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Glottalisation, coda voicing, and phrase position in Australian
English

Joshua Penney,a) Felicity Cox, and Anita Szakay
Centre for Language Sciences, Department of Linguistics, Macquarie University, 16 University Avenue, North Ryde,
New South Wales, 2109, Australia

ABSTRACT:
Glottalisation is an important cue to coda stop voicelessness, particularly for younger Australian English speakers

who utilise glottalisation more than older speakers, suggesting a recent sound change. However, most previous

studies of glottalisation in this variety of English have focussed on single word utterances, raising questions about

whether glottalisation in those studies may have been prosodically conditioned rather than specific to the coda stop:

Could the observed effect have been due to phrase-final creaky voice, which is acoustically similar to coda-related

glottalisation? This study therefore explored the differential effects of phrase position on the production of glottalisa-

tion. Phrase-medially (where phrase-final creaky voice is not expected to occur), results confirmed previous findings

that glottalisation cues coda stop voicelessness and that it does so more frequently for younger compared to older

speakers. In phrase-final position, rates of glottalisation increased, but older speakers appeared more similar to youn-

ger speakers in use of glottalisation, suggesting that the change towards the increased use of glottalisation may be

nearing completion in this prosodic position. Younger speakers appear to represent a more advanced stage of the

change extending the use of glottalisation from phrase-final to phrase-medial position.
VC 2020 Acoustical Society of America. https://doi.org/10.1121/10.0002488
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I. INTRODUCTION

Coda glottalisation occurs when a glottal stop or

increased glottal (and/or laryngeal) constriction is produced

in conjunction with an oral coda stop (Docherty and

Foulkes, 1999; Esling et al., 2005; Moisik et al., 2015;

Seyfarth and Garellek, 2015). This results in irregular pho-

nation of (at least part of) the vowel preceding the coda

stop, producing the percept of a glottal stop and/or creaki-

ness (Garellek, 2019; Garellek and Seyfarth, 2016). In some

cases, the supralaryngeal closing gesture of the oral stop

may be lost or obscured; in such cases, glottalisation is often

referred to as glottal replacement or glottalling (Docherty

and Foulkes, 1999; Roach, 1973; Seyfarth and Garellek,

2015; Wells, 1982). Where the oral gesture is retained, the

term glottal reinforcement or pre-glottalisation may be used

(Andr�esen, 1968; Esling et al., 2005; Roach, 1973; Seyfarth

and Garellek, 2015). Coda glottalisation occurs predomi-

nantly in voiceless coda contexts in multiple varieties of

English, e.g., Tyneside English (Docherty and Foulkes,

1999), Scottish English (Gordeeva and Scobbie, 2013),

Received Pronunciation and “educated” British English

(Higginbottom, 1964; Roach 1973, 2004), and American

English (Huffman, 2005; Pierrehumbert, 1994, 1995).

Glottalisation of voiced coda stops is rarely observed, with

the exception of African American English varieties, where

it is reported to occur in conjunction with devoicing (Fasold,

1981; Farrington, 2018). Coda glottalisation may serve as a

perceptual cue to coda voicelessness both for L1 (Chong

and Garellek, 2018; Penney et al., 2018b, 2019b) as well as

L2 listeners (Reinisch and Penney, 2019). In Australian

English (AusE), glottalisation has also been found to occur

primarily in voiceless coda stop contexts, and only rarely

with voiced coda stops: in an analysis of single words pro-

duced by an older and a younger group of speakers, Penney

et al. (2018a) found glottalisation to be present in 55% of

items with voiceless codas, but only in 6% of items with

voiced codas. Penney et al. (2019a) also found a similar pat-

tern of glottalisation in unstressed syllables produced by

young female AusE speakers, with glottalisation present in

83% of voiceless codas compared to 10% of voiced codas.

Yet these analyses were based on single items produced in

citation form, hence each item represents a separate intona-

tional phrase and therefore the observed irregular phonation

may in part be due to effects of prosody and not specifically

associated with the coda stop. Creaky voice is commonly

found in phrase-final position and, like coda-related glottali-

sation, manifests as irregular phonation (Davidson and

Erker, 2014; Garellek, 2015, 2019; Garellek and Keating,

2015; Garellek and Seyfarth, 2016; Henton and Bladon,

1988; Kreiman, 1982; Ogden, 2001; Redi and Shattuck-

Hufnagel, 2001). Phrase-final creaky voice, which is also

sometimes referred to as glottalisation, is prosodically con-

ditioned and can occur leftward across multiple (voiced)

segments within an utterance or phrase, whereas coda glot-

talisation tends to be localised to the vowel (or, in some

cases, sonorant consonant) preceding a coda stop (Garellek,

a)Electronic mail: joshua.penney@mq.edu.au, ORCID: 0000-0001-5942-

3508.
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2015; Garellek and Keating, 2015; Garellek and Seyfarth,

2016). Coda glottalisation and creaky voice are both pro-

duced with increased glottal constriction, and therefore both

show reduced spectral tilt (as measured by H1*–H2*, the

difference between the amplitudes of the first and second

harmonics) compared to modal voice (Garellek and

Seyfarth, 2016). However, coda glottalisation may be differ-

entiated by an increase in noise (as measured by cepstral

peak prominence) over a short timeframe compared to

creaky voice. This is consistent with the greater likelihood

of coda glottalisation being localised to the segment preced-

ing the voiceless coda (Garellek and Seyfarth, 2016). Little

work has been conducted on creaky voice in AusE, though it

is reported to be present in the variety (Dallaston and

Docherty, 2019) and anecdotal observations suggest that its

occurrence may be increasing, especially among younger

speakers.1

A further point of interest is that coda glottalisation

appears to be a relatively recent change to AusE with

descriptions from the 1980s referring to the lack of glottali-

sation (Trudgill, 1986; Wells, 1982); however, since then its

presence has been increasingly noted (Cox and Palethorpe,

2007; Haslerud, 1995; Ingram, 1989; Tait and Tabain, 2016;

Tollfree, 2001). In addition, studies utilising apparent time

analyses have shown that both older and younger speakers

produce glottalisation primarily in voiceless contexts, but

that younger speakers use it significantly more often

(Penney et al., 2018a; Penney et al., 2019a). Penney et al.
(2018a) suggest this may be associated with younger speak-

ers making less use of other cues to coda stop voicing.

