting of stats, we wik tise vowels /i a u/, representing both Ausk:/o:/ and
Punjabi /i a u/.
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Figure 6. Mean formant trajectories of vowels produced tefusE /t/ (left), Punjabi retroflex

It/ (middle) and Punjabi dental (tight) (all speakers, all items), at six equidig sample time

points. Error bars show standard deviation of nfezquencies (Hz).

To investigate whether F3-F2 difference of the AlSE similar to either the Punjabi retroflex

It/ or dental Jt separate repeated-measure ANOVAs were condusied consonant (Aus

It/, Punjabi retroflext/ or dental /§ as a between-subjects factor, vowels (/i a nf) six

equidistant sample time points within the vowelB%bto 100%) as within-subject factor; the

F3-F2 difference as a dependent variable.

The comparisons of F3-F2 difference of the AusErit Punjabi retroflex/showed that

there were no significant differences in the contéxi/ [F (1, 26) = 1.222p=0.279] and /u/

[F (1, 26) = 2.266p=0.144], suggesting that Ausk /t/ and Punjabi fesxat/ had similar F3-

F2 difference. However, the F3-F2 difference vasaificantly in the context of /aF[(1,

26) = 29.822p<0.001]. The F3-F2 difference of the AusE /t/ anthjgbi dental /ftshowed no
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significant difference across vowels /i a u/ (#:(1, 26) = 2.966p=0.097]; /a/: F (1, 26) =
3.840,p=0.061]; /u/: F (1, 26) = .000,p=0.992]). Overall, the results of F3-F2 difference

suggest that Ausk /t/ is similar to both Punjakiaféex // and dental /t

3.2.2 Temporal properties of word-final stops

Figure 7 presents the boxplots of closure durabarst duration and total stop duration (closure
+ burst) of the word-final Ausk /t/, Punjabi retef // and dental /t produced after /i a u/
(mean values are presented in Appendix 2). Separsevay ANOVAs were conducted in
each vowel context, using consonant (Ausk /t/, &uirmgetroflex {/ or dental ) and vowels (/i

a u/) as independent variables, closure duratiomstibduration and total stop duration as
dependent variables. The results showed that dadwnmation of the AuskE /t/ is different from
Punjabi retroflex{/ across vowels (/i/:H (1, 26) = 9.819p=0.004]; /a/: F (1, 26) = 6.872,
p=0.014]; /u/: F (1, 26) = 8.501p=0.007]). The comparison of AusE /t/ and Punjabi defttal
also indicated that there was a significant diffieeein closure duration between two stop types
across vowels (/il'H (1, 26) = 30.164p<0.001]; /a/: F (1, 26) = 28.894p<0.001]; /u/: F (1,

26) = 26.449,p<0.001]). It can be observed in Figure 7 that AugEhas smaller closure
duration than Punjabi retrofle§ And dental /t However, the closure duration of the Ausk /t/
was closer to Punjabi retroflept than dental /t It is possible that small closure duration @ th

AusE /t/ leads to the adaptation of /t/ as retroftePunjabi.
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Figure 7. Boxplots of closure duration (ms), burst duration (ms), aoihl stop duration
(closure + burst (ms)) of the AuskE /t/ (dark grexds), Punjabi retroflex//(white boxes) and

dental /t (light grey boxes), produced after vowels /i dall speakers, all items).

A comparison of burst duration of the AusE /t/ &uhjabi retroflext/ showed that these were
significantly different across vowels (/iF-[1, 26) = 69.234p<0.001]; /a/: F (1, 26) = 77.089,
p<0.001]; /u/: F (1, 26) = 52.298p<0.001]). The burst duration of the AusE /t/ anahjahbi
dental /t also showed significant differences across voW#lqdF (1, 26) = 57.413p<0.001];
lal: [F (1, 26) = 63.005p<0.001]; /u/: F (1, 26) = 40.498p<0.001]). As shown in Figure 7,
significant differences in bust duration betweersBut/ and Punjabi retrofley /and dental /t

were due to the much longer burst duration of theEA/t/.
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Total stop duration of the AusE /t/, Punjaiaihd dental /twas then also compared. The
results of one-way ANOVA showed that Ausk /t/ anthjabi retroflex {/ were significantly
different across vowels (/i/F[(1, 26) = 9.353p=0.005]; /a/: F (1, 26) = 10.465p=0.003]; /u/:

[F (1, 26) = 6.982p=0.014]). However, the total stop duration of thesk /t/ and Punjabi
dental /t showed no significant differences across vowtq F (1, 26) = 1.368p=0.253]; /a/:

[F (1, 26) = 1.097p=0.305]; /u/: F (1, 26) = 1.118p=0.300]). This suggests that the total stop
duration of the Ausk /t/ is significantly differelfom Punjabi retroflext/ but it is similar to

