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Abstract  

English has multiple potential acoustic cues to coda stop voicing, including the duration of the 

preceding vowel, the coda closure duration, and, in some varieties, glottalisation. Glottalisation 

associated with coda stops appears to be a recent change to Australian English with younger 

speakers using glottalisation more than older speakers in production. Here we report on a study 

designed to examine Australian English-speaking listeners' perception of cues to coda stop 

voicing. Listeners were presented with audio stimuli in which preceding vowel duration, coda 

closure duration, and the relative proportions of the rhyme that these occupy were manipulated 

and co-varied with the presence or absence of glottalisation. The results show that listeners used 

preceding vowel duration to cue coda stop voicing, and that coda closure duration was a weaker 

cue to voicing when not varied in conjunction with preceding vowel duration. In addition, 

glottalisation facilitated increased perception of coda voicelessness, even when paired with very 

long preceding vowels, which otherwise signal coda voicing. Although age-related differences in 

production have previously been reported, we found that both older and younger listeners used 

glottalisation similarly in perception. These results may provide support for a sound change led 

by a shift in perception.   
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1. Introduction 

It is well established that the stop voicing contrast in English is supported by a range of acoustic 

correlates other than the presence of phonetic voicing (Abramson, 1977; Raphael, 1981; Flege & 

Brown, 1982; Lisker, 1986; Docherty, 1992). For stops in syllable onset position, voice onset 

time (VOT) - the interval between the release of a stop closure and the onset of phonation - is a 

major cue to voicing, with voiced stops exhibiting shorter VOT than voiceless stops (Lisker & 

Abramson, 1964, 1967, 1970; Zlatin, 1979; Cho et al., 2019). In coda position voicing may 

extend partially or fully through the stop closure for voiced stops and thereby serve as a cue to the 

contrast; however, voicing is often weak or absent in this position (Westbury & Keating, 1986; 

Docherty, 1992; Davidson, 2016). The VOT cue does not generally apply to coda stops, unless 

there is a following voiced segment. Nevertheless, many other acoustic correlates can cue coda 

voicing; for example, voiced stops have longer preceding vowel duration, shorter closure 

duration, a drop in the first formant (F1) frequency prior to the closure, lower fundamental 

frequency (F0) at the offset of the preceding vowel, and shorter and a less intense release burst 

when compared to voiceless stops (House & Fairbanks, 1953; Lisker, 1957, 1975, 1986; 

Liberman et al., 1958; Port, 1979; Gruenefelder & Pisoni, 1980; Kohler, 1982; Ohde, 1984; 

Kingston & Diehl, 1994; Wright, 2004; Hanson, 2009; Cox & Palethorpe, 2011; Song et al.,  

2012). Preceding vowel duration is a strong perceptual cue to coda stop voicing (Denes, 1955; 

Peterson & Lehiste, 1960; Chen, 1970; Malécot, 1970; Raphael, 1972; Lisker, 1974, 1986; Klatt, 

1976; Luce & Charles-Luce, 1985; Fowler, 1992). However, the duration of the preceding vowel 

and the duration of the stop closure function in a trading relationship, with a longer vowel but 

shorter closure for voiced stops, and vice versa for voiceless stops (Lisker, 1957; Hogan & 

Rozsypal, 1980; Repp, 1982). Accordingly, some researchers have suggested that it may not be so 

much the duration of the vowel that cues the voicing of the following stop, but rather the 

interaction between vowel and closure duration, and the relative proportion that each of these 

occupies in the rhyme (Denes, 1955; Fitch, 1981; Port, 1981; Port & Dalby, 1982). A useful 

metric for measuring the relative proportions of the components of the rhyme is the ratio of the 

closure duration to the vowel duration (C/V ratio) (Port & Dalby, 1982).  

In some varieties of English, the presence of glottalisation co-occurs with coda voicelessness in 

speech production. Glottalisation, as we use the term here, refers to the addition of 

glottal/laryngeal constriction to an oral stop, which results in laryngealised phonation of the 

preceding vowel and auditorily produces a percept of creakiness. This may, but need not, occur 

together with a full glottal stop, though laryngealisation of the preceding vowel is generally 
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present in either case (Garellek, 2015). Glottalisation has been shown to occur in conjunction 

with voiceless stops in several varieties of British English (Higginbottom, 1964; Roach, 1973; 

Docherty & Foulkes, 1999; Mathisen, 1999; Tollfree, 1999; Foulkes & Docherty, 2006; Gordeeva 

& Scobbie, 2013), in American English (AmE) (Pierrehumbert, 1995; Huffman, 2005; Seyfarth & 

Garellek, 2015), and it has recently been documented for Australian English (AusE) (Penney et 

al., 2018). In a study of single words produced by 67 AusE speakers, Penney et al. (2018) found 

that glottalisation was present in 55% of items containing a voiceless coda, whereas it occurred 

only in 6% of the items containing a voiced coda. In another study comparing the production of 

unstressed syllables with voiced and voiceless final coda stops, Penney, Cox, and Szakay (2019) 

found glottalisation to occur in 83% of items with voiceless codas, compared to 10% of items 

with voiced codas. These data suggest that, in production at least, glottalisation is strongly 

associated with coda stop voicelessness in AusE.  

Glottalisation appears to be a recent change to AusE. There is no mention of glottalised forms in 

early phonetic descriptions of the variety (see Tollfree, 2001, for a detailed review of early 

linguistic descriptions and popular literature) and its absence was noted as late as the 1980s 

(Wells, 1982; Trudgill, 1986). However, over the past thirty years greater reference has been 

made to glottalisation as a feature of AusE (Ingram, 1989; Haslerud, 1995; Tollfree, 2001; Cox & 

Palethorpe, 2007; Penney et al., 2018; Penney et al., 2019). Consistent with glottalisation being a 

recent change, it is more commonly found in younger compared to older speakers (Penney et al., 

2018; Penney et al., 2019). In these production studies, younger speakers not only used 

glottalisation more frequently, but also made less use of preceding vowel duration than older 

speakers to cue coda voicing (Penney et al., 2018). Furthermore, for both younger and older 

speakers, glottalisation occurred least on high vowels (/iː, ʉː/),1 and these high vowels 

demonstrated the greatest preceding vowel duration differences across coda voicing categories. 

This raises the possibility that a trading relationship may exist between preceding vowel duration 

and glottalisation as cues to coda stop voicing. In this paper, we report on a study designed to test 

listeners' perception of these cues. 

The AusE vowel inventory contains both inherently short (e.g. /ɐ/ as in cud) and inherently long 

vowels (e.g. /ɐː/ as in card), with the duration of the inherently short vowels approximately 60% 

of the duration of the inherently long vowels in voiced coda contexts (Cox, 2006). While both 

 
1 We use the phonemic symbols recommended by Harrington, Cox, and Evans (1997) for describing 
Australian English.  
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inherently short and long vowels demonstrate coda voicing related durational differences (with 

shorter vowel duration preceding voiceless codas and longer vowel duration preceding voiced 

codas), inherently short vowels exhibit smaller differences across these contexts than inherently 

long vowels (Cox & Palethorpe, 2011; Cox, Palethorpe, & Miles, 2015; Penney et al., 2018). 

Data reported in Penney et al. (2018) show that inherently long vowels are 31% shorter in 

voiceless coda contexts than in voiced coda contexts, whereas inherently short vowels are 21% 

shorter in voiceless coda contexts. This is particularly the case for younger speakers, who shorten 

inherently long vowels by 26% and inherently short vowels by 16%, compared to older speakers 

who shorten by 35% and 27% respectively. This suggests that preceding vowel duration may be 

less informative as a cue to coda voicing in short vowel compared to long vowel contexts because 

there is proportionately greater differentiation in vowel length across voicing categories for long 

vowels. It is important to bear in mind that, according to the principle of Just Noticeable 

Difference (JND) – the difference in magnitude required for a change to be perceived – an 

increase in absolute duration of an inherently short vowel should be more perceptible than an 

equal increase in duration of an inherently long vowel (Creelman, 1962; Small & Campbell, 

1962; Stevens, 1998). However, inherently short vowels require a greater difference as a 

proportion of overall vowel duration than inherently long vowels for changes to be perceived 

(Bochner et al., 1988). In Penney et al. (2018), where glottalisation was found to co-occur with a 

reduction of the vowel duration cue to coda voicing, younger speakers glottalised at higher rates 

in short vowel contexts than in long vowel contexts. This may suggest that the addition of 

glottalisation can be of benefit in contexts where coda voicing related durational differences are 

not as robust. In this study we also explore the effect of inherent vowel length on the perception 

of coda voicing. 