Generally, vowels preceding voiced coda stops (e.g., bud)

are longer than vowels preceding voiceless coda stops (e.g.,

but) and this is a strong voicing cue, particularly as stops in

English may be variably devoiced (Davidson, 2016;

Docherty, 1992; Westbury and Keating, 1986). Vowel dura-

tion is also known to be a heavily weighted cue in voicing

perception (Fowler, 1992; Klatt, 1976; Luce and Charles-

Luce, 1985; Raphael, 1972). However, Penney et al.
(2018a) found that younger AusE speakers exhibited

reduced voicing-related vowel duration differences com-

pared to older speakers and conversely produced more glot-

talisation than older speakers. Similarly, both older and

younger speakers used vowel duration most robustly with

high vowels but exhibited less glottalisation in the high

vowel context. These findings may point to a trading rela-

tionship between vowel duration and glottalisation, where

glottalisation may signal the contrast between voiced and

voiceless coda stops in the absence of strong vowel duration

cues. There is also evidence that AusE listeners’ perception

of coda voicelessness is strengthened when glottalisation is

present, even when this occurs in conjunction with a rela-

tively long vowel duration that would otherwise cue a

voiced coda (Penney et al., 2018b, 2020). Therefore, listen-

ers may weight glottalisation more heavily than vowel dura-

tion. However, these results were based on studies of

isolated words, raising questions about the impact of pro-

sodic context. Although the potential for phrase-final creaky

voice would presumably apply equally to both voiced and

voiceless coda contexts in single word productions, to disen-

tangle coda glottalisation from phrase-final creaky voice it

is necessary to extend the examination of glottalisation to

items produced in non-phrase-final position. In this paper,

we will therefore examine the effects of glottalisation in

both phrase-final and phrase-medial positions.

Fundamental frequency (F0) differences at vowel off-

set may also signal coda voicing, with relatively higher F0

occurring before voiceless stops compared to voiced stops

(Gruenenfelder and Pisoni, 1980; House and Fairbanks,

1953; Kohler, 1982). However, Penney et al. (2019a)

found no significant coda voicing-related F0 differences in

their analysis of unstressed syllables, which may support

the idea that the increasing use of glottalisation may be

associated with reduced utility of ancillary voicing cues.

Therefore, we will also include an analysis of F0 here.

There are of course a number of other cues to coda stop

voicing in addition to vowel duration, glottalisation, and

F0, such as the presence of voicing during the closure, the

amplitude, intensity and frequency of the release burst, the

duration of the stop closure, F1 transitions, etc. (e.g.,

Chodroff and Wilson, 2014; Liberman et al., 1958; Lisker,

1957, 1986; Port and Dalby, 1982; Raphael, 1981). We

focus here on vowel duration, which has been considered a

primary cue to voicing in coda position (Klatt, 1976, Luce

and Charles-Luce, 1985; Raphael, 1972), glottalisation,

which may operate in a trading relationship with vowel

duration (Penney et al., 2018a), and F0, as F0 differences

across voicing contexts may be reduced in AusE (Penney

et al., 2019a).

The aims of this paper are:

• to disentangle the possible effects of phrase-final creaky

voice from coda glottalisation by examining whether

reported patterns of glottalisation, related to voicing con-

text and age-based differences, are found in both phrase-

medial and phrase-final position;
• to explore whether there are differences between older

and younger speakers in their relative use of glottalisa-

tion, preceding vowel duration, and F0 as cues to coda

stop voicing, amid claims that glottalisation may be

increasingly employed to signal the voicing contrast.

In line with these aims, we predict that:

• glottalisation will occur primarily in voiceless contexts

(as has been shown previously in single item utterances)

in both phrase-medial and phrase-final position; note,

however, that we may expect reduced frequency of glot-

talisation in medial position if (some of) the glottalisation

found in voiceless contexts in previous work was due to

phrase-final creaky voice;
• older speakers will utilise glottalisation less than younger

speakers, consistent with previous findings and the sug-

gestion that glottalisation is a change in progress in AusE;
• voicing-related vowel duration and F0 differences may be

reduced in younger speakers, following previous findings
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that the increasing use of glottalisation as a voicing cue

co-occurred with reduced utility of other cues to coda

voicing.

II. METHODS

A. Participants

We collected speech production data from 77 speakers

allocated to two age groups: an older group aged 65 and

above (n¼ 33 speakers; 23 female; 10 male), and a younger

group aged between 18 and 36 years (n¼ 44; 37 female; 7

male). We originally enlisted 83 participants; three of these

did not fall into the relevant age group categories; data for a

further three (all young) were discarded as they were vari-

ably rhotic (AusE is a non-rhotic dialect). All participants

were native speakers of AusE, were born in Australia (apart

from one participant who migrated to Australia as an infant),

and completed all of their primary and secondary schooling

exclusively in Australia. All received either course credit or

were paid for their participation.

B. Data collection

The majority of the data were recorded in a sound atten-

uated room in the Department of Linguistics at Macquarie

University. For a subset of the participants (n¼ 7), the

recordings took place in a quiet office at a local church, and

a further four participants were recorded in a quiet room of

their home. Regardless of recording venue, all participants

were recorded to a Marantz PMD661 MK II solid-state

recorder with an AKG C520 headset condenser microphone

with a sampling rate of 44.1 kHz and 16 bit quantisation.

Participants were seated comfortably in front of a note-

book computer from which they read 396 randomly pre-

sented sentences. The sentences were presented in two

blocks and participants’ progression through the task was

self-paced. The sentences contained a set of 12 target words

all of the forms /hVt/ and /bVC/, in which V represents a

vowel and C represents either a /t/ or /d/. For the phrase-

medial position, the target words were embedded in a carrier

of the form: SAY <TARGET> <FOLLOWING> ONE
MORE TIME, where the word directly following the target

was one of the words: again, only, town, down, now, sack,

zack, long, once, right. These <FOLLOWING> words were

chosen to enable an analysis of particular phonetic environ-

ments, which will not be examined in this paper. For each

target word an additional carrier was also included to elicit

the target words in phrase-final position: NOW ONE MORE
TIME SAY <TARGET>. To control for prosody, partici-

pants were instructed to accent the word directly following

the target in the phrase-medial carrier, or the initial now in

the phrase-final carrier, which was indicated by upper case

letters in the orthography (e.g., say bead ONLY one more
time; NOW one more time say bead). The following two car-

rier environments will be examined in this analysis: SAY
<TARGET> ONLY ONE MORE TIME and NOW ONE
MORE TIME SAY <TARGET>. The first carrier was

selected to produce the target words in phrase-medial posi-

tion preceding an accented vowel initial syllable, which we

anticipated would be the most likely environment to elicit

released stops (Davidson, 2011; Herd et al., 2010;

Randolph, 1989). The second carrier was selected to ensure

the target word was produced in phrase-final position.