Punjabi dental /t

3.2.3 Spectral properties of word-final stop relesis

Figure 8 shows the boxplots of spectral propediestop release bursts for the Ausk /t/, Punjabi
retroflex {/ and dental /tproduced after vowels /i a u/ (mean values aesemted in Appendix
3). Separate one-way ANOVAs were conducted in ®agrel context, using consonant (Ausg
It/, Punjabi retroflext/ or dental ) and vowels (/i a u/) as independent variablescsal CoG,
spectral variance, spectral skewness and spedaitalisis as dependent variables. The ANOVA
results showed that Ausk /t/ and Punjabi retrofjelkad different spectral CoG across vowels
(/il: [F (1, 26) = 31.047p<0.001]; /al: F (1, 26) = 43.066p<0.001]; /u/: F (1, 26) = 57.451,
p<0.001]). Similarly, the comparison of Ausk /t/ aRdnjabi dental /tshowed significant
differences in spectral CoG in the context of allvels (/i/: [F (1, 26) = 27.102p<0.001]; /a/:
[F (1, 26) = 34.002p<0.001]; /u/: F (1, 26) = 18.685p<0.001]).

Spectral variance of the Ausk /t/ and Punjabi fetxo/t/ were significantly different
across vowels (/i'H (1, 26) = 64.041p<0.001]; /a/: F (1, 26) = 117.942><0.001]; /u/: F (1,
26) = 48.075,p<0.001]). The comparison of Ausk /t/ and Punjabntde/t{ also showed
significant differences in spectral variance in toatext of all vowels (/i/:F (1, 26) = 14.308,

p=0.001]; /a/: F (1, 26) = 27.992p<0.001]; /u/: F (1, 26) = 4.768p<0.001]). As AusE /t/
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were produced with extensive release, this mightlaffected the characteristics of spectral

CoG and spectral variance which are higher thah Banjabi retroflext/ and dental /t

Spectral CoG Spectral Variance
5000 — 5000 —
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) E3 Punjabi Retroflex
N = E3 Punjabi Dental
N —
L Q
® 2500 = — 2 2500 * % *
o o
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Figure 8. Boxplots of spectral properties of stop release burstsHerAusE /t/ (dark grey
boxes), Punjabi retroflext//(white boxes) and dental/ /flight grey boxes) produced after

vowels /i a u/ (all speakers, all items).

Spectral skewness of the AusE /t/ and Punjabifteitd/ were not significantly different in /i/
[F (1, 26) =.070p=0.793] and /a/F (1, 26) = 3.507p=0.072] contexts. However, they differed
significantly in the context of /JuF (1, 26) = 12.629p<0.001]. Spectral skewness of the Ausk

It/ and Punjabi dental//showed significant differences across all vowgéls [F (1, 26) =
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10.438,p=0.003]; /a/: F (1, 26) = 14.446p=0.001]; /u/: F (1, 26) = 5.190p=0.031]). Thus,
in terms of spectral skewness, AuskE /t/ is sintdaPunjabi retroflext/ (in /i a/ contexts) but
systematically different from Punjabi dentdl Tthis also indicates that spectral skewness might
contribute to the adaptation of English alveolapstas retroflexes.

Spectral kurtosis of the Ausk /t/ and Punjabi régso /{/ showed no significant
differences for /il F (1, 26) = 2.677p=0.114] but there were significant differences/fr[F
(1, 26) = 8.996p=0.006] and /u/f (1, 26) = 14.173p=0.001]. A comparison of the Ausk /t/
and Punjabi dental//tn the different vowel contexts showed no sigrdfit differences for /i/
[F (1, 26) = 3.412p=0.076] and /u/ F (1, 26) = 2.864,p=0.103]. However, there were

significant differences in the context of /&/(fL, 26) = 7.267p=0.012].

4. Discussion

In this paper, similarities and differences amdrgdcoustic characteristics of the loanword /t/,
AusE /t/ and Punjabi retroflex/ /and dental /twere investigated. Based on previous studies of
Punjabi (Ghotra, 2006; Sharma, 1980), we hypoteésihat loanword /t/ would share more
temporal and spectral characteristics with Punjetsoflex / than Punjabi dental//tWe also
hypothesized that Ausk /t/ would be acousticallyensimilar to Punjabi retroflex//than to
Punjabi dental /t Regarding the role of bilingualism, we expectkdt there would be no
significant differences between Punjabi monolinguahd trilinguals in the production of
loanword /t/.