As reported above, glottalisation occurs primarily in conjunction with voiceless stops in studies of 

speech production, possibly as a strategy to enhance voicelessness and thereby support or 

maintain the voicing contrast (Pierrehumbert, 1995; Keyser & Stevens, 2006; Seyfarth & 

Garellek, 2015).2 Glottalisation occurs frequently before sonorants, particularly nasals 

(Pierrehumbert, 1994, 1995; Huffman, 2005; Seyfarth & Garellek, 2015), an environment in 

which voicing is likely to spread due to anticipatory co-articulation (Huffman, 2005). As such, 

constricting the glottis may be employed as a strategy to ensure that voicing is rapidly 

 
2 Note that Huffman (2005) and Seyfarth and Garellek (2015) state that an enhancement account cannot 
explain glottalisation in all of the environments in which it occurs, for example preceding voiceless 
obstruents.  
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extinguished. Glottalisation is also reported to occur frequently, possibly as an enhancement 

strategy (Keyser & Stevens, 2006), in phrase- or utterance-final environments (Redi & Shattuck-

Hufnagel, 2001; Huffman, 2005; Seyfarth & Garellek, 2015), where voicing is weak and other 

cues, such as F0 differences, may not be recoverable. However, few studies have explored 

whether listeners are sensitive to glottalisation and how they interpret it in perception. In a 

phoneme monitoring task in which participants were required to respond as soon as they heard /t/, 

Garellek (2011) found that AmE listeners were faster and more accurate when glottalisation was 

present, though it should be noted that listeners were not presented with voiced coda stops in that 

experiment. More recently, Chong and Garellek (2018) conducted an eye-tracking experiment in 

which AmE participants looked towards an orthographic word from a minimal pair differing in 

coda stop voicing upon presentation of non-glottalised and glottalised audio stimuli. Listeners 

were slower at identifying words with voiced codas (/b, d/) when glottalisation was present, 

suggesting that glottalisation may impede perception of voiced codas. The presence of 

glottalisation did not result in slower identification of words with voiceless codas (/p, t/), 

implying that listeners do indeed associate glottalisation with voiceless coda stops but not with 

voiced coda stops. However, contra the assumptions of an enhancement account, Chong and 

Garellek (2018) found that the addition of glottalisation provided no improvement to listeners’ 

perception of words with voiceless coda stops, despite hindering the perception of voiced coda 

stops. While these results suggest that AmE listeners are sensitive to glottalisation, they also raise 

questions about how listeners might deal with multiple voicing cues. It may be possible, for 

example, that listeners were able to identify other cues to voicelessness in the stimuli and hence 

were not reliant on glottalisation for the perception of voiceless codas.  

As age differences have been shown in the use of glottalisation in AusE speech production, we 

are interested in examining whether similar differences may also exist between older and younger 

listeners in perception. We might expect that younger listeners, who glottalise more than older 

listeners in production and can therefore be considered more progressive with respect to the 

change, may also show more sensitivity to glottalisation in perception. Correspondingly, we 

might also expect that older listeners would be less sensitive to glottalisation in perception, 

consistent with older speakers utilising glottalisation less in production. Such expectations are 

founded on the assumption of a link between speaker/listeners’ production and perception 

repertoires (Harrington et al., 2008; Beddor, 2015; Coetzee et al., 2018). On the other hand, a 

mismatch between production and perception repertoires may be indicative of a change in 

progress. Kleber, Harrington, and Reubold (2012) suggest that sound change represents a shift 
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from a stable alignment of speaker/listeners’ production and perception repertoires to an 

alternative (stable) alignment, and that this may come about due to a misalignment during which 

the two are out of sync, for instance if listeners cease to compensate for coarticulation in their 

perception (Ohala, 1983). There is evidence in the literature for changes in which perception 

follows production (Pinget, 2015; Coetzee et al., 2018) as well as for changes in which perception 

may lead production (Ohala, 1981; Harrington et al., 2008; Kleber et al., 2012; Kuang & Cui, 

2018). Younger speakers appear more innovative in their use of glottalisation in production. 

Therefore, if glottalisation is a change in which production precedes perception, we may find that 

younger speaker/listeners do not attend to glottalisation in perception, despite glottalising in 

production, or that younger listeners show some sensitivity to glottalisation in perception 

(representing an incipient change in perception) whereas older listeners do not. Alternatively, if 

perception is leading production, we may find that older speaker/listeners are sensitive to 

glottalisation in perception despite their reduced use of this feature in speech production.  

1.1 Aims and hypotheses 

Our main aim is to examine how AusE listeners use glottalisation and preceding vowel duration 

in the perception of coda stop voicing through a study in which listeners are presented with audio 

stimuli co-varying in preceding vowel duration and glottalisation. We also explore how listeners 

use coda closure duration and C/V ratio (Port & Dalby, 1982) in coda stop perception and we are 

further interested in how inherent vowel length, vowel height, and age interact with the voicing 

cues. Based on the results of prior research we hypothesise: 

1: Listeners will use preceding vowel duration to cue coda voicing  

Longer vowel durations will cue voiced codas and shorter vowel durations will cue voiceless 

codas. 

2: Listeners may use closure duration to cue coda voicing 

Longer closure durations will cue voiceless codas and shorter closure durations will cue voiced 

codas, but we expect listeners not to be as sensitive to this cue as they are to the vowel duration 

cue (Luce & Charles-Luce, 1985). 

3: Listeners will use changes in the proportions of the rhyme components to cue coda 

voicing 

Rhymes in which the vowel proportion dominates will cue more voiced coda responses, whereas 

rhymes in which the vowel proportion is lower/closure proportion is higher will cue more 

voiceless coda responses. Some previous research suggests that rather than vowel duration or 

coda closure duration individually serving as cues to coda voicing, listeners may rather be 
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sensitive to the interaction between these two cues (Denes, 1955; Fitch, 1981; Port, 1981; Port & 

Dalby, 1982). Therefore, it may be possible that manipulating the proportions of the rhyme 

components will produce greater effects than manipulating the duration of vowel and coda 

closure duration singly. 

 

In addition, our novel hypotheses are that: 

4: The presence of glottalisation will facilitate the perception of coda voicelessness 

We expect the presence of glottalisation will result in an increase in voiceless coda responses. 

This hypothesis is based on findings that glottalisation occurs in voiceless coda contexts in 

production and that listeners associate glottalisation with voiceless codas, though we note that 

Chong and Garellek (2018) did not find evidence of a facilitation effect. 

 

5: Preceding vowel duration will have a weaker effect on coda voicing for inherently short 

vowels 

Differences in vowel duration in production are proportionately smaller between voicing contexts 

for inherently short vowels than for inherently long vowels (Cox & Palethorpe, 2011; Cox, 

Palethorpe, & Miles, 2015; Penney et al., 2018); also inherently short vowels require a greater 

proportionate change in duration than inherently long vowels do before change can be perceived 

(Bochner et al., 1988). We therefore expect listeners to be more sensitive to duration for 

inherently long vowels.  

 

Supposing hypothesis 4 is confirmed, we further hypothesise that: 

6: The effect of glottalisation in facilitating the perception of voicelessness will be stronger 

for inherently short vowels than for inherently long vowels  

Inherently long vowels make greater use of proportionate vowel duration differences in 

production (Cox & Palethorpe, 2011; Cox, Palethorpe, & Miles, 2015; Penney et al., 2018). 