Eight target words with the form /bVC/ were selected

for examination here: bead, beat, bid, bit, bard, bart, bud,

and but. The selected target words were chosen to enable an

examination of high/low, short/long vowel pairs (/i+, I, Æ+, Æ/),2

and the voiced/voiceless stop pair. Participants produced 3

repetitions of each sentence providing 3696 items for analy-

sis (3 repetitions� 8 target words� 2 phrase contexts� 77

participants). Speakers were given instructions on how to

produce the phrases but were not corrected if they made

errors. 124 items were discarded due to mispronunciations

or other anomalies (e.g., yawning, laughter). A further 283

items in the phrase-medial context were discarded due to

speakers inserting a phrase break between the target word

and the following vowel initial word or for accenting the tar-

get word. Phrase breaks were indicated by a pitch contour

reset or the insertion of a pause between the target word and

the following word (ToBI break indices 3 and 4: Beckman

and Ayers Elam, 1997). A second trained annotator then

examined 10% of the phrase-medial position data and

labelled these for the presence of phrase breaks/incorrect

accents. We calculated a Cohen’s Kappa score for inter-

rater reliability with the irr package (Wolak et al., 2012),

which showed high agreement between the annotators

(Kappa¼ 0.81; z¼ 11.6; p< 0.0001). Finally, 38 items (all

in the words bud and but) were excluded as they were pro-

duced with a schwa, rather than the short, low vowel [Æ].

These segments were labelled as schwa by the automatic

aligner (as described below) and were subsequently checked

auditorily. After exclusions, there were 3251 items remain-

ing for analysis (older, 1453; younger, 1798).

C. Acoustic analysis and annotation reliability

The data were first labelled and segmented into pho-

nemes by WebMAUS (Kisler et al., 2017) utilising an AusE

model which returned Praat textgrids (Boersma and Weenik,

2018). The segmentations were hand checked and corrected

by a trained annotator with reference to wideband spectro-

grams and aligned waveforms. In addition, the target words

were hand labelled for the offset of the vowel/onset of coda

stop closure, the coda stop release burst, non-canonical stop

variants (where present), and the presence of glottalisation

according to the criteria specified below.

The presence of glottalisation was visually determined

by reference to the waveform and wideband spectrogram.

Glottalisation is characterised by irregularity in F0 and

amplitude (Batliner et al., 1994; Dilley et al., 1996;

Garellek, 2015; Huffman, 2005), thus items were labelled as

glottalised when irregularity in the peaks of the waveform

(representing irregular amplitude) and/or irregularity in the

spacing of striations in the spectrogram and/or peaks in the
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waveform (representing irregularity of F0) was visible. As

noted above, coda glottalisation and phrase-final creaky

voice both produce similar acoustic effects; however, differ-

ences in the timing of the two phenomena can be observed

(Garellek and Seyfarth, 2016): coda glottalisation is gener-

ally localised to a single segment, whereas creaky voice can

extend across multiple voiced segments within a word or an

utterance (Garellek, 2015; Garellek and Seyfarth, 2016).

Therefore, in our previous work (Penney et al., 2018a;

Penney et al., 2019a), we attempted to differentiate between

items that exhibited glottalisation associated with coda stops

and items that exhibited glottalisation due to phrase-final

creaky voice. This differentiation was based on timing, such

that items were only considered to be examples of coda glot-

talisation if the evidence of irregularity was restricted to the

second half of the preceding vowel segment. However, this

approach may lead to short examples of creaky voice being

incorrectly categorised as glottalised, or long examples of

coda glottalisation being categorised as creaky voice

(Penney et al., 2019a). In addition, it is possible (and per-

haps even likely) that in some cases both coda glottalisation

and creaky voice may co-occur. Therefore, in this paper we

do not attempt to differentiate between coda glottalisation

and phrase-final creaky voice. Rather, any items that dis-

played acoustic evidence of glottalisation were classified as

glottalised, regardless of timing. This approach allows us to

consider effects of phrase position on glottalisation without

making a priori assumptions about its type. Figure 1 shows

an example of an item produced in phrase-medial position

with glottalisation restricted to the second half of the vowel.

Figure 2 shows an example of an item produced in phrase-

final position with glottalisation restricted to the second half

of the vowel. Figure 3 shows an example of an item pro-

duced in phrase-final position in which glottalisation

extends through the vowel. All of these examples were cate-

gorised as glottalised in the analysis below.

Ten per cent of the data (including items ending in both

voiced and voiceless codas) were relabelled by the annota-

tor, to ensure intra-annotator reliability. An additional 10%

of the data were labelled by the first author to assess inter-

annotator reliability. Using the irr package (Wolak et al.,

2012), we calculated intra-class correlations and 95% confi-

dence intervals for the measure of vowel duration, and a

Cohen’s Kappa score for the binary labelling of glottalisa-

tion. The results can be seen in Table I. In both cases reli-

ability was high.

In addition to visual classification of glottalisation, we

also extracted H1*–H2* measures across the vowel for each

target item. H1*–H2* is a measure of difference between

the amplitude of the first (H1) and second (H2) harmonics.

The asterisks signal that the amplitudes of the harmonics

have been corrected for effects of formant frequencies.

H1*–H2* is correlated with glottal constriction—lower

H1*–H2* values are indicative of increased glottal constric-

tion (Garellek, 2019; Garellek and Seyfarth, 2016;

Holmberg et al., 1995; Keating et al., 2015; Seyfarth and

Garellek, 2015). Therefore, items labelled as glottalised

should exhibit lower H1*–H2* values compared to modally

voiced items.

H1*–H2* values were extracted from each of the vow-

els using VoiceSauce (Shue et al., 2011). Note that reliable

F0 measurement is required for the accurate estimation of

harmonics and measures derived from harmonic estimation

such as H1*–H2* (Seyfarth and Garellek, 2018); see below

for a description of steps taken to improve F0 measurement.

