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ABSTRACT

Research has shown that many phenomena tradition-
ally treated as categorical (e.g., t/d-deletion) may
actually be the outcome of gradient phonetic pro-
cesses. The current study extends this approach to
th-stopping, the realization of dental fricatives /θ ð/
as stops, to test whether it is better explained as the
outcome of gradient phonetic strengthening, rather
than a categorical phonological process, as gener-
ally assumed. Analysis of the acoustic and articu-
latory characteristics of /ð/ in a corpus of Standard
American English speech shows that, as predicted,
stopped /ð/ retains a dental place of articulation
and is more likely to occur in ”strong” (prominent)
prosodic contexts while being disfavored in ”weak”
(articulatorily open) segmental contexts. However,
comparison with non-categorical measures of conso-
nant strength (duration and tongue-tip constriction)
shows that the latter do not systematically align with
predictors of stopping likelihood. These findings
suggest that th-stopping is not the endpoint of gra-
dient gestural strengthening.
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1. INTRODUCTION

Empirical work over the past several decades has
provided evidence that many cases of weaken-
ing/reduction that have traditionally been treated as
categorical phonological alternations may in fact
be the result of gradient phonetic processes. This
has been argued, for instance, with English t/d-
deletion [4, 23], alveolar flapping [11, 9], and schwa
deletion [8].
However, these kinds of studies have generally

been limited to examining weakening/lenition phe-
nomena, which involve a decrease in gestural con-
striction or duration [5]. By contrast, strengthen-
ing/fortition processes, which involve an increase
in consonantal constriction or duration have not at-

tracted similar interest. A promising case study
along such a line of inquiry is th-stopping, a well-
documented process across dialects of English that
involves the realization of dental fricatives /θ ð/ as
stops [3]. Although th-stopping has generally been
treated as a simple categorical alternation between
stops and fricatives (e.g., [7]), there are two main
bodies of evidence that support a more nuanced pic-
ture of this process.
The first comes from acoustic studies of den-

tal fricatives in continuous speech, which suggests
that their phonetic realization in fact spans a whole
spectrum of variation, from deletion on the one ex-
treme [15] to complete occlusion on the other [28],
and with intermediate affricate realizations also at-
tested [18, 10]. In addition, comparisons of stopped
/ð/ with /d/ in Standard American English have
shown that the two sounds have distinct acoustic pro-
files [29], suggesting that stopping preserves a dental
place of articulation and involves no major change in
articulatory target.
The second body of evidence comes from the dis-

tribution of th-stopping, which is conditioned by the
same factors that have been shown to affect the gra-
dient phonetic realization of consonants elsewhere.
For example, th-stopping has been shown to be more
likely at prosodic domain edges such as utterance-
or phrase-initially, with the likelihood of stopping
increasing as one advances up the prosodic hierar-
chy [28]. These same (domain-initial) prosodic con-
texts have been shown to predict gradient consonant
strengthening (increased linguopalatal contact and
longer segmental durations) across languages [16],
displaying the same cumulative pattern. At the same
time, segmental contexts that disfavor th-stopping
have also been shown to predict gradient weaken-
ing of consonants elsewhere. For instance, stopping
is strongly disfavored when the target is flanked by
an open segment, such as a preceding vowel. Re-
search has shown that the aperture of flanking vow-
els can affect consonant constriction, with the degree
of weakening generally increasing in more articula-



torily open contexts [17]. For example, Romero [25]
showed that Spanish stops systematically exhibit
less articulatory constriction in the context of a low
vowel than a high vowel, presumably due to the in-
creased distance the tongue must travel in the former
case.1
If th-stopping is a gradient endpoint of gestu-

ral strengthening, then contextual factors that have
been linked to such strengthening (domain-initial
position) should predict not only higher likeli-
hood of stopping, but also increased target du-
ration/constriction, even when the target is not
stopped. Analogously, factors associated with gra-
dient weakening of consonants (open/low vowels)
should predict both reduced likelihood of stopping
and a reduction in duration/constriction. By contrast,
if th-stopping is a phonological process, we may ob-
serve gradience in the phonetic realization of the tar-
get, but expect no correlation between likelihood of
stopping and consonant strength. A change in place
(e.g., to alveolar) would also support a phonological
explanation, because a phonetic mechanism does not
predict a change in articulatory target.