Therefore, the vowel duration cue to voicing may not be as robust for inherently short vowels, 

and we may expect glottalisation to be given greater weighting. 

7: The effect of glottalisation in facilitating the percept of voicelessness will be stronger for 

low vowels than for high vowels  

High vowels make greater use of vowel duration differences to cue coda voicing than non-high 

vowels and less use of glottalisation in production (Penney et al., 2018). Therefore, we expect 

listeners to be more sensitive to glottalisation in low vowel contexts. 
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8: The effect of glottalisation in facilitating the percept of voicelessness will be stronger in 

younger listeners than in older listeners 

As younger speakers use glottalisation more in production whereas older speakers utilise 

preceding vowel duration more to cue coda voicing, we expect younger speakers to make greater 

perceptual use of glottalisation. We note that competing hypotheses may be possible: younger 

speakers may not be sensitive to glottalisation in perception if this is a production-led change in 

its early stages; older speakers may also be sensitive to glottalisation in perception if this is a 

perception-led change.  

2. Methods  

2.1 Participants 

We initially recruited 80 listeners to take part in a two-alternative forced choice word 

identification task. Participants received either course credit or payment for their participation. 

Data for three participants were discarded due to these participants failing to engage in the task 

(one participant) or failing to identify any phonological distinction during the task (two 

participants), leaving data for 77 listeners remaining. The participants were recruited from two 

age groups: the younger group were aged between 18 and 36 years of age (n=46 (mean: 21); 

female: 38; male: 8), and the older group were aged 50 years and above (n=31 (mean: 61); 

female: 22; male: 9). All participants were native speakers of AusE. With the exception of one 

participant who was born overseas and who migrated to Australia at 12 months, all participants 

were born in Australia, and all completed their school education (primary and secondary) 

exclusively in Australia. All participants reported normal hearing for their age. 

2.2 Stimuli 

Stimuli were created from natural speech tokens, recorded in a sound treated recording studio in 

the Department of Linguistics at Macquarie University, using an AKG C535 EB microphone, 

through a Presonus StudioLive 16.2.4 AT mixer to an Apple iMac computer at a 48kHz sampling 

rate. All of the tokens were produced phrase medially in carrier sentences by a phonetically 

trained, female AusE speaker, aged 25 years, who was born in Sydney and received all of her 

schooling within the greater Sydney region. The words recorded for the task were: bard, bart, 

bead, beat, bud, but, bid, bit. These words were selected to enable a comparison of high and low 

vowels (/iː, ɪ/ vs /ɐː, ɐ/) as well as inherently long and inherently short vowels (/iː, ɐː/ vs /ɪ, ɐ/). 

Each word was produced multiple times with a modally voiced falling intonation pattern. The 

example of each word with the longest steady state vowel portion (i.e. the least amount of onglide 
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or offglide) was chosen as the stimuli source. The speaker also produced sustained instances of 

each vowel with creaky voice, which were used for the purposes of creating the glottalised stimuli 

(see details below).  

Using Praat (Boersma & Weenik, 2018), we manipulated the source tokens to remove cues to the 

voicing of the coda stop. First, coda stop bursts (including any following frication and aspiration) 

were replaced with a release burst from a low intensity voiced stop taken from the unstressed 

syllable in the word stated, which was shown in our piloting to produce an ambiguous percept 

with regard to coda voicing: responses were at chance with this burst (as opposed to other 

potential candidates) when spliced into words originally ending in /t/ or /d/ that belonged to a 

minimal pair differing only in coda voicing. The replacement burst was 18 ms long, with a peak 

frequency of 4028 Hz, mean intensity of 43 dB, and relative intensity of 27 dB (calculated as the 

difference between the intensity of the burst and the maximum intensity during the stressed 

vowel). All coda closure periods were replaced with silence to ensure no voice bar was present. 

Additionally, all of the vowels were truncated immediately prior to the onset of F1 formant 

transitions into the following consonant to remove the F1 voicing cue.  

Using the intensity tier function in Praat (Boersma & Weenik, 2018), we then manipulated the 

intensity contours to ensure consistency between tokens. Each point in the intensity tier was 

removed and six points were added at various acoustic landmarks throughout the word. These 

points and their respective intensity levels are shown in Table A1 in Appendix A.   

Following this, each token was subjected to three separate manipulations to create three separate 

continua for each source token: vowel duration manipulation, coda closure duration manipulation, 

and C/V ratio manipulation.  

2.2.1 Vowel duration manipulation 

For each source token we created a vowel duration continuum using the PSOLA function in Praat 

(Boersma & Weenik, 2018). Nine equally spaced vowel duration steps were created, with 

minimum and maximum durational values based on mean values for each of the vowels, as 

reported in Penney et al. (2018) for young (<36 years) female speakers’ production data in the 

Austalk corpus (Burnham et al., 2011). The shortest vowel duration (i.e. step 1) was two standard 

deviations shorter than the reported mean duration of the relevant vowel as produced in a 

voiceless coda context, and the longest vowel duration (i.e. step 9) was two standard deviations 

greater than the mean duration of the vowel in a voiced coda context. Therefore, the first step was 
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markedly shorter than the mean duration of that particular vowel in a voiceless context, and the 

ninth step was markedly longer than the mean duration in a voiced context. The duration of the 

coda closure at each step in the continuum was kept stable and was derived from the mean coda 

closure duration for the relevant vowel across voiceless and voiced coda contexts combined, as 

reported in Penney et al. (2018). Table 1 lists the durations of the first and ninth step stimulus for 

each source vowel, as well as step size and coda closure duration.  

Table 1. Duration of vowel in shortest and longest steps, step size, and coda closure duration for each 
vowel continuum. 

Source  
vowel 

First step  
duration (ms) 

Ninth step  
duration (ms) 

Step size 
(ms) 

Coda closure  
duration (ms) 

iː 104 340 29.5 82 
ɪ 65 166 12.625 94 
ɐː 165 370 25.625 75 
ɐ 64 201 17.125 102 

 

2.2.2 Coda closure duration manipulation 

We also created a closure duration continuum for each source token using the same methods as 

described above. Nine equally spaced coda closure duration steps were created for each source 

token, with minimum and maximum durational values based on mean values reported in Penney 

et al. (2018). The shortest closure duration (i.e. step 1) was two standard deviations shorter than 

the mean coda closure duration for voiced stops preceded by the particular vowel, and the longest 

closure duration (i.e. step 9) was two standard deviations greater than the mean coda closure 

duration for voiceless stops preceded by the particular vowel. The duration of the vowel at each 

step in the continuum was kept stable and was derived from the mean vowel duration of the 

relevant vowel in voiceless and voiced coda contexts combined as reported in Penney et al. 

(2018). Table 2 lists the durations of the first and ninth step stimulus for each source vowel, as 

well as step size and vowel duration.  

Table 2. Duration of coda closure in shortest and longest steps, step size, and vowel duration for each 
vowel continuum. 

Source  
vowel 

First step 
duration (ms) 

Ninth step 
duration (ms) 

Step size 
(ms) 

Vowel duration 
(ms) 

iː 15 164 18.625 204 
ɪ 38 160 15.25 116 
ɐː 16 144 16 263 
ɐ 38 170 16.5 129 
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2.2.3 C/V ratio manipulation 

We then created a nine-step continuum for each source token in which the overall rhyme duration 

remained consistent but the proportions of the rhyme belonging to the vowel and the coda closure 

were manipulated. It was necessary to maintain a consistent overall rhyme duration to ensure that 

rhyme duration itself would be ambiguous with regard to coda voicing. The mean values of vowel 

duration and coda closure duration across both voiced and voiceless coda contexts (as reported in 

Penney et al., 2018) were taken as the default rhyme duration, that is, as an ambiguous rhyme 

duration (e.g. for /iː/ the mean vowel duration was 204 milliseconds and the mean coda closure 

duration was 82 milliseconds therefore the rhyme for the /iː/ C/V continuum was 286 

milliseconds). For the first step in each continuum the vowel and coda closure both occupied an 

equal share of the rhyme. In each of the subsequent steps the vowel proportion increased by 5% 

while the closure proportion of the rhyme decreased by 5%. In the ninth step the vowel occupied 

90% of the rhyme and the closure occupied 10%. Table 3 lists the overall rhyme duration for each 

source vowel, as well as the duration of vowel and coda closure at the first and ninth steps.  