Harmonic amplitudes corrected for the effect of formant

FIG. 1. Spectrogram and waveform of the words say bart produced in

phrase-medial position. Multiple irregular pulses in the final portion of the

vowel in bart indicate glottalisation.

FIG. 3. Spectrogram and waveform of the words say bart produced in

phrase-final position. Irregular pulses throughout the vowel in the word bart
indicate glottalisation.

FIG. 2. Spectrogram and waveform of the words say bart produced in

phrase-final position. Multiple irregular pulses in the final portion of the

vowel in bart indicate glottalisation.
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frequencies (Iseli et al., 2007) were automatically calculated to

enable a comparison of different vowels, using formant fre-

quencies derived from the Snack Sound Toolkit (Sj€olander,

2004). H1*–H2* measurements were smoothed with the default

moving average filter of 20 ms. We excluded H1*–H2* mea-

surements for any items with formant values greater than 2.5

standard deviations from the mean for each speaker and vowel

(Seyfarth and Garellek, 2015); 43 items were excluded in the

manner. We also excluded H1*–H2* measurements for an

additional 15 items (from three speakers) where formant values

had been incorrectly tracked. We then calculated average

H1*–H2* values over three equal subsections of each vowel,

enabling an examination of change in H1*–H2* throughout the

vowel. Figure 4 illustrates the mean H1*–H2* values (z-scored

within speaker) for items classified by visual inspection as glot-

talised and non-glottalised in phrase-medial and phrase-final

positions. In phrase-medial position glottalised tokens show a

drop in H1*–H2*, particularly from the second to the third sub-

section of the vowel, as expected. By contrast, the non-

glottalised tokens show very little change in the second half of

the vowel. In phrase-final position the drop in H1*–H2* in the

final subsection can also be seen in the glottalised items; how-

ever, H1*–H2* values are lower for glottalised items in all of

the subsections in this position.

F0 measurements were extracted from the vowels in

each item using the REAPER pitch tracker (Talkin, 2015) in

VoiceSauce (Shue et al., 2011) at 1 ms intervals.3 For 97

items F0 could not be reliably estimated throughout the

vowel due to aperiodic phonation during glottalisation; in 21

of these cases F0 could not be tracked at all during the

vowel; for the remaining 76 cases, F0 could not be tracked

in the final subsection of the vowel only. Data for these

items were not included in the F0 analysis. We hand

checked any items that showed an increase or decrease

greater than half an octave from one window to the next so

as to identify any examples of pitch halving or doubling. A

further six items were excluded in this manner. This left

3148 items remaining for this analysis. Once we were confi-

dent in the accuracy of the F0 measurements, we calculated

the mean F0 per token in three subsections: the first, second,

and final thirds of each vowel. In some cases, REAPER

returned measures of 0 Hz for the last one or two glottal

pulses of a vowel, particularly when glottalisation was pre-

sent or if the coda stop was spirantised (in which case the

end of the vowel was devoiced or weakly voiced). In these

cases, the zeroes were excluded from the subsection aver-

age, which was computed over all valid measurements. In

the analysis of F0 below, we examine F0 in the final subsec-

tion, as this represents F0 at the offset portion of the vowel.

F0 values were z-scored within each speaker to account for

speaker-specific and gender differences.

As mentioned above, non-canonical stop variants were

also labelled where they were present. These included stops

that were unreleased, spirantised, pre-aspirated, and tapped.

Table V in the Appendix provides a summary of non-

canonical stop variants identified in the data, along with the

number of items in each category that occurred in conjunc-

tion with glottalisation.

D. Statistical analyses

We conducted statistical analyses using the lme4 pack-

age (Bates et al., 2015) in R (R Core Team, 2017). To ana-

lyse the presence of glottalisation we fitted a generalised

linear mixed effects model, utilising the BOBYQA opti-

mizer (Powell, 2009). For the analyses of F0 and coda

voicing-related vowel duration differences we fitted separate

linear mixed effects models using the lmerTest (Kuznetsova

et al., 2017) package to estimate p-values. Post hoc analyses

using Tukey Honestly Significant Difference (HSD) correc-

tions to p-values for multiple comparisons were conducted

using the emmeans package (Lenth, 2020). Specific details

regarding dependent variables, fixed factors, and random

effects structures will be given separately below for each

model. In Sec. III, we interpret only the highest order signif-

icant effect in which a particular factor is involved.

III. RESULTS

A. Glottalisation

We fitted a generalised linear mixed effects model to

analyse the effects of coda voicing, phrase position, and age

TABLE I. Results inter- and intra-annotator reliability tests. Intra-class correlations (ICC) and 95% confidence intervals (95% CI) are provided for vowel

duration. Cohen’s Kappa scores are provided for presence of glottalisation.

Inter-annotator Intra-annotator Inter-annotator Intra-annotator

ICC 0.996 0. 997 Kappa 0.877 0.862

95% CI 0.995, 0.997 0.996, 0.997 z 17.5 18.5

p <0.0001 <0.0001 p <0.0001 <0.0001

FIG. 4. Mean H1*–H2* values (z-scored within speaker) from three equal

subsections of the vowel in glottalised and non-glottalised items according

to phrase position. Error ribbons represent 95% confidence intervals.
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group on the presence of glottalisation. The dependent vari-

able was the presence or absence of glottalisation. Fixed fac-

tors were voicing context, phrase position, and age group.

Glottalisation has been shown to occur less frequently on

high vowels (Penney et al., 2018a), and short vowels show

less robust coda voicing-related vowel duration differences

that may make them more susceptible to glottalisation

(Penney et al., 2018b). Therefore, we also investigated pos-

sible effects of vowel length and height by including vowel
length and vowel height as fixed factors. Fixed factors were

sum coded. All two- and three-way interactions between the

fixed factors were included with random intercepts for par-
ticipant, and random slopes for all within-participant

factors.

The summary of the generalised linear mixed effects

model can be seen in Table II. The results showed a signifi-

cant interaction between voicing context and vowel height;
glottalisation occurred more frequently in the voiceless

context than the voiced for both low and high vowels; how-

ever, post hoc tests showed that glottalisation was signifi-

cantly more likely to occur for the low vowels compared to

the high vowels in both the voiceless (p¼ 0.0190) and

voiced (p¼< 0.0001) contexts. We also found a significant

interaction between voicing context and vowel length. There

was no significant difference between short and long vowels

in the voiceless context, but we found significantly greater

glottalisation for long vowels in the voiced context

(p¼ 0.0100).

