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ABSTRACT

Glottalization of coda /t, p/ is a common process in
American English. This study uses acoustic mea-
sures to determine when coda glottalization occurs
in the conversational speech of the Buckeye Cor-
pus. Vowels preceding coda /t, p/ tokens for 40
speakers were analyzed using H1*–H2*, an acous-
tic correlate of glottal constriction. Results indi-
cate that coda glottalization is more common be-
fore a sonorant, and this effect is still found phrase-
finally, even when phrasal creak is taken into ac-
count. Nonetheless, the process occurs in other en-
vironments. While we conclude that coda glottaliza-
tion may occur to enhance the voicelessness of coda
/t/ before sonorants [20, 28], we argue that this can-
not fully explain the phenomenon.
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1. INTRODUCTION

In American English, /t/ and /p/ may undergo coda
glottalization [19, 20, 7, 12, 29], which refers to ei-
ther glottal reinforcement or glottal replacement in
coda position. Glottal reinforcement occurs when
the oral gestures for coda /t, p/ are produced with
simultaneous glottal constriction: [

>
Pt,

>
Pp]. Glottal

replacement occurs when the oral gestures for coda
/t/ are replaced by glottal constriction: [P] or con-
stricted voicing. In American English, glottal rein-
forcement is found for both /t/ and /p/ in coda posi-
tion, whereas glottal replacement is attested only for
/t/. Coda glottalization occurs in other varieties of
English [25, 5, 17, 1], as well as in other languages
[7]. For example, glottal replacement is common in
German [14] and glottal reinforcement is obligatory
in many East and Southeast Asian languages [18, 6].

Previous work has shown that coda glottalization
in American English is more common for /t/ than
for /p/, and (phrase-medially) is more likely to oc-
cur when the coda precedes a sonorant, such as in
‘gate number’ [19, 20, 12]. It has been proposed
that glottalization thus serves as an enhancement of
coda voicelessness [28], particularly to prevent voic-
ing from spreading from the following segment [20].
Glottalization weakens or prohibits voicing through

increased vocal fold constriction or sustained clo-
sure. Yet phrase-finally, coda glottalization rates
generally increase [12]. This challenges the en-
hancement account, since there is often no coarticu-
latory voicing at a phrase boundary.

However, these findings are based on read speech
from two to six speakers, using a relatively narrow
selection of segment and word types. Prior identi-
fication of coda glottalization has also relied on vi-
sual inspection of voicing periodicity in waveforms.
Yet there is no straightforward relationship between
coda glottalization and irregular glottal pulses: coda
glottalization by definition involves increased glot-
tal constriction, but not all glottal constriction causes
visibly-irregular voicing [3]. Further, irregular voic-
ing is not always due to increased glottal constric-
tion preceding coda stops. For example, in Ameri-
can English, vowels can be glottalized when word-
initial and stressed [21, 4, 8], and creaky voice is
also used to mark ends of phrases and index social
identity [15, 9, 24, 23].

Thus, the goals of the present study are:
(a) to use an acoustic measure that captures in-

creased glottal constriction to test whether prior
findings on coda glottalization in American English
hold within a large corpus of spontaneous speech;

(b) to evaluate phrase-final rates of coda glottal
replacement, independently of irregular voicing;

(c) to generate hypotheses for why coda glottal-
ization occurs in American English.

2. CORPUS DATA

The data in this study come from the Buckeye Cor-
pus of spontaneous American English [22], which
consists of recorded speech of 40 adults (20 male,
20 female) from Ohio. The recordings took place
in a quiet room and were digitized at 16 kHz with
16-bit resolution. The corpus contains both canon-
ical phonemic and close phonetic transcriptions for
each word. The canonical transcriptions were gen-
erated by automatic alignment software, which were
then hand-corrected by corpus annotators to create
the close phonetic transcriptions and segmentation.