Table 3. Overall duration of rhyme, and vowel and closure durations at shortest and longest steps for each 
vowel continuum. 

Source  
vowel 

Rhyme  
duration 

(ms) 

First step 
vowel/closure duration 

 (ms) 

Ninth step 
vowel/closure duration 

 (ms) 
iː 286 143/143 257/29 
ɪ 210 105/105 189/21 
ɐː 338 169/169 304/34 
ɐ 231 115.5/115.5 208/23 

 

2.2.4 F0 manipulation and intensity scaling 

In each of the three manipulations, the F0 at the onset of the vowel was set at 265hz, and the F0 at 

the offset of the vowel was set at 203hz. This strategy ensured a standardised F0 contour across 

tokens and across continua. The F0 values were calculated according to the means for the speaker 

over all of her tokens in both voiced and voiceless coda contexts. Finally, the intensity of all 

tokens was scaled to 70dB.  

2.2.5 Glottalised stimuli 

In order to test the effects of glottalisation we then created a second ‘glottalised’ set of each of the 

continua described above. These glottalised stimuli were identical to the original stimuli but we 

manually spliced glottalisation into the final portion of each vowel. The glottalised portions were 
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taken from the sustained vowels produced by our speaker with creaky voice,3 and were matched 

according to vowel (e.g. the creaky production of sustained /iː/ was used as the source for the 

glottalisation in the word bead). Following proportions reported in Penney et al. (2018), the final 

25% of each inherently long vowel (at each step) and the final 35% of each inherently short 

vowel (at each step) was replaced with glottalisation. Figure 1 displays the waveforms and 

spectrograms in both non-glottalised and glottalised conditions for the ninth step (i.e. longest 

vowel duration) of the source bard vowel duration continuum.  

 
3 We trialled a number of methods to create the glottalised stimuli, including manipulation of open quotient, 
spectral tilt, flutter and double pulsing as in Chong & Garellek (2018), and manipulation of F0 as in 
Crowhurst (2018). These trials produced stimuli in which the ‘glottalisation’ was either not sufficiently 
salient or sounded too artificial. We also tried manually splicing in examples of coda glottalisation, rather 
than creaky voice (as differences may exist between the two, see for example Garellek & Seyfarth, 2016); 
however, such examples were necessarily taken from words ending with voiceless codas and as such 
provided too strong a bias towards coda voicelessness. In addition, it was difficult to find natural examples 
of coda glottalisation that were long enough to take up the necessary 25 or 35% of the vowels with the 
longest durations. Thus we chose the method of inserting creaky voice as it resulted in stimuli with the 
most salient and natural sounding glottalisation, it produced glottalised portions long enough for the 
required portion of the longest vowel duration steps, and it did not contain cues to coda voicing.  
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Fig. 1. Waveform and spectrogram of ninth step stimuli for source ‘bard’ continuum in non-glottalised 
condition (upper panel) and glottalised condition (lower panel) in vowel manipulation. 

2.3 Task 

The participants were presented with audio stimuli through Sennheiser HD 380 pro headphones, 

while orthographic representations of minimal pairs differing only in coda voicing were displayed 

on an Apple MacBook notebook monitor. The minimal pairs included in this task were bead/beat, 
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bard/bart,4 bid/bit, and bud/but. All of the words are real English words, though bard and bart are 

less frequent than the other words. In addition, bart is a proper noun (as is bard, when used to 

refer to William Shakespeare). All of the words were presented orthographically in lower case. In 

order to familiarise participants with the words and to mitigate against possible frequency effects, 

all of the target words were included in a production task that took place immediately prior to the 

perception task, in which participants were recorded reading randomly presented sentences from 

the notebook screen. In this exercise the target words (in addition to other items) were presented 

in a variety of phonetic environments and phrase positions. Headphone volume was set at a 

standard level for all participants, measured at 85dBA using a BK4153 artificial ear headphone 

coupler and a BK2231 Sound Level Metre. For each audio stimulus, a fixation cross was first 

presented for 600 ms in the centre of the screen. An orthographic representation of one of the 

minimal pairs was then displayed, and after 500 ms a single word audio stimulus was presented. 

Participants identified which word they heard by responding with a key press on the notebook 

keyboard. Following the participant’s response, the sequence began anew for the next stimulus 

item. Prior to beginning the test phase of the task, participants took part in a familiarisation phase 

in which they were presented with non-manipulated auditory stimuli of each test word (produced 

by a different speaker than the test stimuli) paired with an orthographic representation of the 

word. They also took part in a training phase, in which they were presented with (non-

manipulated) auditory stimuli which they were required to match with an item from an 

orthographically presented minimal pair, after which the correct word was displayed on the 

screen.  

All of the auditory stimuli presented were of the form /bVC/, where /V/ represents one of the four 

vowels /iː, ɪ, ɐː, ɐ/ and /C/ represents an alveolar stop with ambiguous voicing. Due to the length 

of the task, listeners were randomly assigned to either an inherently long vowel condition, in 

which the vowels /iː, ɐː/ were presented, or an inherently short vowel condition, in which the 

vowels /ɪ, ɐ/ were presented. This was necessary as the task would have been too long and taxing 

for participants if they were to have engaged with the full set of stimuli. Each participant was 

presented with a total of 648 stimulus tokens, organised by vowel into two blocks. For each step 

of each continuum, listeners were randomly presented with both a non-glottalised token and a 

glottalised token. Three repetitions of each item were presented. Listeners were therefore 

presented with: 3 repetitions X 9 steps X 2 conditions (glottalised/non-glottalised) X 3 

 
4 Note that Australian English is a non-rhotic dialect so these words did not contain [ɹ] or a rhoticised 
vowel. 
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manipulations (vowel duration, coda closure duration, and C/V ratio) X 2 vowels (high/low) X 2 

voicing categories (source voiced/source voiceless) = 648 tokens.  

2.4 Data analysis 

As described in 2.2, stimuli were produced from source tokens originally containing both voiced 

and voiceless codas in each vowel condition (e.g. from both bead and beat for the vowel /iː/). It 

was critical to create stimuli from words with voiced codas to ensure that any possible increases 

in voiceless responses in the various test conditions could not be attributed to additional voiceless 

cues retained from the source. In the preliminary stages of our data analysis we observed that 

listeners indeed exhibited a slight bias towards voiceless responses for the stimuli produced from 

source voiceless tokens. Therefore, we analysed the stimuli created from the source voiced and 

voiceless tokens separately. The results were very similar for both analyses. For the sake of 

clarity and brevity, here we report only on the analyses of the stimuli created from source voiced 

tokens (i.e. 324 items per participant), as we can be confident that voiceless responses cannot be 

due to possible additional cues to voicelessness in the signal. Figure B1 in Appendix B illustrates 

the overall results for each manipulation for the stimuli created from source voiceless tokens and 

demonstrates the same general patterns as reported here.  