We also found a significant three-way interaction

between phrase position, voicing context, and age group.

Figure 5 illustrates the proportion of items that were glottal-

ised within each coda voicing context and phrase position

according to age group. An effect of voicing context is

clearly visible in both phrasal positions, with more glottali-

sation occurring in the voiceless coda context. Although

glottalisation occurred more frequently in the voiceless con-

text compared to the voiced context for both age groups,

there were nevertheless differences between the age groups

across phrase positions. Post hoc analyses confirmed that for

both age groups glottalisation occurred more frequently in

the voiceless compared to the voiced context in both phrase-

final and phrase-medial position (all p< 0.0001). They also

showed that the younger speakers glottalised more than

older speakers in both phrase positions for the voiceless con-

text (phrase-medial: p¼ 0.0001; phrase-final: p¼ 0.0041),

but only in phrase-final position for the voiced context

(p¼< 0.0001). As Fig. 5 above illustrates, for both age

groups, phrase position showed a significant effect in

both the voiced and voiceless contexts: with increased

glottalisation in both voicing contexts phrase-finally (all

p¼< 0.0001), as expected.

Finally, the model also showed a significant interaction

between phrase position, age group, and vowel height, indi-

cating that vowel height affects glottalisation, particularly in

phrase-medial position and for younger speakers. Figure 6

shows the proportion of items that were glottalised within

each phrase position according to age group and vowel

height. It should be borne in mind that glottalisation occur-

ring in both voiceless and voiced contexts is included in this

figure, although few items were glottalised in the voiced

TABLE II. Summary of generalised linear mixed effects model to investi-

gate effects of phrase position, voicing context, age group, vowel height,

and vowel length on the presence of glottalisation. Significant effects

(at a¼ 0.05) are marked with asterisks and shown in bold type. Reference

levels: phrase position, phrase-final; voicing, voiceless; age, younger; vowel

height, low; vowel length, short.

b SE z p

(Intercept) –0.779 0.202 –3.857 0.0001*

Phrase position –1.697 0.135 –12.587 <0.0001*

Voicing –1.754 0.123 –14.28 <0.0001*

Age –0.779 0.186 –4.182 <0.0001*

Vowel height –0.464 0.105 –4.427 <0.0001*

Vowel length 0.23 0.098 2.355 0.018*

Phrase position:Voicing –0.337 0.107 –3.163 0.002*

Phrase position:Age 0.233 0.118 1.981 0.048*

Phrase position:Vowel height –0.201 0.094 –2.132 0.033*

Phrase position:Vowel length 0.121 0.084 1.448 0.147

Voicing:Age 0.268 0.106 2.523 0.012*

Voicing:Vowel height –0.182 0.092 –1.976 0.048*

Voicing:Vowel length 0.26 0.086 3.03 0.002*

Age:Vowel height 0.056 0.086 0.648 0.517

Age:Vowel length 0.036 0.083 0.437 0.662

Vowel height:Vowel length 0.109 0.067 1.62 0.105

Phrase position:Voicing:Age 0.342 0.081 4.237 <0.0001*

Phrase position:Voicing:

Vowel height

–0.055 0.089 –0.625 0.532

Phrase position:Voicing:

Vowel length

0.069 0.081 0.857 0.391

Phrase position:Age:

Vowel height

0.186 0.071 2.62 0.009*

Phrase position:Age:

Vowel length

0.09 0.067 1.345 0.179

Phrase position:Vowel

height:Vowel length

0.109 0.07 1.549 0.121

Voicing:Age:Vowel height 0.042 0.069 0.613 0.54

Voicing:Age:Vowel length 0.058 0.066 0.879 0.38

Voicing:Vowel height:

Vowel length

0.09 0.068 1.326 0.185

Age:Vowel height:

Vowel length

0.052 0.059 0.894 0.371

FIG. 5. Proportion of items glottalised according to coda voicing context,

phrase position, and age group.
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context in phrase-medial position. Post hoc analyses showed

that this difference is significant for the younger group in

medial position (p¼ 0.0007) and there is a strong trend for

the older group in final position (p¼ 0.0579).

B. Fundamental frequency (F0)

We fitted a linear mixed effect model with F0 at vowel

offset as the dependent variable, and fixed effects voicing
context, phrase position, and age group. Fixed factors were

sum coded. We included all two- and three-way interactions

between these factors. Random intercepts were included for

participant and word, and random slopes for all within-

participant factors by participant.

The model summary is given in Table III and shows a

significant three-way interaction between voicing context,
phrase position, and age group. Figure 7 shows the mean

values of F0 at the offset of the vowel (i.e., averaged over

the final third of the vowel) according to coda voicing con-

text, phrase position, and age group. Post hoc analyses

showed that for older speakers F0 was significantly lower in

phrase-final compared to phrase-medial position in both the

voiceless context (p¼< 0.0001) and voiced (p¼ 0.0003)

contexts. For the younger speakers, F0 was significantly

lower in phrase-final compared to phrase-medial position

only in the voiced context (p¼< 0.0001). For the older

speakers, we found no significant difference between voiced

and voiceless contexts in either phrase-medial or phrase-

final position; for the younger speakers we found no signifi-

cant difference between voicing contexts in phrase-final

position, but the difference between voiced and voiceless

contexts in phrase-medial position was significant

(p¼ 0.0025). Importantly, this difference is in the opposite

direction of what would be expected for signalling the coda

voicing contrast, as can be seen above in Fig. 7. The lower

F0 values in the voiceless context may be due to the

increased likelihood of glottalisation, which results in a drop

in F0 (Dilley et al., 1996; Garellek and Seyfarth, 2016).

Figure 13 in the Appendix shows that the lower F0 values in

the voiceless context occur particularly in the final subsec-

tion of the vowel.

