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ABSTRACT

Non-native  speech production is frequently
characterized by its deviation from native
pronunciation. Among segments, previous work has
largely focused on describing the separation between
native and non-native speakers at the level of
individual phonetic categories. An additional
hallmark of L1 pronunciation is the presence of
systematic relationships within and among phonetic
categories. For example, mean voice onset times
(VOT) strongly covary among aspirated stop
consonants across L1 speakers of American English.
The present study examined whether L2 English
speakers from various L1 backgrounds differ from
native speakers in the relationship of VOT among
word-initial /ptk/. Despite differences in the overall
realization, L2 speakers resembled native English
speakers in the degree of VOT covariation between
stop-specific means and variances, as well as between
/ptk/. These findings have important implications for
the perception of accented speech, as listeners could
employ structured relationships to facilitate
adaptation despite non-native realizations of
individual phonetic categories.

Keywords: voice onset time, L2 English, uniformity,
speaker variation, corpus phonetics

1. INTRODUCTION

Conventional knowledge holds that L2 speech is
more variable than L1 speech: contributing factors
include unfamiliarity and uncertainty in the necessary
gestures and phonetic targets for native-like
realizations [4, 22, 24, 31]. Indeed, non-native speech
production is frequently characterized by its deviation
from native pronunciation [12, 27, 30]. Among
segments, previous work has largely focused on
describing the separation between native and non-
native speakers at the level of individual phonetic
categories as quantified by perceived production
accuracy by native listeners [e.g., 10-11, 13] or by the
phonetic degree of separation between native and
non-native realizations [e.g., 1-2, 11, 14, 18].

More recent work has demonstrated that L2
speech is not always more variable than L1 speech.
Variation can instead depend on factors such as the
linguistic feature under analysis, as well as its

instantiation and inherent variability in the speaker’s
L1 [29]. For example, the degree of variation in voice
onset time (VOT) of voiced and voiceless consonants
largely reflects the typical distribution of VOT in the
native language: native Mandarin speakers produced
Japanese voiceless stops with more variable VOT and
Japanese voiced stops with less variable VOT relative
to native Japanese speakers [29]. While Mandarin
speakers primarily produced short-lag VOT values
for Japanese voiced stops, Japanese speakers
employed both lead and short-lag VOT.

These findings highlight the fact that variability
in L2 speech is not random. Limited variation in part
reflects properties of the L1 system, which may be
inherently less variable than the L2 system.
Moreover, to the extent that listeners adapt to L2
speech in perception, variability cannot be
unconstrained within the phonetic system [1]. Mutual
intelligibility between native and non-native speakers
indicates that aspects of the L2 phonetic system must
be preserved, even if individual segments have a non-
native realization. These observations lead to the
question as to how linguistic, structural factors in the
phonetic system may constrain variability in L2
speech.

In the present study, we investigated constraints
on variability in L2 English VOT in the realization of
word-initial, prevocalic voiceless stop consonants.
Previous research has identified strong, positive
relationships between talker-specific mean VOTs and
corresponding standard deviations, indicating
increased variability with longer means [7, 28]. There
are also well-known systematic relationships of VOT
across place of articulation, in which VOT generally
increases with more posterior places of articulation
[6, 19]. Chodroff & Wilson [8] identified that the
VOT relationship across place of articulation is much
tighter than might be expected given a mere ordinal
constraint requiring the VOT of /p/ to be less than the
VOT of /k/: talker mean VOTs strongly covary
among place of articulation, indicating mutual
predictability between an individual’s stop-specific
VOT values. Systematic investigation of these
phenomena, however, has largely been limited to L1
speech production.

The current study therefore examined whether L2
English speakers maintained systematic relationships
in VOT that have been observed in the realization L1
English /ptk/. L1 English /ptk/ in word-initial position



is notably produced with aspiration, which manifests
acoustically as long-lag VOT. The L2 speakers in the
study come from varied L1 backgrounds: while all
represented L1s have a voiceless stop series with all
three places of articulation, several L1s are non-
aspirating languages with short-lag VOT (e.g.,
French, Spanish). Most speakers produced long-lag
VOTs, yet the variability in overall VOT was
nonetheless greater across L2 speakers than across L1
English speakers. Critically, L2 speakers resembled
native English speakers in the degree of VOT
covariation between stop-specific means and
variances, as well as among the voiceless stop
categories.

