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The literature on perceptual learning for speech shows that listeners use lexical information to disam-
biguate phonetically ambiguous speech sounds and that they maintain this new mapping for later
recognition of ambiguous sounds for a given talker. Evidence for this kind of perceptual reorganization
has focused on phonetic category boundary shifts. Here, we asked whether listeners adjust both category
boundaries and internal category structure in rapid adaptation to foreign accents. We investigated the
perceptual learning of Mandarin-accented productions of word-final voiced stops in English. After
exposure to a Mandarin speaker’s productions, native-English listeners’ adaptation to the talker was
tested in 3 ways: a cross-modal priming task to assess spoken word recognition (Experiment 1), a
category identification task to assess shifts in the phonetic boundary (Experiment 2), and a goodness
rating task to assess internal category structure (Experiment 3). Following exposure, both category
boundary and internal category structure were adjusted; moreover, these prelexical changes facilitated
subsequent word recognition. Together, the results demonstrate that listeners’ sensitivity to acoustic–
phonetic detail in the accented input promoted a dynamic, comprehensive reorganization of their
perceptual response as a consequence of exposure to the accented input. We suggest that an examination
of internal category structure is important for a complete account of the mechanisms of perceptual
learning.

Keywords: perceptual learning, foreign-accented speech, acoustic cues, spoken word recognition, talker
accommodation

Natural speech exhibits substantial acoustic–phonetic variation
such that as speech context varies, different acoustic patterns may
denote the same linguistic information. One prominent source of
speech variability arises from talker-related characteristics (e.g.,
age, gender, idiolect, dialect, and accent). Recent research has
revealed that when speakers produce ambiguous words that devi-
ate from canonical pronunciations (including idiosyncratic pronun-
ciations, dialects, or foreign accents; see Kleinschmidt & Jaeger,
2015, for a review), listeners use top-down lexical information to

recalibrate phonetic boundaries. As such, atypical talker-related
phonetic variation is accommodated (e.g., Kraljic & Samuel, 2005,
2006; Norris, McQueen, & Cutler, 2003). For instance, if native
listeners hear ambiguous tokens (e.g., midway between /s/ and /f/)
embedded in /f/-biased words (e.g., belie?), they would interpret
the ambiguous sound as /f/. More importantly, they subsequently
categorize more consonant tokens along an acoustic continuum
(e.g., /εf/ -/εs/), especially intermediate ambiguous tokens, into the
/f/ category. This boundary adjustment extends to shifts in sensi-
tivity measured by discrimination (Clarke-Davidson, Luce, &
Sawusch, 2008) and is maintained over time for a given speaker
(e.g., Eisner & McQueen, 2006; Kraljic & Samuel, 2005).

Despite evidence that phonetic retuning bolsters rapid adapta-
tion to atypical pronunciations, including foreign-accented speech
(Reinisch & Holt, 2014; Sumner, 2011), the effects of adaptation
on the perceptual structure of a phonetic category and further on
online lexical access are not fully understood. A plethora of
research has investigated how continuous variation in the speech
signal is mapped onto discrete categories and further affects spo-
ken word recognition. This body of work establishes that phonetic
categories have a graded internal structure: Members of the same
phonetic category are not perceptually equivalent (e.g., Pisoni &
Tash, 1974) and some may be represented as better exemplars than
others, as revealed by overt judgment and covert psychological
responses (e.g., Kuhl, 1991; Samuel, 1982). Moreover, listeners
readily adjust best exemplars of a phonetic category in the face of
acoustic variation arising from contextual variables, such as speak-
ing rate or place of articulation (Miller & Volaitis, 1989; Volaitis
& Miller, 1992). In contrast, relatively little work has examined
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internal category structure with respect to long-term, talker-related
adaptation (but see Theodore, Myers, & Lomibao, 2015, for short-
term talker learning effects). Investigations have almost exclu-
sively measured phonetic retuning in terms of a recalibration of
phonetic category boundaries (Kraljic & Samuel, 2005, 2006;
Norris et al., 2003; Reinisch & Holt, 2014). The primary goal of
the present study is to investigate whether phonetic adaptation
instigates a more pervasive effect both within and between pho-
netic categories than has been previously investigated. We asked
whether lexically guided phonetic adjustments entail changes be-
yond the phonetic boundary region to also change perceived good-
ness of tokens throughout the phonetic category.