C. Vowel duration

In this section, we analyse potential differences between

the age groups in their use of vowel duration to cue coda voic-

ing. We were interested in the extent to which the coda voicing

contrast may be maintained by vowel duration. In order to

account for the potential effect of speaking rate on vowel dura-

tion (e.g., Sol�e, 2007), we used a normalised vowel duration

measure. For each item, we first calculated the ratio of the

vowel duration of the target item relative to the duration of the

portion of the phrase from the onset of the initial fricative /s/ in

“say” to the offset of the vowel in the target item, which

totalled four segments (i.e., say bit /sæI bV/). We used the tar-

get vowel offset as the right edge of this interval because many

items did not include a coda stop release making it difficult to

establish the final consonant duration.

We then calculated the ratio of mean normalised vowel

duration in the voiceless coda context relative to mean nor-

malised vowel duration in the voiced coda context per vowel

for each speaker (e.g., the ratio of normalised vowel dura-

tion in beat relative to bead). A durational difference ratio

close to 1 would show that normalised vowel duration in the

voiceless context was of similar duration to normalised

vowel duration in the voiced context, whereas a durational

difference ratio of 0.5 would indicate that a speaker pro-

duced a vowel in the voiced context that was double the

length of the vowel in the voiceless context.

FIG. 6. Proportion of items glottalised according to vowel height, phrase

position, and age group. Note that this figure includes glottalisation occur-

ring in both voiceless and voiced contexts.

TABLE III. Summary of linear mixed effects model to investigate effects

of glottalisation, phrase position, and age group on F0. Significant effects

(at a¼ 0.05) are marked with asterisks and shown in bold type. Reference

levels: Phrase position, phrase-final; voicing, voiceless; age, younger.

b SE t p

(Intercept) –0.343 0.064 –5.388 0.001*

Voicing 0.211 0.06 3.481 0.011*

Phrase position 0.417 0.06 6.979 <0.0001*

Age –0.076 0.029 –2.619 0.011*

Voicing:Phrase position 0.046 0.016 2.864 0.004*

Voicing:Age –0.027 0.021 –1.265 0.21

Phrase position:Age 0.079 0.06 1.33 0.188

Voicing:Phrase position:Age –0.105 0.016 –6.591 <0.0001*

FIG. 7. Mean F0 (z-scored within speaker) in final third of the vowel

according to voicing context, phrase position, and age group. Error ribbons

represent 95% confidence intervals.

3238 J. Acoust. Soc. Am. 148 (5), November 2020 Penney et al.

https://doi.org/10.1121/10.0002488

https://doi.org/10.1121/10.0002488


We fitted a linear mixed effects model with the duration dif-

ference ratio as the dependent variable, age group and phrase
position as fixed factors, and additional fixed factors of vowel
height and vowel length in order to further explore whether coda

voicing-related durational differences may be vowel-specific.

Fixed factors were sum coded. Interaction terms were included

for all two- and three-way interactions along with random inter-

cepts for participant, and a random slope for phrase position by

participant. This was the maximal random effects structure to

converge.

The model summary is shown in Table IV. We found a

significant interaction between vowel height and vowel
length. Figure 8 illustrates the mean durational difference

ratio according to vowel length, vowel height, and phrase

position. Post hoc analyses show that for the short vowels

there was no significant difference between the high and

low vowels. For the long vowels, however, there was a sig-

nificant difference (p¼< 0.0001), with a lower ratio (i.e.,

greater difference in duration across voicing contexts) found

for long high vowels compared to long low vowels.

We also found a significant interaction between age group
and vowel height. Figure 9 shows the mean durational differ-

ence ratio according to age group, vowel height, and phrase

position. From this figure, it can be seen that the older speakers

showed lower ratios (i.e., greater duration difference) than the

younger speakers for both low and high vowels; post hoc anal-

yses confirmed that these differences were significant for both

low (p¼ 0.0351) and high (p¼< 0.0001) vowels. In addition,

within the age groups the older speakers differed between low

and high vowels (p¼< 0.0001), but we found no difference

across vowel height for the younger speakers.

A significant interaction between vowel height and phrase
position was also found. Post hoc comparisons showed a signifi-

cant difference between low and high vowels in phrase-final

position with high vowels having greater coda voicing-related

durational difference (p¼< 0.0001) but no difference in

phrase-medial position. In addition, the duration difference ratio

for high vowels differed across phrase positions (p¼< 0.0001),

with lower ratios in final position, but there was no significant

difference between low vowels across phrase positions.

We also found a significant three-way interaction between

age group, vowel length, and phrase position. Post hoc analy-

ses showed that the younger and older groups differed for long

vowels (p¼ 0.0277), but not for short vowels in phrase-final

position. In phrase-medial position, the older group showed

lower ratios (i.e., more difference in duration across voicing

contexts) than the younger group for both short and long vow-

els, but the difference was greater for the short vowels

(p< 0.0001) than for the long vowels (p¼ 0.0499). Figure 10

shows the mean durational difference ratio according to age

group, vowel length, and phrase position.

D. Summary of results

More glottalisation occurred:

• in voiceless compared to voiced coda contexts in both

phrase positions for both age groups;

TABLE IV. Summary of linear mixed effects model to investigate effects

of age group, vowel height, and vowel length on coda voicing-related vowel

duration differences. Significant effects (at a¼ 0.05) are marked with aster-

isks and shown in bold type. Reference levels: Phrase position, phrase-final;

age, younger; vowel height, low; vowel length, short.

b SE t p

(Intercept) 0.861 0.007 125.793 <0.0001*

Age –0.041 0.007 –6.026 <0.0001*

Vowel height –0.027 0.005 –5.869 <0.0001*

Vowel length –0.004 0.005 –0.922 0.357

Phrase position 0.025 0.006 4.259 <0.0001*

Age:Vowel height –0.019 0.005 –4.156 <0.0001*

Age:Vowel length 0.006 0.005 1.313 0.19

Age:Phrase position –0.01 0.006 –1.686 0.096

Vowel height:Vowel length –0.026 0.005 –5.688 <0.0001*

Vowel height:Phrase position 0.013 0.005 2.756 0.006*

Vowel length:Phrase position 0.018 0.005 3.979 <0.0001*

Age:Vowel height:Vowel length –0.002 0.005 –0.498 0.619

Age:Vowel height:Phrase position 0.006 0.005 1.402 0.162

Age:Vowel length:Phrase position 0.01 0.005 2.158 0.032*

Vowel height:Vowel length:

Phrase position

0.007 0.005 1.648 0.1

FIG. 8. Mean duration difference ratio according to vowel height, vowel

length, and phrase position. Boxes show the middle 50% of duration differ-

ence values; black lines within the boxes show median values; whiskers

show minimum and maximum values excluding outliers. Higher values rep-

resent less difference in vowel duration across coda voicing contexts.