Words with syllable-final /t, p/ in both the canon-
ical form and the close transcription were ex-



tracted from the corpus. Syllabification was adapted
from [10]. Complex codas (‘kept’, ‘rant’) and
phonetically-voiced stops (/t/ realized as [R]) were
excluded. For complex codas with two stops, glot-
talization cannot be attributed to a single stop; for
complex codas with sonorant-stop sequences, the
presence of a sonorant could affect the acoustic mea-
sures of voice quality (see §3.1). Further, because
acoustic glottalization was measured on the vowel
preceding /t, p/, we excluded tokens where the tar-
get vowel was < 50 ms, as short samples are prob-
lematic for voice analyses. We also excluded very
long vowels (> 300 ms) and stops (> 150 ms),
which are likely to be hesitations or disfluencies.

3. STUDY 1: GLOTTALIZATION
ENVIRONMENTS

The first goal was to replicate previous findings, us-
ing acoustic measures, regarding the environments
that trigger coda glottalization. The primary variable
of interest in these analyses is the segment following
the coda stop. Phrase-medially, glottalization is re-
ported to be more prevalent before sonorants than
obstruents and is predicted to be more prevalent be-
fore voiced obstruents than voiceless ones [20, 12].
This pattern should be observed if glottalization is
being used as a strategy to prevent voiceless codas
from undergoing coarticulatory voicing.

3.1. Methods

Glottalization was measured using H1*–H2*, which
is the difference in amplitude between the first and
second harmonics, corrected for formant frequen-
cies and bandwidths. Lower values of H1*–H2*
are correlated with increased glottal constriction
[11, 26, 16], meaning that this acoustic measure
should reflect coda glottalization even in the absence
of visually-irregular voicing. H1*–H2* was mea-
sured on the vowel preceding each coda stop in our
dataset using VoiceSauce [27], and averaged over
the target vowel’s entire duration.

For this analysis, we took out 6224 /t/ tokens
transcribed as [P], since the segment boundaries for
[P] were coextensive with regions of glottalization.
These tokens were analyzed separately as described
in §3.1.1, but we found that all results here are qual-
itatively the same with these tokens included.

Since the accuracy of the measurements depends
on correct f 0 and formant tracking, we took several
steps to identify mistracked tokens. We excluded
tokens if f 0 increased by more than 100 Hz (for
women) or 50 Hz (for men) during the vowel, or
if the mean f 0 was > 2.5 SD from each speaker’s

mean, as these suggest erroneous octave jumps. We
also plotted F1–F2 distributions for each vowel type
by sex, removed tokens > 2.5 SD from each cate-
gory mean, and additionally hand-pruned a total of
104 vowels that were likely mistracked.

Finally, we removed tokens whose H1*–H2*
measurements were > 2.5 SD from the global mean.
Of the 5415 remaining tokens, 1549 were followed
by a breath, silence, laugh, or other non-speech
noise, and were removed from the present analysis,
in order to exclude tokens that are likely phrase-final
and where there is no immediately-following seg-
ment. In total, 3866 tokens and 274 word types are
included in the analysis of H1*–H2*.

3.1.1. Glottal stops

As a secondary measure, we examined separately
the rate of glottal replacement for /t/ codas, which
was identified using the glottal stop annotations in
the close phonetic transcriptions. Hand inspection
suggests that glottal stop annotations were largely
accurate: we inspected 1824 tokens labeled as hav-
ing a glottal stop, and identified glottal stops as hav-
ing no [t] formant transitions or release burst and
irregular voicing localized to the onset and offset
of the target stop. Of these 1824 tokens, we re-
vised only 62 annotations to glottal-reinforced [

>
Pt]

because of the presence of a [t] release burst.
This dataset included only /t/ codas, since re-

placement is not attested in American English for
/p/. Likely due to the segmentation strategy noted
above, H1*–H2* was not correlated with replace-
ment by [P] (rpb =−0.06). Of the 11,594 /t/ tokens
in the dataset, 3762 were followed by a silence or
non-speech sound and removed from this analysis,
leaving 7832 tokens and 312 word types.

3.2. Models

Using lme4 [2], we fit a linear mixed-effects model
to the H1*–H2* data described in §3.1, and a logis-
tic model to the glottal stop data in §3.1.1. The vari-
able of interest—the segment following the stop—
was Helmert-coded to test two contrasts: voiced vs.
voiceless obstruents, and obstruents vs. sonorants.