We fitted mixed effects logistic regression models (GLMER) to the responses of each of the 

manipulations using the lme4 package (Bates et al., 2015) in R (R Core Team, 2016). That is, we 

a fitted separate models for the vowel duration manipulation, the coda closure duration, and the 

C/V ratio manipulation. The dependent variable in each of the models was listener response: 

selecting either a word with a voiced or a voiceless coda stop (i.e. /d/ or /t/). The fixed factors 

included in each of the models were: continuum step (coded as continuous and centred on 0), 

condition (whether a stimulus was non-glottalised or glottalised with non-glottalised as reference 

level), inherent vowel length (IVL; short or long with long as reference level), vowel height (high 

or low with high as reference level), and age group (older or younger with older as reference 

level). In order to test our specific hypotheses (outlined in 1.1 above) we initially included the 

following three-way interaction terms (which also include all lower order two-way interactions) 

in each model: step*condition*age, step*condition*IVL, step*condition*vowel height, 

condition*age* IVL, condition*age*vowel height, step*age* IVL. Random intercepts were 

included in each model for participant. Random slopes were included for all within-subjects 

factors by participant. In all cases this maximal random effects structure produced a better fit than 

a reduced random effects structure. We then identified the most parsimonious model in each case. 
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First, using the drop1 function, we identified the terms in each model that would improve model 

fit if removed. We proceeded to remove these terms (one at a time and beginning with the term 

that would improve model fit the most) and compared the resulting model with the previous 

model using the anova function with reference to AIC values until we identified the model with 

the best fit. For the vowel duration manipulation model the best fitting model was one in which 

the three-way interaction terms for step*age* IVL and condition*age* IVL were removed (AIC: 

6923.2 vs 6928.2 for the full model). For the closure duration manipulation model the best fitting 

model was one in which the interaction term for condition*age* IVL was removed (AIC: 7510.4 

vs 7512.3 for the full model). For the C/V ratio manipulation model the best fitting model was 

one in which the interaction term for step*age* IVL was removed (AIC: 7160.9 vs 7162.9 for the 

full model).  

In the results section below we focus only on the highest order significant effects that involve 

each particular factor. Model summaries for each of the mixed effect regression models are 

provided in Tables C1-C3 in Appendix C. All post-hoc analyses were conducted using the 

lsmeans package (Lenth, 2016), using Tukey HSD corrections to p-values for multiple 

comparisons.  

3. Results 

Figure 2 illustrates the proportion of voiced responses to each of the three manipulations 

according to age group and condition. Figure 3 shows the same data further separated by inherent 

vowel length, whereas Figure 4 shows the same data further separated by vowel height. In each of 

these figures, responses to the vowel duration manipulation are shown in the left panels, 

responses to the coda closure duration manipulation are shown in the middle panels, and 

responses to the C/V ratio manipulation are shown in the right panels. 

3.1 Manipulation of vowel duration  

The left panel of Figure 2 shows that for both age groups in the non-glottalised condition the 

proportion of voiced responses was low at the lower steps and increased as vowel duration 

increased, with a high proportion of voiced responses at the higher steps. This demonstrates that, 

consistent with our first hypothesis, listeners in both age groups utilise preceding vowel duration 

as a cue to coda stop voicing, with shorter vowel duration cueing perception of voiceless coda 

stops, and longer vowel duration cueing perception of voiced coda stops, albeit with some 

differences according to age. In the glottalised condition, however, it can be seen that the 

proportion of voiced responses was lower, even at the higher steps. This suggests that listeners are 



Perception of coda voicing	

	 18	

sensitive to the presence of glottalisation and utilise it as a cue to coda voicelessness, providing 

strong support for our fourth hypothesis that glottalisation facilitates the perception of coda 

voicelessness.  

Fig. 2. Proportion of voiced responses to vowel duration manipulation (left panel), coda closure duration 
manipulation (middle panel), and C/V ratio manipulation (right panel). Grey lines represent older speakers; 
black lines represent younger listeners. Solid lines represent non-glottalised condition; dashed lines 
represent glottalised condition. For the vowel duration and coda closure duration manipulations duration 
increases from step 1 to step 9. For C/V ratio the proportion of the rhyme occupied by the vowel increases 
from step 1 (where it is equal with coda closure) to step 9 (where it dominates the rhyme). 

The vowel duration manipulation model returned a significant two-way interaction between 

condition and IVL (β = 1.205; SE = 0.336; z = 3.581; p = 0.0003). From the left panels of Figure 3 

it can be seen that the effect of glottalisation in facilitating a greater proportion of voiceless 

responses appears to be stronger for the inherently short vowels than for the inherently long 

vowels; the proportion of voiced responses remained low throughout the short vowel continua, 

and even at the highest step (i.e. the longest vowel duration) approximately half of the responses 

were for voiceless codas. Post-hoc comparisons showed no significant difference between the 

inherently short and inherently long vowels in the non-glottalised condition, but a significant 

difference in the glottalised condition (p < 0.0001).5   

The model also showed a significant three-way interaction between condition, age, and vowel 

height (β = 1.150; SE = 0.273; z = 4.220; p < 0.0001). The left panels of Figure 4 show that both 

age groups produced fewer voiced responses in the glottalised condition compared to the non-

glottalised condition, and post-hoc comparisons confirmed that both high and low vowels differed 

significantly between conditions within each age group (all p < 0.0001). However, it can also be 

 
5 Note that although it may appear from Figure 3 that there could be an effect between condition, age, and 
IVL, with the older speakers producing less voiced responses in the non-glottalised condition for inherently 
long vowels, this three-way interaction was not significant and, as explained in 2.4, the term was removed 
from the final model. 
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seen from Figure 4 that the older speakers produced fewer voiced responses for the low vowels 

(source bard and bud) in the non-glottalised condition (proportion averaged over all steps: older: 

0.44; younger: 0.63). Post-hoc tests revealed no significant differences between the older and 

younger listeners for either high or low vowels in the glottalised condition, nor for high vowels in 

the non-glottalised condition; on the other hand, the older and younger listeners differed 

significantly from each other for low vowels in the non-glottalised condition (p = 0.0017).  

Fig. 3. Proportion of voiced responses to vowel duration manipulation (left panel), coda closure duration 
manipulation (middle panel), and C/V ratio manipulation (right panel) for inherently long vowels (upper 
panels) and inherently short vowels (lower panels).  Grey lines represent older speakers; black lines 
represent younger listeners. Solid lines represent non-glottalised condition; dashed lines represent 
glottalised condition. For the vowel duration and coda closure duration manipulations duration increases 
from step 1 to step 9. For C/V ratio the proportion of the rhyme occupied by the vowel increases from step 
1 (where it is equal with coda closure) to step 9 (where it dominates the rhyme). 

We also found a significant three-way interaction between step, condition, and vowel height (β = -

0.155; SE = 0.060; z = -2.589; p = 0.010), suggesting differences between the high and low 

vowels at particular steps in the two conditions. Post-hoc tests reveal that in the non-glottalised 

condition high and low vowels differed significantly at all steps except steps 1 to 3 (step 4 (p = 

0.019), steps 5-9 (p < 0.0001)). In the glottalised condition high and low vowels differed 

significantly at steps 5 to 9 (step 5 (p = 0.033), step 6 (p = 0.002), step 7 (p = 0.0002), steps 8-9 (p 

= 0.0001). The differences in the non-glottalised condition are presumably due to the older 
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listeners showing a stronger preference for voiceless responses (as discussed above and visible in 

Figure 4). In the glottalised condition the differences are primarily in the higher continuum steps, 

where the low vowels show lower proportions of voiced responses compared to the high vowels.  

3.2 Manipulation of coda closure duration 

The middle panel of Figure 2 shows that in both the non-glottalised and glottalised conditions 

there was a slight decrease in the proportion of voiced responses as closure duration increased. 

The coda closure duration manipulation model showed a significant effect of continuum step (β = 

0.115; SE = 0.034; z = 3.440; p = 0.001), confirming that increasing the duration of the coda 

closure resulted in a lower proportion of voiced responses. Nevertheless, the proportion of voiced 

responses never fell below 50 per cent in either of the age groups in the non-glottalised condition, 

which may suggest that coda closure duration alone is not a salient cue to voicing for listeners. In 

the glottalised condition, the proportion of voiced responses was substantially lower at every step 

compared to the non-glottalised condition, providing further support for our prediction that the 

presence of glottalisation cues coda voicelessness. 