FIG. 9. Mean duration difference ratio according to age group, vowel

height, and phrase position. Boxes show the middle 50% of duration differ-

ence values; black lines within the boxes show median values; whiskers

show minimum and maximum values excluding outliers. Higher values rep-

resent less difference in vowel duration across coda voicing contexts.
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• phrase-finally compared to medially for both age groups;
• for younger compared to older speakers in both phrase

positions in the voiceless context;
• on low vowels compared to high vowels.

F0 values were:

• lower phrase-finally compared to medially for older

speakers in both voiced and voiceless contexts;
• lower phrase-finally compared to medially for younger

speakers in voiced context only;
• not significantly different across voicing contexts for

older speakers;
• not significantly different across voicing contexts for

younger speakers in final position;
• significantly different in medial position, but the differ-

ence was in the opposite direction to what would be

expected (i.e., lower for voiceless compared to voiced

context).

Greater voicing related vowel duration difference for:

• older speakers compared to younger—particularly for

high vowels;
• long high vowels compared to long low vowels;
• high vowels compared to low vowels in final position;
• older speakers compared to younger for short and long

vowels in medial position;
• older speakers compared to younger for long vowels in

final position.

IV. DISCUSSION

One of the main aims of this study was to examine

whether the patterns of glottalisation based on single word

productions generalise to longer utterances. Voiceless

coda stop glottalisation is common in many varieties of

English (Docherty and Foulkes, 1999; Gordeeva and

Scobbie, 2013; Higginbottom, 1964; Huffman, 2005;

Pierrehumbert, 1994, 1995; Roach, 1973, 2004), and AusE

is no exception. Glottalisation has been found to occur in

conjunction with voiceless coda stops in both stressed and

unstressed syllables (Penney et al., 2018a; Penney et al.,
2019a), but only rarely with voiced coda stops.4 The

results presented above confirm the prediction that

glottalisation would occur more frequently in the voiceless

compared to voiced coda context in phrase-medial and

phrase-final positions and we found this to be true of both

younger and older speakers. The pattern observed in

phrase-medial position (where prosodically conditioned

creaky voice is not generally expected) closely reflects

results previously reported for single word utterances,

although the overall rates of glottalisation in the voiceless

context found here (/t/ in medial position—older,

27%; younger, 60%) were slightly lower than previous

reports (/t/ in stressed syllables in single words,

Penney et al., 2018a—older, 36%; younger, 71%; /t/ in

unstressed syllables in single words, Penney et al.,
2019a—older, 43%; younger, 74%).

In phrase-final position, we observed increased glot-

talisation relative to the medial position for both age

groups in both voicing contexts. Of course, some of the

glottalisation in this position is likely to have been prosod-

ically conditioned (i.e., due to phrase-final creaky voice—

see below). Nevertheless, even in final position, there was

a clear difference between voiceless and voiced codas

with significantly more glottalisation in the voiceless than

in the voiced context for both age groups. This suggests

that glottalisation in final position cannot solely be attrib-

uted to phrasal effects. Rather, there appears to be a voic-

ing effect of glottalisation in final position over and above

effects of phrase position. These results confirm that glot-

talisation is a cue to coda voicelessness in both medial and

final phase positions, consistent with previous findings

(Penney et al., 2018a; Penney et al., 2019a). In addition,

the results found in phrase-final position here are quite dif-

ferent to previous findings for single words, which as men-

tioned above can also be considered to be phrase-final as

each word represents its own intonational phrase: in those

studies very little glottalisation was found in the voiced

coda context for either age group, and in the voiceless

coda context both age groups glottalised at a lower rate

than was found in final position here(/t/ in single words,

Penney et al., 2018a—older, 36%; younger, 71%; /t/ in

single words, Penney et al., 2019a—older, 43%; younger,

74%; /t/ in final position here—older, 70%; younger,

89%). Indeed, the results found in phrase-medial position

in this study pattern more closely with previous results

based on single words than do the results found in final

position. As single words produced in citation form will

typically be accented, this may inhibit phrase-final creaky

voice, which tends to follow the nuclear accent

(Pierrehumbert and Talkin, 1992). In the current study, by

comparison, the items in phrase-final position were not

accented.

Based on our previous research, we also predicted

that younger speakers would utilise glottalisation more

than older speakers (Penney et al., 2018a). Indeed, we

found more glottalisation was present for the younger

FIG. 10. Mean duration difference ratio according to age group, vowel

length, and phrase position. Boxes show the middle 50% of duration differ-

ence values; black lines within the boxes show median values; whiskers

show minimum and maximum values excluding outliers. Higher values rep-

resent less difference in vowel duration across coda voicing contexts.
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speakers in both phrase positions, supporting previous

suggestions that this is a recent change to AusE and that

younger speakers lead the change. However, the differ-

ence in rates of glottalisation between the age groups

appears to be reduced in phrase-final position, at least in

the voiceless coda context. As discussed above, some of

the glottalisation in final position is presumably due to

phrase-final creaky voice, which would explain why both

age groups produced glottalisation in the voiced coda

context in final position but effectively no glottalisation

in the voiced context in medial position. The phrase-final

target items also came at the end of a relatively long

phrase; therefore, speakers were likely to be near the end

of their breath cycle, an environment that may favour

creaky voice (Aare et al., 2018; Slifka, 2006). However,

if the increases in glottalisation in phrase-final position

were solely due to creaky voice, we would expect to

observe approximately equal increases in glottalisation

for both voicing contexts. From Fig. 5, it can be seen that

the older speakers showed a much greater increase in the

voiceless context than they did in the voiced context.

Younger speakers, on the other hand, who already pro-

duced high rates of glottalisation in the voiceless context

in medial position, showed a smaller increase in glottali-

sation in final position (indeed, they showed a greater

increase in the voiced context than in the voiceless con-

text). This suggests that older speakers utilise glottalisa-

tion as a cue to voicelessness in final position more than

they do in medial position, in addition to any effect that

could be attributed to phrase-final creaky voice.