Our first hypothesis was supported by the data. fEseilts showed that the F3-F2
difference of the vowels produced before loanwardrid Punjabi retroflex//was similar in
the contexts of /a/ and /u/ and there were mordlegities in the temporal and spectral
(moments) properties of loanword /t/ and Punjabiofeex £/. Burst duration of loanword /t/
and Punjabi retroflex/ was statistically significant but as can be obsérin Figure 3, burst

duration of loanword /t/ was closer to the Punjadtroflex {/ than Punjabi dental//tThere
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were some spectral similarities between the loadwtdrand Punjabi dental//as well. For
instance, spectral CoG in the context of /i/ ardspectral skewness in the context of /u/ and
spectral kurtosis across /i a u/ showed similaritietween the loanword /t/ and Punjabi dental
/t/. This was due to the fact that, even in Punjative phonology, spectral CoG, spectral
skewness and spectral kurtosis failed to charaetétunjabi retroflex and dental stops across
vowel contexts (Hussain et al., in revision). Theselts suggest that the temporal aspects (e.g.,
small closure and burst durations) of loanwordnight have contributed to its incorporation
into Punjabi as retroflex//

Our second hypothesis regarding the similaritigg/éen Ausk /t/ and Punjabi retroflex
It/ was not supported by the data and there weremsistent similarities between AusE /t/ and
Punjabi retroflext/. The F3-F2 difference of the vowels produced teefsusk /t/ was similar
to Punjabi retroflext/ in the context of /i a/, but also similar to Paimjdental ftacross all three
vowels /i a u/. Closure duration of the AusE /tevghorter than that of Punjabi retroflgk but
more similar to it than to the longer duration ahfabi dental /t However, the burst duration
of the Ausk /t/ was significantly longer than bdétbnjabi retroflex{/ and dental /t Taken
together as total stop duration (closure + bursation), the Ausk /t/ was more similar to
Punjabi dental /tthan retroflex {/. It should be noted that we had two differenti&tion
methods: elicited imitation task to elicit the Painijnative words, (b) picture identification task
for the Ausk experiment. In the first task, they&rPunjabi words were recorded by a female
speaker and presented to the participants as ap@itompts. In the second AusE experiment,
the participants were only presented the pictushout any auditory prompts. It is possible
that due to different elicitation methods of natiReinjabi and AuskE words, our second
hypothesis was not confirmed.

Note that Punjabi has separate phonemic catedori@spirated and unaspirated dental

and retroflex stops. However, English alveolar stage not reported to be adapted as aspirated
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retroflex stops, and showed no such tendency imata. Chang (2012) reported similar results
from Burmese that has a three-way laryngeal con{eg., /p p b/). In Burmese, English
aspirated stops are adapted as unaspirated fepsaps, then, when adapting English alveolar
It/ in loanwords, Punjabi speakers rely primarily olosure duration, incorporating it as
retroflex {/. Or perhaps the AusE speakers in our study pextiezaggerated release bursts as
a function of the task. Both would be interestisgpies to follow up on in further research, with
a cue weighting task in case of the former, andoexym other contexts and elicitation methods
for the latter.

The spectral characteristics of stop release baf#tssk /t/ showed higher spectral CoG
and spectral variance than Punjabi retrofiéxand dental /t Again, this might be due to the
heavily released AusE /t/. Spectral skewness oEAlt/svas similar to Punjabi retrofley (in
/i al contexts). This suggests that Punjabi spesakéght also use spectral skewness as a cue to
adapt English alveolar /t/ as a retroflgik Ausk /t/ and Punjabi dental,/on the other hand,
were significantly different in terms of spectrkés/ness. Spectral kurtosis was similar in Ausg
It/ and Punjabi retroflex//but only in the context of /i/.

Unlike other studies that found significant diffeces in the production of English
consonants between monolingual and bilingual speadkeng in the UK (McCarthy et al.,
2013), this study did not find any significant @iftnces between Punjabi monolingual and
trilingual speakers (in line with our predictiodhere are two main dominant languages in
Pakistan: Punjabi and Urdu. Both languages haireitasset of coronals (e.g., dental, retroflex
and palatal). In contrast, English plays a limitete in the day to day life of the Punjabi
speakers, so having knowledge of Urdu and Engliad httle effect on the acoustic
characteristics of loanword /t/. The data presentethis study were collected in a non-
immigrant situation and in a Punjabi dominant emmiment. This might further explain the lack

of multilingual effects on the production of loarmas.

155



In conclusion, the current paper investigated #raporal and spectral similarities of
loanword /t/ and Ausk /t/ and compared them withj&i native retroflext/ and dental /t
The overall findings suggested that the acoustaratdteristics of loanword /t/ are closer to
Punjabi retroflex than dental stop. The Ausk Abathowed some acoustic similarities with
Punjabi retroflex but it was not consistent. Irsthaper, we only examined the adaptation of
loanword /t/ in word-final position. Future resgatooking at other word-positions might shed
light on the similarities and differences betweemlish alveolar /t/ and Punjabi retrofleg /

and dental /t
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Appendix 1. Phonemic inventory of Punjabi (adapted from Bhat&93).