Listeners are known to track subphonemic detail in a talker-
specific manner, for example, linking talker identity with talkers’
tendency to produce word-initial stops with short versus long
voice-onset times (VOTs; Allen & Miller, 2004; Theodore &
Miller, 2010). In these studies, listeners were exposed to tokens of
two words from each speaker, all of which were typical of the
native language but showed talker differences in word-initial
VOTs. If evidence can also be established that perceived goodness
of speech tokens changes following talker adaptation driven by
phonetic retuning, then it aligns the literature on native speech
perception with that on adaptation to accented productions.

Such results are predicted by several recent theoretical frame-
works, which have attempted to provide a unifying account of
speech perception, adaptation, and speech category learning in
general by positing top-down guided distributional learning as the
underlying mechanism (e.g., Feldman, Griffiths, Goldwater, &
Morgan, 2013; Kleinschmidt & Jaeger, 2015). These frameworks
hypothesize that listeners dynamically track the probability distri-
butions of acoustic–phonetic properties, as they are associated with
native speech categories. Speech categorization then is viewed as
a probability inference problem, which requires listeners to make
estimations of the likelihood of different categories given a par-
ticular speech token. The probabilistic models predict that as
listeners encounter a speaker with atypical speech variation (i.e.,
novel statistics that are inconsistent with prior experience), they
fully track the acoustic distributions of that speaker and use top-
down information to update the probability of observing an acous-
tic property given a category, which could be captured using a
measurement of the perceived “goodness” of a token as a member
of the phonetic category. Taken together, these theories suggest
that talker adaptation should affect any region within the percep-
tual space as much as it affects the boundary region. Conversely,
if phonetic retuning is restricted to the boundary region, then it
raises the question of whether the top-down label information is
only used when the bottom-up input is ambiguous (e.g., Vong,
Navarro, & Perfors, 2016). This result would in turn challenge the
probabilistic frameworks and call for further examination on the
limits of speech adaptation. In the current investigation, we ask
whether a novel phonetic contrast introduced by Mandarin-
accented speech will show similarly pervasive effects on phonetic
categorization and internal category structure (“goodness”) and
whether these shifts will extend to lexical activation of candidate
words.

Adaptation to foreign-accented speech is well suited to address
the question of perceptual reorganization because natural foreign
accents usually not only deviate from the native categories along
multiple acoustic dimensions (e.g., Flege, Munro, & Skelton,

1992), but also exhibit much larger intratalker variability relative
to native pronunciations (Wade, Jongman, & Sereno, 2007).
Hence, we expected foreign-accented words to exhibit distinctive
acoustic patterns from native norms and elicit perceptual adjust-
ment throughout the entire acoustic–phonetic space. Of interest,
Eisner, Melinger, and Weber (2013) examined the process by
which native English listeners adapted to Dutch-accented English
in which, as in Dutch itself, final obstruents were devoiced. For
instance, word-final /d/s in this accent are acoustically and per-
ceptually similar to members of the unintended category /t/ (War-
ner, Jongman, Sereno, & Kemps, 2004) such that a word like seed
will be produced similar to the word seat. In this study, exposure
to multisyllabic words (e.g., overload) containing devoiced /d/ in
word-final position produced changes in lexical access. Specifi-
cally, the accented production of seed, sounding like [si:th], primed
the written form, SEED (auditory seed–visual SEED, henceforth
seed–SEED) to a greater extent in listeners who had heard /d/-final
words during exposure than in control listeners who did not have this
exposure; namely, there was no significant identity seed ([si:th])–
SEED priming for control listeners. This suggests that listeners ac-
cepted a Dutch-accented /d/ as a production of /d/ category only after
the critical exposure.

We adapted the paradigm of Eisner et al. (2013) and examined
perceptual adaptation to Mandarin-accented word-final stop con-
sonants across three experiments. In Mandarin, all stops are voice-
less (no /b/, /d/, or /g/ are found in Mandarin) and are categorically
distinguished by aspiration, instead of voicing. That is, the two
tokens [th] and [t] are phonologically contrastive in Mandarin, but
are allophones of the same category /t/ in English. Because of this,
Mandarin-accented stop productions demonstrate reduced or ab-
sent differences in vowel and closure durations (contrastive cues
used by American English speakers), but maintain clear distinc-
tions in burst durations (Bent, Bradlow, & Smith, 2008). As a
consequence, voiced word-final stops in the Mandarin accent (e.g.,
/d/ as in seed) are typically heard by English listeners as /t/ because
burst information is not readily exploited by native-English listen-
ers (e.g., Flege et al., 1992).