2. METHODS
2.1. Corpus description

The present analysis employed connected speech in
English from L1 and L2 English speakers. The data
were obtained from the Archive of L1 and L2
Scripted and Spontaneous Transcripts and
Recordings (ALLSSTAR) Corpus, which contains
connected and spontaneous English speech samples
from over 100 L1 and L2 speakers of English [3].
Though not analyzed here, the corpus also includes
matched L1 recordings for each L2 English speaker.
The connected speech subset of the corpus contains
five production tasks: two Hearing in Noise tasks (60
sentences each), a sample from the United Nations
Declaration of Human Rights (20 sentences), a
sample from the short story Le Petit Prince (30
sentences), and The North Wind and the Sun passage
(4 sentences). These tasks were completed by 140
speakers from the Northwestern University
community. There were 26 native, monolingual
speakers of American English (14 female) and 102 L2
English speakers (36 female), representing 19
language backgrounds. These were Cantonese (14
speakers), Farsi (3), French (1), German (2), Gishu
(1), Greek (1), Gujarati (1), Modern Hebrew (4),
Hindi (5), Indonesian (1), Japanese (3), Korean (11),
Mandarin (16), Brazilian Portuguese (5), Runyankore
(1), Russian (5), Spanish (11), Turkish (13), and
Vietnamese (4).

2.2. Stop segmentation and measurement

The script for each task was automatically aligned to
the audio files using the FAVE-align system [23]. The
boundaries of word-initial, prevocalic voiceless stop
consonants were further refined with AutoVOT,
which returns the optimal boundaries corresponding
to the stop release and following vowel onset within
a pre-specified window of analysis [15]. To set the
window of analysis, the original boundaries from
FAVE were extended an additional 30 ms in each
direction, and the minimum permissible VOT was set

to 10 ms. The word ‘to’ was omitted from analysis
because of its tendency to undergo reduction.

An estimate of the automatic boundary error was
obtained through manual measurement of 638 stop
consonants, randomly selected (~5% of stops under
analysis). Of the manually measured stops, 12
instances did not contain a stop release, and were
therefore removed. The RMS error between the
automatically and manually aligned VOTs was 16 ms
(/p/: 27 ms, /t/: 20 ms, /k/: 14 ms). An additional 567
VOTs with values equal to the minimum permissible
duration of 10 ms were hand-corrected. Of those, 59
instances were removed for lacking a stop release.
VOT was measured as the duration between the
AutoVOT-defined boundaries or when available, the
manually defined boundaries. For each speaker,
values 2.5 standard deviations beyond the mean were
considered potential measurement errors and
excluded (145 values). A total of 12,624 stops was
available for analysis. Per speaker, there was a
maximum of 28 /p/s, 26 /t/s, and 47 /k/s, and the
median number per speaker was within one to two
tokens of the maximum.

3. RESULTS

The results section is organized as follows: we first
present the summary statistics for talker VOT means
and standard deviations (SD), followed by the
analysis of VOT relationships. The VOT relations
considered here were the covariation between talker
mean and SD, the ordinal relationship of VOT means
across place of articulation, and the covariation of
talker mean VOTs among place of articulation.