As control variables, we included three factors
that could influence voice quality: absence of a syl-
lable onset (favoring word-initial glottalization), po-
sition of the syllable in the word, and phrasal creak,
which was identified using the ‘creaky voice’ labels
provided by corpus annotators. However, when this
label was applied only to a local region around a tar-
get coda (less than twice the nucleus vowel dura-
tion), we treated the label as referring to coda glot-



talization rather than phrasal creak. For the model of
H1*–H2*, f 0 was also included as a control. Both
models included maximal converging per-speaker
random effects. Also included were per-word inter-
cepts and slopes for the two Helmert contrasts, and
intercepts for the identity of the following segment.

3.3. Results

Figure 1 shows a summary of the data; fixed-effects
estimates for the two models are shown in Table 1.
In the model of H1*–H2*, there is a significant de-
crease in the measure (i.e., more glottal constriction)
when a sonorant follows the coda stop, replicating
the findings in [20, 12]. H1*–H2* is not signifi-
cantly lower when the coda stop is followed by a
voiced obstruent, relative to a voiceless one.

The model of glottal stop replacement showed
the same pattern: glottal replacement of coda /t/ is
significantly more likely when there is a following
sonorant, but there was not a significant difference
between voiced and voiceless obstruents.

For the most part, the control variables patterned
in expected directions, as shown in Figure 1, al-
though in the model they were non-significant (stop
place was marginal, p < 0.07). This may be because
there was insufficient variation in the controls: for
example, less than 4% of tokens were word-medial
(about 75% of the data are monosyllabic function
words).

H1*–H2* (dB z) /t/→ [P]

Intercept 0.072 0.465
(0.096) (0.230)

Voiced vs. voiceless obstruent 0.023 −0.047
(Helmert comparison) (0.019) (0.168)

Sonorant vs. obstruent −0.041** 0.821***
(Helmert comparison) (0.014) (0.112)

Onset 0.007 0.006
(present: −1, absent: 1) (0.021) (0.112)

Phrasal creak 0.008 −0.352***
(present: −1, absent: 1) (0.037) (0.069)

Coda syllable position 0.020 −0.098
(word-final: −1, medial: 1) (0.031) (0.110)

Coronal vs. labial coda stop −0.050 —
(p: −1, t: 1) (0.026) —

f 0 0.351*** —
(Hz, z-score) (0.048) —

* p < 0.05; ** p < 0.01; *** p < 0.001 (adj. for multiple tests)

Table 1: Model estimates for Study 1 (SEs be-
low in parentheses). Italics show units or coding
scheme.
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Figure 1: Means of H1*–H2* measurements by
variable. Error bars show bootstrapped 95% CIs.

4. STUDY 2: GLOTTAL REPLACEMENT BY
PHRASE POSITION

Study 1 supported prior work showing that coda
glottalization (as both glottal constriction and glot-
tal replacement) is more prevalent preceding a sono-
rant. However, prior work has also reported high
rates of coda glottalization phrase-finally. Why
might coda glottalization be more common both
when the following sound is a sonorant and at the
ends of phrases? If coda glottalization occurs pri-
marily to enhance voicelessness of the coda stop (by
preventing sonorant voicing from spreading [20]),
then it is unclear why coda glottalization rates would
also increase phrase-finally, especially for utterance-
final phrases that are not followed by a speech
sound.

On the other hand, it is also plausible that phrase-
final coda glottalization is mainly an expression
of phrasal creak, which is common at the ends
of prosodic phrases in American English [15, 24].
Study 2 thus examines the effect of phrase position
only on glottal replacement, where the presence of
glottalization is probably not a result of mistaking
phrasal creak for coda glottalization. Unlike glottal
reinforcement, glottal replacement involves a glottal
stop with no coronal formant transitions during the
preceding vowel and no [t] release. Thus, even if a
vowel before coda /t/ is creaky because of phrasal
creak rather than coda glottalization, we would still
expect to see both formant transitions and a [t] re-
lease. In this study, we also attempt to control for
the presence of phrasal creak, as defined in §3.2.
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Figure 2: Proportion of /t/ codas realized as [P], by type of following segment. White bars show the proportion
realized as [P] when the /t/ was not followed by a speech sound; all of these codas were phrase-final.