Labial Dental Alveolar Retroflex Palatal Velar Glottal
Plosive pp'b tind ted fids kkig
Fricative ) (v) s @) i) 0 (v) h
Nasal m n n
Lateral | l
Tap r
Flap t
Approximant v J
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Appendix 2. Mean (SD) F3-F2 difference (Hz) of vowels produtedore Punjabi word-final retroflex//dental/t/, loanword /t/ and Auskg [t/

Formant differences calculated at six equidistame time points (50% to 100%) from the precedingjabi /i a u/ and AusE: &: o/ vowels

Sample Time Points from Preceding Vowel

Vowel 50% 60% 70% 80% 90% 100%

Jif 470 (81) 467 (77) 463 (76) 460 (70) 465 (73) 478 (8

Punjabi /t/ Jal 1250 (147) 1224 (143) 1139 (143) 976 (124) 689)108 331 (88)
jul 1771 (122) 1771 (124) 1730 (135) 1611 (156) 13§71 1039 (238)

Jif 637 (150) 638 (156) 628 (156) 613 (148) 606 (131) 12 @02)
Punjabi /t/ Jal 1368 (125) 1368 (126) 1351 (127) 1296 (130) 1233yl 1190 (171)
ju/l  1718(130) 1730 (131) 1711 (135) 1652 (140) 154@)1 1441 (158)
Jif 434 (50) 432 (53)  434(51) 443 (50) 449 (44) 49) (4

Loanword /t/ Jal 1337 (164) 1296 (173) 1203 (189) 1027 (192) 71BY16 353 (121)
jul 1814 (120) 1810 (121) 1762 (129) 1654 (163) 1431)2 1138 (279)

fi:/ 521(203) 490 (218) 486 (200) 504 (188) 533 (170) 84 &71)
AusE /t/ le/ 1292 (166) 1287 (172) 1253 (161) 1194 (146) 11@%)1 1057 (133)
Jo/ 1919 (172) 1867 (157) 1768 (157) 1610 (150) 14831 1224 (217)
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Appendix 3. Mean (SD) temporal (closure duration, burst durgtamd total stop duration (closure + burst)) gretsral characteristics of Punjabi

word-final retroflex {/, dentallt/, loanword /t/ and AusE /tcross preceding Punjabi /i a u/ and Ausk ./ vowels.

Vowel Closure Burst Clo+Bur CoG Variance Skewness Kurtosis
Jil 85 (22) 12 (2) 97 (22) 1863 (398) 1332 (205) .Bay. 3.24 (2)
Punjabi /{/ la/ 88 (21) 9 (1) 97 (21) 1372 (395) 1115 (197) 1.98). 7.91 (6)
fu/ 84 (21) 9(2) 93 (21) 1218 (323) 1014 (190) 1.39). 10.04 (5)
Mean 86 (21) 10 (2) 96 (22) 1484 (372) 1154 (198) .411(.77) 7.06 (5.13)
Jil 100 (20) 16 (3) 145 (19) 1791 (542) 1809 (354) 208 8.58 (11)
Punjabi /t/ la/ 106 (20) 13 (3) 133 (18) 1479 (460) 1640 (334) 199 10.14 (10)
Ju/ 98 (19) 15 (4) 126 (17) 1797 (449) 1580 (238) 150 6.19 (6)
Mean 101 (20) 15 (4) 116 (20) 1689 (484) 1677 (309) 2.06 (1.14)  8.30 (9.43)
hl 78 (18) 9(2) 86 (18) 1949 (344) 1353 (196) 0.8B¢D 3.22 (2.14)
Loanword /t/ lal 83 (17) 7(2) 90 (17) 1394 (325) 1162 (168) 1.599D 7.38 (5.19)
Ju/ 78 (15) 8 (2) 85 (16) 1266 (345) 1036 (157)  1.681)  8.60 (5.46)
Mean 79 (17) 8 (2) 87 (17) 1536 (338) 1184 (174) 361(0.65)  6.40 (4.26)
fi:/ 62 (11) 65 (27) 127 (28) 3095 (781) 2437 (523) g®a7) 1.54 (2.31)
AusE /t/ le:/ 69 (10) 61 (26) 130 (33) 2937 (872) 2422 (442) q®@57) 1.35 (2.28)
lo:/ 62 (15) 62 (31) 125 (41) 2787 (773) 1866 (461)  @®B33)  2.65 (2.03)
Mean 65 (12) 62 (28) 127 (41) 2940 (809) 2242 (475) 0.86 (0.46) 1.85 (2.21)
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One of the fundamental issues in the current plwtittrature is how to characterize various
types of coronals (Hall, 2011; Paradis & Prune®1)9 The aim of this dissertation was to
investigate the phonetic properties of the Punjafiioflex and dental stops across word-
positions and before/after vowels /i e a o u/, gisgmporal and spectral measures. Temporal
characteristics of the Punjabi word-medial singieiod geminate stops were also investigated,
showing that durational contrasts are importanirtderstand stop oppositions in Punjabi. At
the end, we then applied these insights to bettderstand the nature of loanword adaptation,
showing the similarities and differences betweemisffalian) English alveolar /t/, source
loanword /t/ and native Punjabi retroflex and deocgédegories. This dissertation addressed the
following research questions:
a. What is the phonology of coronals and other featofehe Punjabi language (Chapter
2)?
b. What are the temporal characteristics of Punjabidwoedial singleton and geminate
stops (Chapter 3)?
c. Which acoustic cues differentiate the contrast betwPunjabi retroflex and dental
stops in word-medial, word-initial and word-finalgtions, across all vowel contexts /i
e a o u/ (Chapter 4)?
d. How do the temporal and spectral differences batiRemjabi retroflex and dental stops
help explain the adaptation of (Australian) Englidveolar /t/ as a retroflex rather than

a dental in Punjabi (Chapter 5)?