2. METHODOLOGY

2.1. Data

To test these questions, the present study examines
the effects of prosodic, segmental, and lexical factors
on the phonetic realization of 7486 tokens of /ð/ in
the X-ray Microbeam Speech Production Database
(XRMBDB) [26]. The XRMBDB utilizes a point-
tracking system to monitor the position of small
(~3mm) gold pellets attached to the active articula-
tors and other areas in the vocal tract, and the re-
sulting data are synchronized with the acoustic sig-
nal. The participants, 48 speakers of Wisconsin En-
glish, performed oral motor tasks (e.g., swallowing,
repetition of dummy syllables) and read words in
isolation, sentences, and short passages. Many sen-
tences found in the XRBMDBwere selected directly
from previous speech production corpora such as
the TIMIT database [12]. Due to technical issues
in extracting point-tracking data for 7 subjects, the
present study excludes those participants, making for
a total of 41 speakers. In addition, because of model
convergence issues due to the relatively small num-
ber of /θ/ tokens (1229) in the data, only the results
of the /ð/ analysis are reported here.

2.2. Data preparation

Acoustic recordings from the XRMBDB were
automatically transcribed using the Penn Forced

Aligner [27] and subsequently hand-corrected by re-
search assistants trained in phonetic transcription. A
burst detector [14] was then run on each /θ ð/ token
in the data. This script detects burst-like transients
in the speech signal by comparing successive 5 ms
windows in the spectrum and waveform, searching
for the areas of maximum difference, and assigns a
burst-strength score using a linear discriminate func-
tion trained on stop bursts in the TIMIT corpus. For
/ð/, this yielded burst-strength values ranging from 0
to 7.02 (M = 0.90, SD = 1.25). For reference, values
for /d/ ranged from 0 to 7.50 (M = 1.03, SD = 1.82).
A threshold for burst strength was then selected

and tokens were automatically classified as stopped
or non-stopped, based on whether they met this cut-
off. This was done by selecting a single subject and
binning all tokens of /θ ð/ in their data for which a
burst score was returned into 0.5 increment burst-
score windows. Following previous studies that
have used the presence of a burst as a marker of
stopping [28], tokens in each window were manu-
ally hand-checked to ensure the presence of a visi-
ble burst in the spectrum and waveform as well as
an audible burst in the sound file. Each token was
classified as stopped only if it met all three crite-
ria. The threshold was then set at the lowest value
of burst strength above which 70% or more of to-
kens were classified as being stopped. A total of 136
tokens were thus analyzed, and the threshold was set
at 1.0, corresponding to the 1.0-1.5 window. At the
selected threshold, 36% of /ð/ tokens were classified
as stopped (compared to 50% of /d/ tokens).
Tongue-tip aperture for each token of /ð/ was also

determined by calculating the minimum distance be-
tween the (x,y) coordinates of the tongue-tip pellet
(T1) and those of the palate (Pal), using an adapted
Python script (Susan Lin, p.c.) with the equation in
(1).

(1) TT ap =
√
(T1x − Palx)2 + (T1y − Paly)2

Finally, duration was calculated based on the hand-
corrected segmental boundaries for each token of /ð/,
and place of articulation was calculated by taking the
maximum x-value of the tongue-tip pellet for each
token of stopped /ð/, fricative /ð/, and /d/.