As in the vowel duration manipulation model, for the coda closure manipulation we found a 

significant two-way interaction between condition and IVL (β = 0.943; SE = 0.330; z = 2.854; p = 

0.004). The middle panels of Figure 3 show that the inherently short vowels were less likely to be 

classified as voiced in the glottalised condition than the inherently long vowels. Post-hoc tests 

show that the inherently long and inherently short vowels did not differ from each other in the 

non-glottalised condition, but differed significantly from each other in the glottalised condition (p 

= 0.019).  

We also found a significant three-way interaction between condition, age group, and vowel height 

(β = 1.634; SE = 0.284; z = 5.758; p < 0.0001). The middle panels of Figure 4 show that the older 

and younger listeners differed markedly in their responses to the low vowels in the non-

glottalised condition (proportion averaged over all steps: older: 0.46; younger: 0.68). Post-hoc 

tests verify that in the non-glottalised condition younger and older listeners differed significantly 

for the low vowels (p = 0.001) but not for the high vowels, and in the glottalised condition for 

neither the high nor the low vowels. 
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Fig. 4. Proportion of voiced responses to vowel duration manipulation (left panel), coda closure duration 
manipulation (middle panel), and C/V ratio manipulation (right panel) for high vowels (upper panels) and 
low vowels (lower panels). Grey lines represent older speakers; black lines represent younger listeners. 
Solid lines represent non-glottalised condition; dashed lines represent glottalised condition. For the vowel 
duration and coda closure duration manipulations duration increases from step 1 to step 9. For C/V ratio the 
proportion of the rhyme occupied by the vowel increases from step 1 (where it is equal with coda closure) 
to step 9 (where it dominates the rhyme). 

3.3 Manipulation of C/V ratio 

The right panel of Figure 2 shows that the C/V ratio manipulation resulted in a similar overall 

pattern to the vowel duration manipulation, which is shown in the left panel of Figure 2: in the 

non-glottalised condition, both age groups show low proportions of voiced responses at the lower 

steps, but increased voiced responses as the proportion of the rhyme occupied by the vowel 

increased relative to the coda closure); the proportion of voiced responses was lower in the 

glottalised condition compared to the non-glottalised at each step, providing further support that 

glottalisation facilitates the perception of voicelessness.  

In contrast to the vowel duration manipulation, Figure 2 shows that at the lowest step (i.e. where 

vowel and coda closure occupy equivalent portions of the rhyme) in the non-glottalised condition 

over a quarter of responses from listeners in both age groups were nevertheless for a voiced coda, 

whereas in the vowel duration manipulation the proportion of voiced responses was lower. This is 

likely due to the fact that the absolute duration of the rhyme did not change in the C/V ratio 
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manipulations and was based on mean vowel and closure duration across both voiced and 

voiceless coda contexts, whereas the vowel duration manipulations had more extreme durations at 

the first and ninth steps. The result of this was vowel durations for the inherently short vowels in 

the C/V ratio manipulation that were substantially longer than in the vowel duration manipulation 

at the lowest step. For example, vowel duration for /ɪ/ in the vowel duration manipulation 

extended from 65 milliseconds at the lowest step to 166 milliseconds at the highest step; in the 

C/V ratio, on the other hand, vowel duration at the lowest step was 105 milliseconds and 189 

milliseconds at the highest step. Thus, unsurprisingly, the results of the C/V ratio manipulation 

model showed a significant interaction between condition and IVL (β = 1.015; SE = 0.456; z = 

2.227; p = 0.026), demonstrating that the proportion of voiced responses was higher for the 

inherently short vowels in the non-glottalised condition.  

We also found a significant two-way interaction between age group and IVL (β = 1.100; SE = 

0.420; z = 2.621; p = 0.009). The right panels of Figure 3 show that while both older and younger 

listeners’ responses differed between inherently long and inherently short vowels (with higher 

proportions of voiced responses to the short vowels, particularly in the non-glottalised condition), 

the older listeners had a lower proportion of voiced responses to the inherently long vowels than 

the younger listeners (proportion averaged over all steps: older: 0.26; younger: 0.40). This was 

due primarily to the older listeners showing a preference for voiceless responses for the long low 

vowel. Post-hoc analysis confirmed that the old and young listeners did not differ from each other 

for the inherently short vowels, but differed significantly for the inherently long vowels (p = 

0.0003). 

The C/V ratio manipulation model also showed a significant two-way interaction between 

continuum step and vowel height (β = 0.124; SE = 0.038; z = 3.300; p = 0.001). As can be seen 

from the right panels of Figure 4, low vowels were more likely to be perceived as having 

voiceless codas than were high vowels, especially at the higher steps. We also found a significant 

three-way interaction between condition, age, and vowel height (β = 0.766; SE = 0.270; z = 2.837; 

p = 0.005). For both older and younger listeners the effect of glottalisation was a decrease in 

voiced responses for both high and low vowels. As in the vowel duration and coda closure 

duration manipulations, older listeners produced more voiceless responses than younger listeners 

in the non-glottalised condition for low vowels. Post-hoc tests confirm that the younger and older 

listeners differed significantly from each other for low vowels in the non-glottalised condition (p 

= 0.0001), but were not significantly different for high vowels. Younger and older listeners did 

not differ from each other for either low or high vowels in the glottalised condition. In addition, 
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for the older listeners high vowels differed significantly from low vowels in both conditions (non-

glottalised: p < 0.0001; glottalised: p = 0.012), whereas for the younger listeners there was no 

significant difference in either condition. 

4. Discussion 

The main aim of this paper was to investigate how AusE listeners utilise preceding vowel 

duration, coda closure duration, and glottalisation as cues to coda voicing. The results of both the 

vowel duration and C/V ratio manipulations support our first and third hypotheses that listeners 

use preceding vowel duration and changes in the C/V ratio of the rhyme as cues to coda stop 

voicing (though see below regarding the role of vowel duration in C/V ratio). The proportion of 

voiced responses was low when listeners were presented with shorter vowels and increased as the 

vowels became longer, as can be seen in the non-glottalised condition in the left and right panels 

of Figure 2. The results also suggest that the duration of the coda closure is a much weaker 

voicing cue, supporting our second hypothesis that listeners would not be as sensitive to this cue 

as they are to the vowel duration cue. While we did find a significant effect of longer coda 

closures leading to more voiceless coda stop percepts, the differences in listener responses 

between the lowest and the highest steps were small. In addition, from the middle panel of Figure 

2 it can be seen that voiced responses to the coda closure duration manipulation remained above 

50% in the non-glottalised condition, and above 60% for the younger speakers. That is, when 

coda closure duration was manipulated, vowel duration was ambiguous and there was no 

glottalisation, listeners perceived voiced codas at levels well above chance. This finding suggests 

that coda closure duration on its own may not be a sufficient to cue coda voicing; rather, its 

duration relative to the duration of the preceding vowel is important (Port, 1981; Port & Dalby, 

1982; Luce & Charles-Luce, 1985). Indeed, our manipulation of C/V ratio showed stronger 

effects than manipulating only the coda closure. However, the effects that we found in the C/V 

ratio manipulation largely mirrored those found in the vowel duration manipulation, suggesting 

that vowel duration may be the more important element of the rhyme for the voicing contrast, in 

line with previous findings by Luce and Charles-Luce (1985). That is, the increase in vowel 

duration may drive the effects in the C/V ratio manipulation, rather than changes in the relative 

proportions of the rhyme per se. It may not be particularly surprising that the duration of the coda 

is a relatively weak cue, given that stops in AusE are often produced with no audible release (Cox 
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& Palethorpe, 2007; Ingram, 1989; Penney et al., 2019) and in such cases the duration of the 

closure cannot be perceived, which would make it less reliable than vowel duration.6 

Our fourth hypothesis that the presence of glottalisation would facilitate the perception of coda 

voicelessness was also strongly supported by the results. In each of the three manipulations the 

proportion of voiceless responses in the glottalised condition was significantly higher than in the 

non-glottalised condition. Note that this effect held even in the presence of extended vowel 

duration (i.e. at the higher steps in the vowel duration and C/V ratio continua), which is a strong 

cue to a voiced coda stop. That is, glottalisation resulted in an increase in voiceless percepts 

despite the presence of a competing cue. These results indicate that AusE listeners associate 

glottalisation with voiceless codas, in line with findings for AmE (Chong & Garellek, 2018). 