In Chapter 2, a brief introduction to the phonolagycoronals and other aspects of Punjabi
were presented. Chapter 3 then investigated thpdrexhcharacteristics of Punjabi singletons
and geminates in a1€:1C>V2 template and showed that consonant duration.afr@d vowel

duration of \4 are the primary acoustic correlates of Punjahilsions and geminates. These

findings are in line with Hindi (Ohala, 2007). Hovez, no differences in luration were
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found when the @was either a singleton or geminate. These resiifes lom Italian (Turco

& Braun, 2014) and Japanese (Han, 1994) whardu@tion is longer for geminates than
singletons. Y duration was also not significant in singletons @aaninates, similar to the

findings of Turkish but different from Bengali (Lah& Hankamer, 1988). The results of

Chapter 3 suggest that Punjabi speakers usan€ 4 durations as a cue to length distinction
in Punjabi consonants.

A detailed investigation of the Punjabi retroflexdadental stops in word-medial, word-
initial and word-final positions was then conductadChapter 4. Summaries of the overall
results are presented in Tables 1-2. The findinggest that there is considerable variation in
the acoustic properties of Punjabi retroflex andtalestops across word-positions. The results
of formant transitions indicate that there is neH23convergence in retroflex stops produced
after the front vowels /i e/. These results ardirie with Gujarati (Dave, 1977) and Tamil
(Ramasubramanian & Thosar, 1971) but differ frornddiwhere F3-F2 convergence is
reported to occur in all vowels /i a u/ (Ohala &abd) 2001).

The results of formant transitions can be integaten terms of articulatory-acoustic
mapping. Coronals generally have higher F2 compartabials and velard.Flemming (2003)
argued that during the production of anterior catsr(dentals and alveolars), the tongue tip
and blade move close to the teeth. This type ofamm®nt requires the tongue body to move
forward, which results in a high F2. Penningtonl(POnotes that the fronting of tongue body
is reflected in F2. However, F2 is vowel or langeidgpendent (Hamann, 2003). The lowering
of F3, on the other hand, is associated with lahgert cavity (Anderson & Maddieson, 1994;
Narayanan, Byrd, & Kaun, 1999). F3-F2 convergermmis when both front and back of the

tongue are raised (Dart & Nihalani, 1999). In Pbpj&3-F2 convergence in vowels /a o u/

23 Stevens and Blumstein (1975) noted that F2 triansitin retroflex and non-retroflex consonantssineilar.
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indicates that both front and back parts of theyt@nare raised. However, this is not true for

the front vowels /i e/, where no F3-F2 convergemas observed (Figure 1a-b in Chapter 4).
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Table 1.Summary of the results of F3-F2 difference of vanek a o u/ produced before/after Punjabi wordhaleword-initial and word-final

retroflex {/ and dental /t(v = statistically significantx = no statistically significant).

Precedingwel Following Vowel
Word-position lil lel lal fol ful il lel lal fo/ u/
Word-medial X v v v v X X v v v
Word-initial - - - - - v X v v v
Word-final N4 - N4 - N4 - - - - -
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Table 2. Summary of temporal cues and spectral mtsvd stop release bursts of Punjabi word-mediatd-initial and word-final retroflext/

and dental /tacross preceding/following /i e a o u/ vowefsHstatistically significantx = no statistically significant).

Word-position Vowel Closure VOT/Bur Closure+VOT/Bur CoG Variance Skewness Kurtosis
Word-medial i il v v v X v X X
le_el v v v X v v v
la_al v v v X v v X
/o_ol/ X v v v v v v
fu_u/ X v v v v v v
Word-initial il - v - X v X X
lel - v X v v v
la/ - v - X v X X
lo/ - v - v v v v
ful - v - v v v v
Word-final il v v v X v v X
lal v v v X v v X
ful v v v v v X v
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In Punjabi, temporal characteristics of the regwfand dental stops appear to be the most
reliable cues, specifically VOT and total stop diara but not closure duration (see Table 2).
Mean VOT values of the voiceless unaspirated retxaind dental stops across languages and

the current dissertation are presented in TabEg3njabi values are collapsed across vowels).

Table 3. VOTs (ms) of th&ord-medialretroflex and dental stops in Bengali (Mikuteid(0®),

Sindhi (Keerio, 2010) and Punjabi (Hussain etialrgvision). All values in ms.

Bengali Sindhi Punjabi
Retroflex /t/ 11 14 13
Dental [t/ 15 25 19

Table 4. VOTs (ms) of thevord-initial retroflex and dental stops in Hindi (Yegnanarayana

Murty, & Rajendran, 2008), Kurtop (Hyslop, 2009 daPunjabi (Hussain et al., in revision).