4.1. Coding of phrasal position

Five coders noted whether the target word with a
coda stop was phrase-final (at the end of an inter-
mediate or full intonational phrase). The end of a
phrase was identified by lengthening of the phrase-
final vowel and/or by the presence of a following
phrase accent, pause, breath, silence, or disfluency.

This study reports a preliminary analysis of 6347
/t/ words that have been hand-coded for phrasal po-
sition; annotation of the remaining words is cur-
rently underway. Figure 2 shows the proportion of
/t/ codas that were replaced with glottal stop, by
phrase position and the following segment type.

4.2. Model and Results

A logistic mixed-effects model was fit to the anno-
tated glottal replacement data using the procedure,
variables, and coding in §3.2, with two differences.
First, phrasal position was added as a variable, in-
cluding interactions with the type of segment fol-
lowing the coda. Second, the following segment
variable was re-coded in the model to test three con-
trasts, based on visualizing the data (Figure 2): ob-
struents vs. sonorants, obstruents vs. utterance-final
tokens (those not followed by a speech sound), and
voiced vs. voiceless obstruents.

In Study 2, there was a marginal overall effect of
phrase-final position (β = 0.20, p < 0.07). As in
Study 1, there was more replacement before sono-
rants than obstruents, both phrase-medially (β =
1.51, p < 0.001) and phrase-finally (β = 0.83, p <
0.001). The sonorant effect was significantly smaller
phrase-finally (p < 0.001).

There was no significant difference between
voiced and voiceless obstruents in either phrase po-
sition. However, phrase-finally, the replacement rate
increased more before voiced obstruents than voice-
less ones (β = 0.29, p < 0.01). Utterance-final to-
kens (those not followed by a speech sound) did not
undergo more replacement than phrase-final tokens
preceding obstruents (p > 0.5).

5. GENERAL DISCUSSION

This study tested whether prior findings on coda
glottalization in American English hold across a di-
verse selection of phonological environments and a
larger number of speakers, using an acoustic corre-
late of glottal constriction, H1*–H2*, as well as cod-
ings for [P]. We find that coda glottalization is more
common predominantly before sonorants, confirm-
ing previous findings [20, 12]. On an annotated sub-
set of the corpus, we also find that the sonorant effect
still exists phrase-finally, contra [12]. These results
support a glottalized allophone of coda /t/ before
sonorants (regardless of phrasal position), whose
precise phonetic articulation ranges from glottal-
reinforced [

>
Pt] to a glottal stop [P]. This stems from

our finding that both glottal reinforcement and glot-
tal replacement are more common before sonorants.

Our results support the claim that coda glottaliza-
tion occurs when it helps to prevent coarticulatory
anticipatory voicing from a following sonorant [20].
Although coda glottalization rates were not found
to be different preceding voiced and voiceless ob-
struents, voicing is relatively weak for English ob-
struents. Thus, it may be that there is less need to
prevent anticipatory voicing in codas before voiced
obstruents relative to those before sonorants.

Utterance-finally, when there is no following
sound, glottal replacement nonetheless occurs over
50% of the time. Additionally, replacement rates be-
fore obstruents are somewhat higher phrase-finally
than medially. This suggests that there are other con-
siderations that trigger coda glottalization beyond a
need to prevent coarticulatory voicing, which would
not be present in final position. For example, it
is possible that glottalization serves to enhance the
voiceless/voiced distinction more generally. Thus, it
may enhance the relative percept of voicelessness in
final position, where cues to voicedness are weak-
ened and less reliable [13].

Nonetheless, even phrase-medially before voice-
less sounds, glottalization is hardly rare (Figure 2).
Further work is needed to better understand why it
occurs across such a wide variety of environments.
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