Similar to Eisner et al. (2013), we assessed adaptation effects by
examining group differences at test between participants who have
the critical exposure to /d/-final tokens and participants who do not
have such exposure. In each experiment, two groups of native-
English listeners were exposed to naturally produced Mandarin-
accented speech in an auditory lexical decision task during the
exposure phase. The experimental group heard a set of critical
/d/-final words that were devoiced in the Mandarin-accented
speech, but the control group heard only replacement words that
did not contain any example of /d/. The test task varied across
experiments. Experiment 1 examined the effect of perceptual
learning on spoken word recognition. Generalization of learning
across the lexicon was examined by exposing participants to one
set of words and testing them on a novel set. This study replicated
the methods of Eisner et al. (2013) and extended this design to also
ask whether perceptual adaptation results in changes in lexical
competition. With a successful replication in Experiment 1, Ex-
periments 2 and 3 were designed to provide a precise examination
of perceptual changes throughout the phonetic category that lead to
improved word recognition. Experiment 2 examined changes in
the phonetic category boundary using a category identification
task. Experiment 3 examined influences of learning on the internal
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structure within the phonetic category by assessing listeners’ good-
ness ratings of speech tokens as exemplars of each phonetic
category (/d/ or /t/). Lastly, behavioral data were pooled across
experiments and analyzed in combination with acoustic patterns of
accented tokens to determine whether the reweighting of acoustic
cues contributed to rapid perceptual adaptation to the foreign
accent.

Experiment 1

In Experiment 1, we investigated whether native listeners can
rapidly adapt to Mandarin-accented word-final /d/ pronunciations.
Spoken word recognition was assessed by a cross-modal priming
task. Notably, we expect an important difference in the acoustic–
phonetic distribution of sounds in Mandarin-accented English
compared to those sounds examined by past work (e.g., Kraljic &
Samuel, 2005; McQueen, Cutler, & Norris, 2006; Reinisch & Holt,
2014; Sjerps & McQueen, 2010). In previous studies, ambiguous
tokens of the to-be-adapted phoneme were created by artificially
blending tokens from contrastive categories. As such, the ambig-
uous tokens were veridically “ambiguous” in that they fell in the
middle of two contrastive phonetic distributions. In contrast, the
burst dimension utilized by Mandarin talkers creates a perceptual
contrast between a typical /t/ (intended as /d/ by the talker) and a
perceptually hyperarticulated sound (intended as /t/ by the talker).
Past research has shown that listeners can implicitly learn from the
probabilistic or distributional cues in the speech signal in an
unsupervised manner (e.g., Clayards, Tanenhaus, Aslin, & Jacobs,
2008; Kleinschmidt, Raizada, & Jaeger, 2015). Thus, if listeners
are exposed to both /d/ and /t/ words, they may use /t/-final words
as perceptual anchors, which may support adaptation to /d/-final
words only because the accented /d/ tokens sound like poor ex-
emplars of /t/ category. In this case, it would be difficult to pin
down the informational source of adaptation: higher level lexical
information or low-level acoustic distributional information. For
this reason, we followed the design of Eisner et al. (2013) and did
not include any /t/-final words during the exposure phase across all
three experiments to examine the effects of lexically guided ad-
aptation while controlling for contrastive, distributional informa-
tion.

The fact that Mandarin-accented speakers produce clear distinc-
tions between /d/ and /t/ along the burst dimension also led to one
modification to the design of Eisner et al. (2013). To assess the
actual amount of lexical competition during word recognition, we
examined not only how auditory /d/-final words primed visual
targets in an identity priming procedure (e.g., seed–SEED), but
also how they primed phonological competitors of the intended
targets (e.g., seed–SEAT). In Eisner et al. (2013), only seat–SEAT
trials were examined, although one might infer that seed–SEAT
condition would yield the same results, because word-final /d/s are
devoiced and merged with /t/ as one category in Dutch-accented
English. However, this is not the case for Mandarin-accented
English. We hypothesized that exposure to Mandarin-accented /d/
tokens would increase the match between accented input and
lexical forms, resulting in larger identity priming effect for
Mandarin-accented /d/-final words (seed–SEED type) and smaller
competitor priming (seed–SEAT type) by the experimental group
compared to the control group. In addition, following learning,
intended targets would have greater lexical activation than unin-

tended competitors in the experimental group. Alternatively, be-
cause the lack of experience with a foreign accent provides listen-
ers with no a priori prediction about the number of categories in
the accent, it is hypothetically possible that exposure to /d/-final
words (in the absence of /t/-final exposure words) causes listeners
to merge the /d/ and /t/ categories. In this case, /d/ sounds will be
treated equivalently to /t/ sounds, and then we would not only
observe an increase of seed–SEED type of priming, but also an
increase of seed–SEAT priming to a similar extent.