Hindi Kurtop Punjabi
Retroflex /t/ 16 22 15
Dental /t/ 23 22 21

Table 5. Burst duration (ms) of theord-final retroflex and dental stops in Hindi (Ahmad,
Miete, & Gupta, 1985), Toda (Shalev, Ladefoged, l®&aBkararao, 1993) and Punjabi (Hussain

et al., in revision).

Hindi Toda Punjabi
Retroflex /t/ 25 12 10
Dental /t/ 35 22 15
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Punjabi retroflex stops were characterized by sk@T /burst release in all word-positions.
This is consistent with Indo-Aryan (Hindi: Ahmad at, 1985; Yegnanarayana et al., 2008;
Sindhi, spoken in Sindh: Keerio, 2010; Bengali: M#it, 2009) and Dravidian languages
(Toda: Shalev et al., 1993). Kurtop, a Tibeto-Bamtanguage spoken in Bhutan, is the only
language that showed no difference in both corstagds (Hyslop, 2009; see Table 4). It can be
noted that the burst duration of the Hindi wordafimetroflex and dental stops (Table 5) is
longer than Punjabi retroflex and dental stopss fiight be due to the differences in elicitation
methods. Hindi burst durations are based on singtel productions. However, burst durations
of the Punjabi retroflex and dental stops are predun a carrier phrase. Given that duration is
not a reliable cue to the retroflex and dental &sitin all languages, this suggests that there is
cross-linguistic variation in at least the phoreti coronal place oppositions. The dental vs.
retroflex opposition in Punjabi might not be sanseim Kurtdp. The relation between this
phonetic variation and potential phonological asa$/needs to be investigated.

In Table 6, closure durations of the Punjabi woreldial retroflex and dental stops
(Hussain et al., in revision) are compared with dg#n(Mikuteit, 2009) and Hindi (Benguerel
& Bhatia, 1980). In word-medial position, closureration did not differentiate the Punjabi
retroflex and dental stops in back vowels /o ué (Sable 2 above). In order to compare with
other languages, here we collapsed the closurdioliraf Punjabi word-medial retroflex and
dental stops across vowels. It can be observeaiteT6 that Punjabi word-medial retroflex
and dental stops differed from Bengali and Hindeveéhno differences were found in closure
duration of the word-medial retroflex and dentalpst This suggests that there are also cross-
linguistic differences in the reliability of closuduration as a cue to coronal contrasts. Even
languages belonging to the same language familydiger in the temporal characteristics of

coronals.

174



Table 6. Closure duration (ms) of word-medial rid¢poand dental stops in Bengali (Mikuteit,

2009), Hindi (Benguerel & Bhatia, 1980) and Punjghissain et al., in revision).

Bengali Hindi Punjabi
Retroflex /t/ 122 145 101
Dental /t/ 125 145 112

Moving towards the spectral moments of stop reldassts, spectral variance differentiated
the Punjabi word-medial retroflex and dental stog! vowel contexts except /e_e/. However,
after excluding two speakers, spectral variancéesel statistical significance in the context
of /e_el. Spectral CoG did not differentiate thejBhi word-medial retroflex and dental stops
in the context of /i e a/. In the context of baakwels /o u/, however, spectral CoG reliably
differentiated two stop types. Spectral skewnedferéntiated the Punjabi word-medial

retroflex and dental stops in /e_e/, /a_a/, lond//a_u/ contexts but not /i_i/. Spectral kurtosis
distinguished Punjabi word-medial retroflex andtdéstops in the context of /e_e/, /o_o/ and
/u_u/ but not for /i_i/ and /a_a/. It can be notbdt all spectral moments differentiated the
Punjabi word-medial retroflex and dental stopshim tontext of back vowels (/o_o/ and u_u/).
This suggests that robust spectral cues of releasts of Punjabi word-medial coronals are
found in the context of back vowels.

In word-initial position, spectral variance diffateted Punjabi retroflex and dental stops
in the context of following vowels /i a o u/. Spedtvariance was significant for /e/ as well but
after excluding the two speakers that had unugestsal variance. Spectral CoG differentiated
Punjabi retroflex and dental stops only in the eghbf back vowels /o u/. Spectral skewness
and spectral kurtosis of the word-initial retrofl@md dental stops were significant only in the

context of /e o u/.
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In word-final position, spectral variance relialdifferentiated the retroflex and dental
stops in all three vocalic environments. Spect@B@id not differentiate Punjabi retroflex and
dental stops produced after /i/ and /a/, but it wigsificant for back /u/. Spectral skewness
distinguished both coronal stops after /i/ and kaft not after /u/. Spectral kurtosis only
distinguished word-final retroflex and dental stppsduced after /ul.