However, Chong and Garellek (2018) did not find that glottalisation improved AmE listeners’ 

perception of voicelessness, but rather that it only inhibited their perception of a coda being 

voiced. In contrast, our results suggest that glottalisation promotes voicelessness even in the face 

of a competing cue to voicing (i.e. extended preceding vowel duration). We interpret this as 

support for the hypothesis that glottalisation facilitates perception of coda voicelessness, in 

addition to hindering perception of coda stop voicing as found by Chong and Garellek (2018). 

Our analysis here is based on stimuli produced from items that originally contained voiced coda 

stops, so the suggestion might be raised that the same effects would not be seen for stimuli 

produced from items that originally contained voiceless stops. However, as pointed out in 2.4 

above, the results to the stimuli created from source voiceless tokens were very similar, 

notwithstanding the slight bias towards voiceless responses. Figure B1 shows that a clear effect of 

glottalisation is present in each of the three manipulations. Why did Chong and Garellek (2018) 

not find evidence of facilitation of voicelessness though we have? This may be due to the 

availability of other cues to voicing being present in their stimuli (e.g. differences in F0 or F1), 

whereas in this study we controlled for such additional voicing cues. The different task types 

employed may also play a role: Chong and Garellek (2018) analysed participants’ fixations as the 

cues unfolded, whereas we have analysed participants’ lexical decisions. Another possibility is 

that AmE and AusE listeners differ in their use of glottalisation as a cue to coda stop voicing. It 

would be interesting to examine speaker/listeners of different English varieties to explore possible 

dialectal differences in the perception of voicing contrasts.   

 
6 We thank an anonymous reviewer for making this suggestion. 
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Coda voicing-related vowel duration differences in AusE are greater for inherently long vowels 

than for inherently short vowels (Cox & Palethorpe, 2011; Cox, Palethorpe, & Miles, 2015; 

Penney et al., 2018); thus our fifth hypothesis was that the listener response to preceding vowel 

duration would be weaker for inherently short vowels. The results do not support this hypothesis; 

listeners made use of vowel duration to cue coda voicing in both inherently long and inherently 

short vowel contexts, and we found no significant difference between vowel length categories in 

the non-glottalised condition. Although in production speakers produce proportionately greater 

differences in inherently long compared to inherently short vowel contexts, this result suggests 

that the smaller differences in the short vowel context are nonetheless sufficient to ensure the 

integrity of vowel duration as a robust cue that listeners can use cue reliably in perception. We 

did find, however, that the effect of glottalisation was stronger for inherently short vowels 

compared to inherently long vowels. In the glottalised condition of the vowel duration 

manipulation the proportion of voiced responses was lower for the inherently short vowels than 

for the inherently long vowels at the higher steps (i.e. when vowel duration was at its greatest) 

and in the coda closure duration manipulation the inherently short vowels also showed 

significantly lower proportions of voiced responses than the inherently long vowels, thus 

supporting our sixth hypothesis that the effect of glottalisation in facilitating the perception of 

coda voicelessness is stronger for inherently short vowels than for inherently long vowels. We 

had proposed this hypothesis based on findings from production that the vowel duration cue to 

voicing is not as robust for short vowels and therefore glottalisation may be given greater 

weighting. 

The results also provided some support for our seventh hypothesis that the effect of glottalisation 

would be stronger for low vowels than for high vowels. In the glottalised condition of both the 

vowel duration manipulation and the C/V ratio manipulation, we found a greater proportion of 

voiceless responses for the low vowels than for the high vowels at the higher steps, suggesting 

that the effect of glottalisation in cueing coda voiceless is greater for low vowels. In our previous 

research we found that the most robust use of vowel duration differences to cue coda voicing 

occurred in the production of high vowels, and that complementarily, speakers used glottalisation 

less in high vowel contexts than non-high vowel contexts (Penney et al., 2018). In addition, other 

studies have also found that glottalisation tends to favour low vowels (Pompino-Marschall & 

Żygis, 2010; Brunner & Żygis, 2011; Malisz et al., 2013; Hejná & Scanlon, 2015). Therefore, it is 

not surprising that listeners may use glottalisation more in low vowel contexts, and this result 

may provide evidence for a trading relationship between vowel duration and glottalisation as cues 
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to coda voicing. This result, however, should be taken with caution, given that we found older 

listeners had a strong bias towards voiceless codas for the stimuli with low vowels in the non-

glottalised condition (especially for bard/bart, but also to a lesser extent for bud/but) in each of 

the manipulations (in the glottalised condition listeners in both age groups responded similarly). 

At first glance this may appear to be a simple frequency effect, as bart and but are both more 

frequent than bard and bud respectively. Nevertheless, if this were the case we would expect 

younger listeners to also show a similar bias, which is not evident in the results. In addition, as 

noted above, listeners took part in a number of tasks prior to the experiment including a 

production task in which all of the words were included, as well as familiarisation and training 

phases. These preliminary tasks would have raised the activation of each word; therefore, it is not 

clear why the older listeners, in particular, display this bias to voiceless codas for low vowels. 

One possibility is that the older listeners require longer vowel durations for low vowels, in 

particular /ɐ:/. As reported in 2.2, the stimuli were designed based on the production values 

determined through an analysis of data from young (female) speakers, as reported in Penney et al. 

(2018). In that paper, it was shown that both older and younger speakers produced the most 

robust vowel duration differences on high vowels, with reduced difference across coda voicing 

contexts on non-high vowels. In addition, the younger speakers produced smaller vowel duration 

differences than older speakers for the non-high vowels: /ɐ:/ produced by the younger speakers in 

the voiceless context had approximately 80% of the duration of the same vowel produced in the 

voiced context, whereas for the older speakers /ɐ:/ in the voiceless context had approximately 

75% of the duration of the same vowel in the voiced context. As older speakers do not reduce this 

cue as much as the younger speakers for low vowels, it may be possible that the older group also 

require longer durations for this vowel to create the percept of a voiced coda.      

Our final hypothesis was that the effect of glottalisation would not be as prominent in the older 

listeners, based on previous findings that older speakers glottalise less than younger speakers in 

production. This hypothesis was not supported by the results. We found no age effects for 

glottalisation (though we did find age effects relating to low vowels in the non-glottalised 

condition; see discussion above); both younger and older listeners showed the same pattern of 

increased perception of coda stop voicelessness when glottalisation was present. That is, older 

listeners appear to utilise glottalisation in perception in much the same way as do younger 

listeners, despite utilising this feature less in production. As already discussed, glottalisation 

appears to be a recent change to AusE, and consistent with leading the change, younger speakers 

employ glottalisation at higher rates than older speakers (Tollfree, 2001; Penney et al., 2018; 
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Penney et al., 2019). This result may be interpreted in line with studies of sound change that posit 

a shift in listeners’ perceptions prior to a change in speakers’ productions (Ohala, 1981; 

Harrington et al., 2008; Kleber et al., 2012; Kuang & Cui, 2018). That is, glottalisation may be a 

change led by perception, which would explain why both older and younger listeners show 

relative uniformity in utilising this cue. In production, however, which in a perception-led change 

would lag behind a shift in perception, the younger speakers demonstrate a more advanced stage 

in the change process — consistent with leading the change —whereas the older speakers display 

a less innovative use of this feature. We here assume that the change affecting the younger and 

older groups is the same (i.e. there are not two separate sound changes involving glottalisation 

proceeding concurrently), although we cannot test this directly.  