The mean and range of talker VOT means for L1 and
L2 speakers are presented in Table 1 and shown in
Figure 1. L2 speakers produced a range of VOT
means, spanning traditional short-lag to long-lag
VOT values. Several, though not all, L2 speakers
which lack aspiration in their L1 were nevertheless
capable of producing VOT within the long-lag region.
For example, two native Spanish speakers had
average VOTs around 68 ms, even though Spanish
voiceless stops are produced with short-lag VOT.
Exactly 15 L2 speakers had average VOTs below 35
ms. (We used 35 ms as a rough boundary between
short-lag and long-lag VOT as this value reflects a
general auditory boundary in human and animal stop
perception [16].) The native languages of those
speakers were Greek (1 speaker), Hindi (4), Japanese
(1), Brazilian Portuguese (3), Runyankore (1),
Russian (1), Spanish (3), and Turkish (1). Apart from
Hindi and to some extent Japanese, these languages
are typically described as having unaspirated stop
consonants. The segmental inventory of Hindi
contains aspirated stop consonants [20]; however,
four out of five Hindi speakers had average English
VOTs less than 35 ms. Japanese stop consonants have



variably been described as unaspirated or moderately
aspirated with intermediate VOT [21].

Table 1: Mean and range of speaker VOT means
(ms) for L1 and L2 English speakers.

Group /p/ t/ /k/
L1 54 (34-65) 69 (46-93) 60 (41-79)
L2 42 (12-83) 56 (11-100) 59 (24-90)

While L2 speakers exhibit a much larger range of
VOT means than L1 speakers, previous research has
indicated structure in the relationship between the
mean and SD in L1 English VOT [7]. Talker-specific
means and SDs were moderately correlated within
each stop category for L1 speakers, though the
correlation for /t/ did not reach significance at a
Bonferroni-corrected alpha of 0.008 (rs: /p/ 0.56, p =
0.003, /t/ 0.46, p = 0.04, /k/ 0.56 p = 0.003).
Correlations were moderate to strong and significant
for L2 speakers (rs: /p/ 0.75, /t/ 0.63, /k/ 0.72, ps <
0.008). Though the correlations are numerically
stronger across L2 speakers, no significant difference
was observed in the correlational magnitudes
between L1 and L2 speakers for /p/ (p = 0.14), /t/ (p
=0.28), or /k/ (p = 0.22), as assessed using Fisher’s r-
to-z transformation. Overall, correlations between the
mean and SD may be stronger among short-lag
productions (or for lower VOTs more generally),
which accords with the strong correlations found for
English short-lag stops /bdg/ [7].

Table 2: Percent adherence to canonical ordinal
relationships in VOT among L1 and L2 English
speakers.

Group /p/ </t/ t/ </k/ p/ </k/
L1 96% 15% 85%
L2 87% 64% 93%

To examine the relationships of talker VOT
means across place of articulation, we first assessed
the degree to which speakers adhered to the expected
ordinal relationship in which VOT increases with
more posterior places of articulation (/p/ < /t/ < /k/;
Table 2). Among L1 speakers, the VOT of /k/ was
most often shorter than the VOT of /t/. Previous
studies have reported deviation from the canonical
ranking between /t/ and /k/ for several varieties of
English (American: [8, 32]; British: [9, 26]). The
ranking between /t/ and /k/ among L2 speakers was
relatively more variable than between other stop
pairs, but unlike native English speakers, most
speakers preserved the canonical ranking of /t/ < /k/.

Though L1 English speakers had a longer VOT
for /t/ than /k/, the ordinal rankings fail to reveal the
extent to which /k/ exceeds /t/, and whether this
difference is realized consistently across speakers.

Moreover, L2 English speakers may nevertheless
preserve relationships among /ptk/ that are similar to
L1 speakers even if the ordinal rankings differ
slightly. As shown in Figure 1, correlations of talker
mean VOTs between place of articulation were quite
strong (rs > 0.70; ps < 0.001), and did not
significantly differ in magnitude between L1 and L2
speakers (zs: /p/-/t/ 0.39, p = 0.70; /t/-/k/ 0.87, p =
0.87; /p/-/k/ -0.29, p = 0.77).

Figure 1: Correlations of talker VOT means
between a) /p/ and /t/, b) /t/ and /k/, and ¢) /p/ and
/k/ across L1 English speakers (X) and L2 English
speakers (+) with the best fit linear regression lines
for each group (L1 = solid, L2 = dashed). The
marginal histograms reflect the range of talker VOT
means for each stop category.
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Simple linear regressions were also fit between
place-specific talker means for L1 and L2 speakers to
further assess the relation between place-specific
talker means (Table 3). Among L1 and L2 speakers,
the regressions indicated that with longer VOT
means, the VOT of the canonically lower stop
approached the VOT of the higher one at increasing
rates (slopes < 1). In some cases, and especially
between /t/ and /k/, the VOT of the canonically lower
stop often surpassed the canonically higher one.