Overall, the results of spectral moments indicdtaer spectral CoG and spectral
variance for retroflexes but higher for dentalsisTih consistent with previous studies showing
that retroflexes have concentration of acoustiaggne the lower regions of burst spectrum,
compared to dentals (Tabain, 2012; Stevens & Bleimsi975). The results also showed that
spectral CoG of stop release bursts did not cheniaetthe Punjabi retroflex and dental stops
in the context of front vowels /i e/. Spectral Cs&orrelated with the length of front cavity.
This indicates that the length of front cavity imfabi retroflex and dental stops is not different
for front vowels /i e/. Surprisingly, spectral Cad3o failed to distinguish the Punjabi retroflex
and dental stops in the context of low vowel /afolhs considered to be a neutral and optimal
vowel for studying the coronal contrasts of a laaggi(Kochetov, Sreedevi, Kasim, & Manjula,
2014).

These acoustic results can also be interpreteyim of previous articulatory studies.
There are several articulatory studies confirmihgtthigh front vowels constrain the
articulation of retroflexes (see Hamann, 2003 fscuassion). This is due to the fact that high
front vowels are typically produced with bunchedjlial posture (Jackson & McGowan, 2012;
Takemoto, Honda, Masaki, Shimada, & Fujimoto, 20@&ix retroflex consonant production
involves tongue-retraction and raising of the tangip (Bhat, 1973; Narayanan et al., 1999;
Smith, Proctor, Iskarous, Goldstein, & Narayand,3. Many of the goals of production of
the high-front vowels therefore appear to be akdiwwily incompatible with those of retroflex

production. Moreover, the length of front cavitysimallest in the front vowel /i/ (Sundberg &
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Lindblom, 1990) but the articulation of retroflexésvolve larger front cavity. Several
articulatory studies have confirmed that retrofieaee fronted in the context of front vowels.
Khatiwada (2007) showed that Nepali retroflex stapsproduced in the alveolar region when
surrounded by the front vowels /i_i/. In Tamil,rodtex stops and rhotics are produced with an
apical-postalveolar constriction in vowels /a_ad dn_u/. However, in the context of /i_i/,
retroflexes are produced with tongue bunching alairnal post-alveolar constriction (Smith
et al., 2013). Kannada retroflex stops are alsoyred with a fronted tongue body in vowel
/i_il (Irfana & Sreedevi, 2016; see also Kocheto8&edevi, 2014). Tabain and Butcher (2015)
found similar effects in Pitjantjatjara, where oflex stop release before /i/ vowel was more
anterior than alveolar stop release. They proptisgdhese findings may account for the cross-
linguistic scarcity of retroflexes in the contexthigh front vowel /i/.

In the loanword study (Chapter 5), it was obsetad loanword /t/ is acoustically closer
to Punjabi retroflex than dental stops, both imt&nf temporal (closure duration) and spectral
(spectral variance and spectral skewness) propetiewever, the results indicated that the
temporal and spectral characteristics of the Aws&nd Punjabi retroflex stops did not show
robust patterns of similarities. The F3-F2 differerof the vowels produced before Ausk /t/
and Punjabi retroflex was similar in the contextadfand /u/. Closure duration of the Ausg /t/
was shorter than both Punjabi retroflex and destigbs, though more similar to that of the
retroflex. The AusE /t/ was produced with very ldngst duration. Therefore, burst duration
of the AusE /t/ was much longer than either thej&hirretroflex and dental stops. This also
affected on the spectral moments of stop releasst btiAusk /t/. Spectral CoG and spectral
variance of the Ausk /t/ were higher than both Bobinjetroflex and dental stops.

Another finding was that there were no sigaificdifferences in Punjabi monolinguals
and trilinguals across acoustic measures (Chapterhe Punjabi speakers recruited for the

experiments were residing in Pakistan and the datiee collected in a Punjabi dominant
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environment. All of the speakers had exposure tglisim and Urdu but this did not affect on
the phonetic characterization of the native as aglhon-native coronal contrasts. Urdu also
has a contrastive retroflex and dental series @elk968). In terms of non-native speakers, it
is the second most dominant language in PakissnRahman, 2006 for discussion). Punjabi
has also been in contact with other languages {(HB&hgali, Persian, Urdu, Portuguese and
Dutch) and has borrowed English loanwords via s#\ssiurces (e.g., Hindustani, Bengali and
Persian: see Clark, 1956). The role of differenttes of borrowing during the adaptation of
English loanwords is still unclear and needs furithgestigation. Another important point to
be noted here is that Punjabi has contrastive agpirin voiceless stops (see the discussion
section in Chapter 5). However, English word-fiableolar stops have never been reported to
be adapted as aspirated stops. Languages like ManGainese have also contrastive
aspiration (Duanmu, 2007). Paradis and Trembla@9p@emonstrated that a large number of
English loanwords with voiceless aspirated or uinatgn stops were adapted as aspirated in
Mandarin Chinese. In contrast, English aspiratedsare adapted as unaspirated in Burmese,

which also has contrastive aspiration in stops (@ha012).

Study limitations and future directions

This dissertation has some limitations as well. iRstance, the spectral properties of Punjabi
coronals can be further investigated using DCT ¢i2ist Cosine Transformation; Harrington,
2010). DCT analysis can provide important inforrmatabout F3-F2 convergence in Punjabi
coronals across word-positions and vowels /i eua(see Karjigi & Rao, 2012). Moreover, it
can also show the extent of F3 lowering in the exindf front vowels. We anticipate that DCT
analysis would show similar results as that fouackHor the F3-F2 difference.