2.3. Analysis

Likelihood of stopping, tongue-tip (TT) aperture,
and duration were analyzed with mixed-effects re-
gression modeling using the lme4 package [1] in
the statistical software R [22]. Logistic regres-
sion [13] was used to predict the likelihood of stop-
ping, while the continuous measures (TT aperture



and duration) were analyzed using linear models, fit-
ted to the subset of tokens that were not stopped
(since stopped tokens will necessarily be more con-
stricted then non-stopped ones). All three models
had near-identical effects structure (the linear mod-
els also included duration or TT aperture as predic-
tors in order to test the relation between these vari-
ables, following previous studies [16]). All three
models included random intercepts for speaker and
word, and fixed effects for word position (word-
initial, -medial, or -final), preceding context (low,
mid, or high vowel; fricative/affricate, liquid, nasal,
stop, or pause), following context (low, mid, or high
vowel), lexical stress (stressed or unstressed, based
on hand-corrected phonetic transcriptions), lexical
class (function or content word) and lexical fre-
quency (log10 frequency measures from the SUB-
TLEX corpus [6]). Although the lexical factors
(word class, word stress, and word frequency) are
not of primary interest for the present study, they
were included as predictors in the regression anal-
yses since they are theoretically motivated by previ-
ous studies of th-stopping [7, 10, 21, 2]. They were
thus included as controls even if they failed to sig-
nificantly improve model fit. Finally, place of ar-
ticulation of stopped /ð/, fricative /ð/, and /d/ were
analyzed using mixed-effects linear regression, with
random intercepts for speaker and word and a single
main effect of phone.

3. RESULTS

Results showed that prosodic, segmental, and lexical
factors were significant predictors of stopping (Table
1). A likelihood ratio test revealed that both preced-
ing and following context were significant (χ2(7) =
559.25, p < 0.001 and χ2(2) = 9.85, p < 0.01, re-
spectively), as were word position (χ2(2) = 6.39,
p < 0.05) and word frequency (χ2(1) = 35.34, p <
0.001). Predictors that favored stopping included
a preceding stop, phrase-initial position (preceding
pause), and word-final position and word-intitial po-
sition (although the latter only approached signifi-
cance). Factors that disfavored stopping included
high lexical frequency, a preceding liquid, or nasal,
and, as predicted, a flanking low vowel (whether pre-
ceding or following).
Tongue-tip aperture of /ð/ (Table 2) was condi-

tioned by preceding context (χ2(7) = 54.90, p <
0.001), following context (χ2(2) = 29.50, p < 0.001),
and duration (χ2(1) = 22.91, p < 0.001). Word
position approached significance (χ2(2) = 4.34, p
= 0.114). Factors predicting decreased TT aper-
ture (greater constriction) included increased dura-

Table 1: Model estimates for log likelihood of
stopped /ð/.

Est. SE
(intercept) 0.60 0.39
following low vowel -0.34** 0.12
following mid vowel -0.006 0.07
preceding low vowel -0.73* 0.30
preceding mid vowel -0.34. 0.18
preceding high vowel 0.071 0.17
preceding liquid -0.46*** 0.13
preceding nasal -0.97*** 0.15
preceding stop 1.42*** 0.11
preceding pause 1.02*** 0.10
target word-final 1.30* 0.52
target word-initial 0.74 . 0.39
stressed word -0.05 0.09
function word 0.49 0.39
log word frequency -0.48*** 0.080

*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1

Table 2: Model estimates for /ð/ stopping likeli-
hood, minimum tongue-tip aperture, and duration.
Results consistent with hypotheses are in boldface.