Alternatively, it may be possible that the older listeners are using perceptual cues that they do not 

use in production, or at least make less use of, but that they are aware of in the community. That 

is, older listeners may be aware that younger speakers utilise glottalisation more frequently in 

production than older speakers do, and therefore associate glottalisation with younger speakers 

based on their experience as listeners. Many studies have shown that listeners are sensitive to 

social information, and may vary their perception based on who they are listening to (or who they 

believe they are listening to) (e.g. Hay et al., 2006; Drager, 2010; Jannedy & Weirich, 2014). The 

stimuli in this experiment were produced by a young speaker, so perhaps the older listeners 

identified the speaker as sounding young, and therefore as more likely to produce glottalisation. 

When interacting with younger speakers, older listeners would then associate glottalisation with 

voicelessness, though they may not use this cue to the same extent in their own production or 

when listening to an older speaker’s voice. Based on these speculations, a natural extension of 

this study would be to run a similar task using an older speaker’s voice for the stimuli. A further 

possibility is that listeners, both older and younger, are aware that there are multiple cues to coda 

voicing – potentially both from exposure within their community as well as from exposure to 

other varieties of English – and make use of whichever of these cues is available in the signal, 

despite their own production preferences.  

5. Conclusion 

In this study we examined how AusE listeners utilise acoustic cues in the perception of coda stop 

voicing. The results show that listeners use preceding vowel duration as a cue to the voicing of 

coda stops, but that the presence of glottalisation facilitates increased perception of coda 

voicelessness. This effect was stronger for inherently short vowels than for inherently long 
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vowels, and for low vowels than high vowels. The vowel duration cue to coda voicing is weaker 

for inherently short vowels and for low vowels in production; thus, this finding may provide 

support for a trading relationship between glottalisation and vowel duration. Despite previous 

findings showing differences between younger and older speakers in the use of glottalisation in 

production, we found that older and younger listeners behaved similarly in their perception of 

glottalisation. These results may provide support for theories of sound change that suggest a shift 

in perception occurs prior to a shift in production. Future work will explore links between 

individual speaker/listeners with regard to this change.  
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Appendix A 

Table A1. Manipulated intensity contour values according to acoustic landmarks. 

Landmark Intensity (dB) 
Onset of word 15 
Onset of vowel 65  
Offset of vowel 60  

Coda closure midpoint 15  
Coda burst 25  

Offset of coda burst 15  
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Appendix B 

 

Fig. B1. Note this figure illustrates results of source voiceless tokens. Proportion of voiced responses to 
vowel duration manipulation (left panel), coda closure duration manipulation (middle panel), and C/V ratio 
manipulation (right panel). Grey lines represent older speakers; black lines represent younger listeners. 
Solid lines represent non-glottalised condition; dashed lines represent glottalised condition. For the vowel 
duration and coda closure duration manipulations duration increases from step 1 to step 9. For C/V ratio the 
proportion of the rhyme occupied by the vowel increases from step 1 (where it is equal with coda closure) 
to step 9 (where it dominates the rhyme).  
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Appendix C 

Table C1. Summary of mixed effects logistic regression model for vowel duration manipulation. 
Significant effects (at α = 0.05) are marked with asterisks. 

 
β OR SE z p 

(Intercept) -0.965 0.38 0.213 -4.541 <0.0001* 
Step -0.895 0.41 0.072 -12.371 <0.0001* 
Condition 2.639 14.00 0.326 8.095 <0.0001* 
Age -0.035 0.97 0.232 -0.152 0.880 
Vowel length 0.235 1.27 0.225 1.048 0.295 
Vowel height 1.300 3.67 0.228 5.708 <0.0001* 
Step: Condition 0.010 1.01 0.070 0.141 0.888 
Step: Age 0.133 1.14 0.074 1.798 0.072 
Condition: Age -0.617 0.54 0.359 -1.721 0.085 
Step: Vowel length 0.052 1.05 0.073 0.710 0.478 
Condition: Vowel length 1.205 3.34 0.336 3.581 0.0003* 
Step: Vowel height 0.250 1.29 0.040 6.298 <0.0001* 
Condition: Vowel height -0.790 0.45 0.236 -3.349 0.001* 
Age: Vowel height -1.257 0.29 0.286 -4.395 <0.0001* 
Step: Condition: Age 0.103 1.11 0.067 1.537 0.124 
Step: Condition: Vowel length 0.084 1.09 0.061 1.383 0.167 
Step: Condition: Vowel height -0.155 0.86 0.060 -2.589 0.010* 
Condition: Age: Vowel height 1.150 3.16 0.273 4.220 <0.0001* 

 
Table C2. Summary of mixed effects logistic regression model for closure duration manipulation. 
Significant effects (at α = 0.05) are marked with asterisks. 

 
β OR SE z p 

(Intercept) -0.669 0.51 0.229 -2.925 0.003* 
Step 0.115 1.12 0.034 3.440 0.001* 
Condition 3.570 35.51 0.338 10.572 <0.0001* 
Age -0.418 0.66 0.291 -1.435 0.151 
Vowel length -0.448 0.64 0.306 -1.464 0.143 
Vowel height 1.247 3.48 0.204 6.124 <0.0001* 
Step: Condition -0.030 0.97 0.056 -0.547 0.585 
Step: Age -0.040 0.96 0.039 -1.025 0.305 
Condition: Age -0.776 0.46 0.373 -2.083 0.037* 
Step: Vowel length -0.003 1.00 0.041 -0.070 0.944 
Condition: Vowel length 0.943 2.57 0.330 2.854 0.004* 
Step: Vowel height -0.023 0.98 0.028 -0.816 0.414 
Condition: Vowel height -1.713 0.18 0.238 -7.199 <0.0001* 
Age: Vowel height -1.133 0.32 0.261 -4.341 <0.0001* 
Age: Vowel length 0.626 1.87 0.367 1.709 0.087 
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Step: Condition: Age -0.011 0.99 0.052 -0.213 0.832 
Step: Condition: Vowel length 0.009 1.01 0.050 0.174 0.862 
Step: Condition: Vowel height 0.038 1.04 0.049 0.763 0.446 
Condition: Age: Vowel height 1.634 5.12 0.284 5.758 <0.0001* 
Step: Age: Vowel length 0.001 1.00 0.050 0.013 0.989 

 
 
Table C3. Summary of mixed effects logistic regression model for C/V ratio manipulation. Significant 
effects (at α = 0.05) are marked with asterisks.  

β OR SE z p  
(Intercept) -0.130 0.88 0.259 -0.501 0.617 
Step -0.679 0.51 0.056 -12.115 <0.0001* 
Condition 2.747 15.60 0.354 7.754 <0.0001* 
Age -0.557 0.57 0.330 -1.686 0.0919 
Vowel length -2.670 0.07 0.352 -7.594 <0.0001* 
Vowel height 1.616 5.03 0.224 7.210 <0.0001* 
Step: Condition 0.101 1.11 0.066 1.524 0.127 
Step: Age 0.106 1.11 0.057 1.865 0.062 
Condition: Age -0.420 0.66 0.437 -0.961 0.336 
Step: Vowel length 0.068 1.07 0.055 1.238 0.216 
Condition: Vowel length 1.015 2.76 0.456 2.227 0.026* 
Step: Vowel height 0.124 1.13 0.038 3.300 0.001* 
Condition: Vowel height -0.751 0.47 0.231 -3.250 0.001* 
Age: Vowel height -1.123 0.33 0.281 -3.993 <0.0001* 
Age: Vowel length 1.100 3.00 0.420 2.621 0.009* 
Step: Condition: Age -0.007 0.99 0.061 -0.114 0.909 
Step: Condition: Vowel length -0.058 0.94 0.056 -1.027 0.304 
Step: Condition: Vowel height -0.052 0.95 0.055 -0.946 0.344 
Condition: Age: Vowel height 0.766 2.15 0.270 2.837 0.005* 
Condition: Age: Vowel length 0.180 1.20 0.547 0.329 0.742 

 
 