Table 3: Simple linear regressions predicting
talker-specific VOT means for one place of
articulation (left of tilde) from a second place (right
of tilde). Asterisks reflect p < 0.001.

Group Parameter | /t/ ~/p/ /k/I~/t/  /k/~/p/

L1 Intercept | 19.14 20.15 18.65

Slope 0.94* 0.58* 0.78*
L2 Intercept | 25.34*  27.02%* 33.45%
Slope 0.78* 0.56* 0.62*
4. DISCUSSION

L2 English stop VOT means encompassed a greater
range than those found in L1 English. While several
L2 speakers produced VOT values within a native-
like long-lag range, several speakers produced short-
lag VOTs. Highly comparable relationships among
VOT parameters were observed between L1 and L2
English speakers. Talker means and SDs were weakly
correlated across L1 speakers and moderately to
strongly correlated across L2 speakers. The
relationship between the mean and SD may simply be
stronger among short-lag values, which is consistent
with previous findings for English short-lag /bdg/ [7].
Moderate differences were observed between groups
in the ordinal relations, particularly with respect to the
ranking between /t/ and /k/, in which the VOT of L1
English /k/ was somewhat lower than expected given
the canonical rank relationship. Nevertheless, strong
covariation of talker mean VOT was observed among
places of articulation with near identical magnitudes
for both L1 and L2 speakers. The simple linear
regressions revealed a general tendency for
differences among place-specific means to decrease
with longer VOT values.

Several studies on VOT examine how L2
speakers differ in the realization of VOT from L1
English speakers [1, 5, 17, 25]. Previous work,
however, has largely focused on describing the
separation between native and non-native speakers at
the level of individual phonetic categories, with
relatively minimal discussion with regards to the
relation between those segments. Moreover,
exploration of systematic relationships among L2
VOT has been quite limited. While a few studies have
examined rank relationships in L2 VOT [17, 25],
investigation of the degree of systematicity in VOT

through correlation analysis is a novel aspect of the
present study and offers important insight into the
structure of the L2 grammar.

These findings have implications for the
phonetics-phonology interface and structure of the L2
grammar, as well as for perceptual adaptation to
accented speech. Systematic relationships of VOT
among stop categories for both L1 and L2 speakers
indicate that the phonetic specification for these
differing segments cannot be independent of one
another. Covariation could arise from a uniformity
constraint on the laryngeal specifications giving rise
to the measured VOT. A similar glottal spreading
duration and temporal alignment to the oral
constriction for each place of articulation would result
in minor differences in VOT [6, 19], and
simultaneously account for covariation due to
underlying identity across talkers [8]. The uniformity
constraint would target the phonetic implementation
of the natural class by constraining the phonetic
targets for the shared distinctive feature value or
gestural constellation to be uniform regardless of co-
occurring features or gestures within each segment.
The findings presented here indicate that uniformity
may also constrain phonetic implementation in the L2
grammar to some degree.

Assuming a uniformity constraint, it may appear
that L1 English deviates from the cross-linguistic
tendency for the VOT of /t/ to be less than that of /k/.
Given the patterns observed for L2 English, English
/k/ is indeed somewhat lower than expected, and /t/
may also be slightly higher than expected. English
may marginally violate the uniformity constraint;
however, the strength of the covariation indicates that
the relationship between the laryngeal specifications
must still be strongly constrained among these
segments.

Structured relations in L2 speech could facilitate
perceptual adaptation in that listeners could use
information from one segment to refine adaptation to
other related segments. Critically, listeners could use
this structure even if the absolute phonetic realization
deviates substantially from native norms. Further
research is mnecessary to investigate perceptual
generalization in accented speech.
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