stop TT ap dur
(intercept) 0.59 31.70*** 60.79*
foll low vow -0.34** 4.94** 7.36
foll mid vow -0.01 3.39*** -8.37***
prec low vow -0.73* -3.79* 13.59*
prec mid vow -0.34. -2.77* 9.32**
prec high vow 0.07 0.31 7.69*
prec liquid -0.46*** -2.00* 12.86***
prec nasal -0.97*** -1.16 -9.55***
prec stop 1.42*** -6.69*** -8.76**
prec pause 1.02*** -4.94 25.84***
word-final 1.30* -6.32 -16.09
word-initial 0.74. -6.91* -10.13
stressed word -0.05 00.24 4.70*
log word freq -0.48*** 1.03 -0.59
func word 0.49 0.13 20.23
TT aperture – – -2.05***
duration – -0.03*** –
*** p < 0.001, ** p < 0.01, * p < 0.05, . p < 0.1

tion, word-initial position, and a preceding stop, low
vowel, mid vowel, or liquid. The reverse pattern
was observed for following vowels: in both cases, as
predicted, low and mid vowels predicted increased
tongue-tip aperture relative to high vowels, with a
greater effect observed for low vowels.
Duration of /ð/ (Table 2) was significantly affected

by preceding context (χ2(7) = 348.04, p < 0.001),



Figure 1: Density plots of maximum tongue-tip x-values for /d/ and stopped and fricative /ð/. Note that distances
are relative to a landmark on themandibular incisors; values closer to 0 indicate amore anterior place of articulation.
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following context (χ2(2) = 27.53, p < 0.001), lexical
stress (χ2(1) = 5.71, p < 0.05), and tongue-tip aper-
ture (χ2(1) = 17.55, p < 0.001). Increased duration
was observed with decreased TT aperture, in phrase-
initial position, in stressed words, as well as with
preceding high vowels, mid vowels, liquids, and
low vowels (in increasing order of magnitude). De-
creased duration was observed with preceding stops
and nasals. Contra predictions, following mid vow-
els predicted increased duration compared to high
vowels.
Finally, results showed significant place of articu-

lation differences between fricative /ð/, stopped /ð/,
and /d/ (χ2(2) = 315.78, p < 0.001), which had mean
tongue-tip x-values of 7.87 mm, 7.54 mm, and 13.81
mm, respectively (Figure 1).

4. DISCUSSION

The pattern of results reported in this study provides
mixed support for the hypothesis that stopping of /ð/
in Standard American English is the result of gradi-
ent gestural strengthening. On the one hand, con-
sistent with hypotheses, prosodic contexts that have
been shown in previous research to predict gradi-
ent strengthening of consonants also favored stop-
ping of /ð/, which was more likely domain-initially
than domain-medially. Moreover, factors that have
been shown to result in gradient weakening of con-
sonants (articulatorily open flanking segments) also
decreased the likelihood of stopping, such that low
vowels (whether preceding or following) disfavored
stopping more strongly than non-low vowels. Fi-
nally, both stopped /ð/ and fricative /ð/ displayed a
substantially more anterior tongue-tip than /d/, sug-
gesting that stopping does not involve a change in

articulatory target.
On the other hand, however, the present study

fails to find a reliable relationship between likeli-
hood of stopping and gradient measures of conso-
nant strength (duration and tongue-tip constriction).
Not a single significant predictor of stopping was
able to also predict the patterns of both TT apera-
ture and duration in the expected direction. Factors
correctly predicted to favor stopping (domain-initial
position) did not reliably predict increased constric-
tion or duration in the portion of the non-stopped
data, nor did factors correctly predicted to disfavor
stopping (low vowels) reliably predict weakening. A
mismatch between stopping likelihood of /ð/ and TT
aperture/duration elsewhere may be due to assimila-
tion to preceding segments, which has been attested
with laterals [20], nasals [19], and stops [28]).
Thus, the data do not fully support a picture of

/ð/-stopping in American English as being the ex-
treme endpoint of a gradient gestural strengthening
process. While the contextual distribution of stop-
ping was as predicted, the disconnect between the
gradient realization of the target and the likelihood
of stopping is inconsistent with a phonetic mecha-
nism. Rather, /ð/-stopping appears to be a variable
phonological substitution process that is sensitive to
fine-grained phonetic and prosodic factors.
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