Linear Mixed Effects (LME) Models have been recgntsed in the phonetic literature
because they provide more powerful and sophisticstatistical results than GLM repeated-

measure ANOVAs. For instance, the interactions betwarious factors can be explored using
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a number of random vs. fixed effects. This dissemaused repeated-measure ANOVAs that
have already been employed in the phonetic studil@s. made possible to compare our data
with a wide range of literature on coronals.

This dissertation only looked at voiceless unaspita@oronals. A more complete study
could be conducted including voiceless aspiratetvanmced coronals of Punjabi. This would
make possible comparisons of our data to wideralitee on both voiceless and voiced
coronals. The loanword study only looked at wordkfiEnglish alveolar /t/ produced by native
Australian English speakers and native Punjabilgsa It would be good to extend these
results to other word-positions (e.g., word-mediad word-final) and voicing contrasts.

In this dissertation we only looked at the phonetiaperties of coronals using acoustic
measures. Follow up articulatory studies using Elsi&d Ultrasound imaging could also
provide insights into the tongue kinematics of Bumnjabi retroflex and dental stops in the
context of different preceding/following vowels. BMhas a good spatial and temporal
resolution for tracking the articulation of speesdunds (Gick, Wilson, & Derrick, 2013). It
can provide data from tongue, jaw and lips. Hetice,role of these articulators during the
production of Punjabi coronals can be exploredddtiund, on the other hand, would be helpful
in examining the shape of tongue during retrofleodpictions and how this shape varies across
vowels (Kochetov et al., 2014). Another possiblécatatory method that could be used to
study Punjabi coronals is MRI which also providesdjspatial and temporal resolution (Smith
et al., 2013).

It would also be worthwhile to explore the perceptof Punjabi coronals using synthetic
and natural speech stimuli to test whether VOTtdtal stop duration) or other acoustic cues
provide the most reliable categorization of Punjabronals. For instance, a perception
experiment could be run using an English alvedlawith varying closure duration and VOT

which correspond to the lowest Punjabi retroflexam@ements at one end and to the highest
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dental measurements at the other. Punjabi speakeatd be asked to identify whether they
perceive retroflex or dental stop. By using thisckof perception experiment, we could better
understand the acoustic cues that Punjabi listemeght use to perceive Punjabi coronal
contrasts. Furthermore, perception experimentsicalsb help tease apart the role of temporal
and spectral cues in distinguishing Punjabi comriBthe perception of English alveolar stops
could also be tested in different vowel contexssng nonsense or real words and coronals from
various languages (e.g., Persian and Arabic).

This dissertation also presented a brief phonoddgitucture of Punjabi. Further analysis
of the vowel inventory and other areas of the Fuinjdnonological system is greatly to be

desired and could have implications for the hypst#isepresented here.

Implications

The class of coronals consists of a wide ranggeésh sounds, produced with very subtle
differences in acoustics and articulation (Par&drunet, 1991). This dissertation provided a
detailed phonetic analysis of the complex coroatesn of Punjabi (both singletons and
geminates). These findings will help inform varigunetic processes underlying rich coronal
contrasts of Indo-Aryan languages. Moreover, detaghonetic analyses of Punjabi coronals
across word-positions and vocalic contexts wilphtel address some of the inconsistencies in
the current literature on the phonetics of corarigs dissertation will also provide a baseline
for other phonetic studies on the typology of calorontrasts in Australian, Indo-Aryan and
Dravidian languages. Phoneticians and phonologetstherefore use the data presented here
for conducting phonetic studies on the acquisitibcoronals. It also opens a window for future
research on the phonetics and phonology of coronals

This dissertation also raised questions about loatwadaptation in Indo-Aryan
languages, particularly Punjabi, showing why Ergésseolar stops are adapted as retroflexes,

rather than as dentals. The study presented onvtanadaptation has implications for the
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models of loanword phonology (perceptual and phagiokl), and also for phonological theory
in general. For instance, whether adaptation ofliEmgalveolar stops is phonologically
motivated or based on the perceptual grounds. Atstiomed in Chapter 5, loanword /t/ was
closer to Punjabi retroflex than dental stop, i of temporal and spectral characteristics.
However, some acoustic characteristics (spectré@,Gpectral skewness and spectral kurtosis)
of loanword /t/ were similar to Punjabi dental stdjmere were no clear patterns of acoustic
similarities between AuskE /t/ and Punjabi retrofé¢aps. Given that English alveolar stops are
reported to be consistently adapted as retroflettés, suggests that other factors may be
relevant. This dissertation provided a test casdnbgstigating the adaptation of English
alveolar stops into Punjabi and raised furtherregting questions about the adaptation of

coronals from Persian and Arabic into Punjabi atimiolndo-Aryan languages.
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