Therefore, it appears that both older and younger speak-

ers employ glottalisation at high rates phrase-finally to

support coda voicelessness. This may also suggest that

glottalisation as a change in this variety is more advanced

in phrase-final position. The finding that younger speak-

ers glottalise at high rates in both final and medial posi-

tion may then suggest that younger speakers generalise

glottalisation to other environments, consistent with them

leading the change, whereas the change is less advanced

for older speakers, who lag in medial position. Older

speakers utilise glottalisation more similarly to younger

speakers in phrase-final position, but they do not readily

generalise this to other prosodic environments, at least

not to the extent that the younger speakers do. More gen-

erally, this may suggest that phrase-final position is the

locus from which glottalisation as a change began, partic-

ularly as rates of glottalisation are reported to increase in

final position in other varieties of English as well

(Huffman, 2005; Seyfarth and Garellek, 2015). This has

been suggested as an enhancement effect, as low subglot-

tal pressure phrase-finally leads to weak voicing in this

position, and therefore may result in a reduction of the

voicing contrast. Glottalisation may then be employed as

a mechanism to support the maintenance of the contrast

(Keyser and Stevens, 2006; Seyfarth and Garellek, 2015).

Alternatively, there may have been no change in phrase-

final position and high rates of glottalisation may have

always been present. Although we consider this to be

unlikely—as noted above, glottalisation phrase-finally is

not evenly spread across voicing contexts, which suggests

that the effect is not purely phrasal/prosodic—future

work on archival data will explore this possibility further.

In our analysis of F0 differences, we found that F0

did not appear to be a robust cue to coda voicing. In an

analysis of unstressed syllables, Penney et al. (2019a)

found no significant difference in F0 across coda voicing

contexts in conjunction with high rates of glottalisation.

Here we found no significant difference in F0 across

voicing contexts for older speakers in either phrase posi-

tion or for the younger speakers in final position; for the

younger speakers, we did find a significant difference in

medial position but, critically, this was in the opposite

direction of the expected voicing cue, which would pre-

dict higher values in the voiceless context than the

voiced context. In addition to an apparent weakening of

the F0 cue to the coda voicing contrast, we similarly

found that voicing-related vowel duration differences

may be reduced in younger speakers, further supporting

the idea that glottalisation is becoming increasingly

important to maintain the voicing contrast. Penney et al.
(2018a) found that younger speakers made less use of

vowel duration in conjunction with increased use of

glottalisation, and the results here correspond with this

finding: younger speakers appear to utilise glottalisation

more and vowel duration less than older speakers.

Penney et al. (2018a) also found that for both older and

younger speakers, vowel duration differences were

greater for high vowels, and correspondingly glottalisa-

tion was used less on high vowels. Cross-linguistically,

glottalisation tends to favour low vowels (Brunner and
_Zygis, 2011; Malisz et al., 2013). Here we also found

that voicing-related vowel duration differences were

greater on high vowels and we found evidence to sup-

port glottalisation being utilised more on low vowels

than high vowels: more glottalisation was found for low

vowels in both voicing contexts generally, younger

speakers produced significantly more glottalisation on

low vowels in medial position, and there was a strong

trend for older speakers to produce more glottalisation

on low vowels in phrase-final position. This may suggest

that glottalisation is carrying increasing weight in signal-

ling the coda stop voicing contrast alongside a concur-

rent weakening of other voicing cues such as F0 and

preceding vowel duration differences. Penney et al.
(2018b, 2020) have found that AusE listeners interpret

glottalisation as a strong cue to coda voicelessness in

perception, even when combined with vowels of a dura-

tion that would otherwise produce the percept of

a voiced coda. Taken together, these results support a

reweighting of cues to the coda voicing contrast, with

the contrast increasingly being maintained by glottalisa-

tion. As glottalisation has also been suggested to be a

possible strategy for enhancement of the coda voicing

contrast in American English (Keyser and Stevens,
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2006; Pierrehumbert, 1995; Seyfarth and Garellek,

2015), future research should examine voicing-related

vowel duration and F0 differences in that variety as well

to explore whether a reweighting of voicing cues in

association with glottalisation may be occurring more

generally.

V. CONCLUSION

In this paper, we have shown that glottalisation occurs

in conjunction with voiceless coda stops in phrase-medial

position as well as in phrase-final position, and thereby con-

firmed that previous reports of coda glottalisation in AusE

cannot (solely) be attributed to phrase-final creaky voice. In

phrase-medial position, younger speakers utilised glottalisa-

tion more than older speakers, but phrase-finally rates of

glottalisation increased for all speakers, with older speakers

appearing to utilise glottalisation more similarly to younger

speakers. This may suggest that glottalisation as an ongoing

change to the variety is more advanced in phrase-final posi-

tion: older and younger speakers utilise glottalisation as a

cue to coda voicelessness similarly in final position; younger

speakers, as leaders of the change, appear to have general-

ised the use of glottalisation to medial position, whereas the

change is less advanced for older speakers for whom glottal-

isation is more prosodically restricted. In addition, we have

found evidence to support the suggestion that glottalisation

is increasingly used by younger speakers to cue coda voice-

lessness amid a reduction of other cues to coda stop voicing.

In future work, we intend to incorporate a more extensive

set of potential cues to coda voicing (e.g., voice bar, F1 tran-

sition, closure duration, release burst duration/intensity) in

addition to those examined here to establish the relative

weighting of each cue’s contribution to the contrast. We will

also extend our analysis to examine phrase-medial glottali-

sation in a wider range of environments to explore the extent

to which the spread of glottalisation may be phonetically

conditioned.
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APPENDIX

FIG. 11. Spectrogram, waveform, and F0 traces of the word bart produced

with glottalisation. Upper panel shows spectrogram and waveform; lower

panel shows F0 trace during the vowel segment estimated with STRAIGHT

(black line) and REAPER (grey line) pitch trackers.

FIG. 12. Spectrogram, waveform, and F0 traces of the word bart produced

with glottalisation. Upper panel shows spectrogram and waveform; lower

panel shows F0 trace during the vowel segment estimated with STRAIGHT

(black line) and REAPER (grey line) pitch trackers.
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1Though see Dallaston and Docherty (2020), who demonstrate that young

female speakers are overrepresented in studies on the prevalence of

creaky voice and suggest that this might in turn reinforce the common
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and Garellek, 2018). Although STRAIGHT has been shown to perform
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