Method

Participants. Forty-eight monolingual English speakers with
no hearing or visual problems were recruited from University of
Connecticut. All participants were undergraduate students who
were naïve to the Mandarin language and had no or minimal
previous exposure to Mandarin-accented English. Participants
were randomly assigned to one of the two exposure groups (ex-
perimental vs. control), with half of the participants assigned to
each group. Across all experiments, participants received course
credit or monetary reward for their participation, and gave in-
formed consent according to the guidelines of the University of
Connecticut Institutional Review Board.

Speech materials. A male native-Mandarin speaker recorded
all speech materials. This speaker was a late second language
learner of English and had resided in the United States for 18
months at the time of recording. Recordings were made in a
soundproof room using a microphone onto a digital recorder,
digitally sampled at 44.1 kHz and normalized for root mean square
amplitude to 70 dB sound pressure level.

Exposure. For the experimental group, the exposure list con-
sisted of 30 critical /d/-final words (e.g., overload), 60 filler words,
and 90 nonwords. The list was identical for the control group
except for the critical words. Instead of /d/-final words, there were
30 replacement words for the control group. The replacement
words (e.g., animal) were matched to the critical -/d/ words in
syllabic length and mean lemma frequency in CELEX (Baayen,
Piepenbrock, & Gulikers, 1995). All words or nonwords were
multisyllabic and contained three to four syllables. In both condi-
tions, words were selected to meet the following criteria: (a) /d/
appeared only in word-final position, and only in critical words;
(b) no other alveolar stops, no other voiced stops or dental frica-
tives, and no postalveolar affricates occurred; and (c) no voiceless
stops (/p/ or /k/) occurred in word-final position. The same criteria
were used in the selection of test stimuli.

Test. The test list was identical for both exposure groups.
There were 60 monosyllabic /d/-final words (taken from /d/-/t/
minimal pairs such as seed–seat) and 180 monosyllabic filler
words. Mean lemma frequencies in CELEX of the /d/- and /t/-final
items were 83 (SD � 186) and 87 (SD � 126) per million,
respectively, t(59) � .159, p � .88.

Procedure. Each participant completed an auditory lexical-
decision task during exposure, which was immediately followed
by a cross-modal priming task. A between-subjects design was
used such that, during the exposure phase, the experimental group
and the control group heard items from the experimental list and
the control list, respectively. Items were presented in a random
order. For the auditory lexical decision task, participants were
instructed to decide whether each auditory stimulus was a real
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English word and to press a yes/no button as quickly and accu-
rately as possible.

The test phase was identical for both groups. Participants were
told that they would see visual letter strings (targets) presented on
the screen at the offset of the auditory words (primes) and they
should respond with a yes/no button press whether the visual
stimuli were real English words or not. On critical trials, 60 words
from /d/-and /t/-final minimal pairs appeared as visual targets, in
four different prime–target pairing types: /d/-final words as visual
targets preceded by an identity prime (e.g., seed–SEED) or an unre-
lated prime (e.g., fair–SEED); /t/-final visual targets preceded by a
minimal pair contrast (e.g., seed–SEAT) or an unrelated prime (e.g.,
fair–SEAT).Words in each set of minimal pair items were rotated over
four counterbalanced lists. Within each list, there were equal propor-
tions of the four pairing types. Noncritical trials were identical
across counterbalanced lists: 30 filler words were paired with an
identical prime (e.g., foam–FOAM) or an unrelated prime (e.g.,
male–HORN), and another 90 auditory filler words were paired
with visual nonwords (e.g., ring–WELF). Thus, among the 180
trials in each list, half the targets were nonwords. The critical trials
were evenly spaced in the test lists and for each list, there were two
reverse test orders.

Stimuli were presented using Eprime 2.0.8 running on a desktop
computer and delivered via Sennheiser HD280 headphones
(Sennheiser, USA) at a comfortable listening level that was held
constant across participants; visual targets were shown in white
Helvetica font in lower case on a black background in the center of
the computer screen. Ten practice trials, which contained extra
filler items, were given to the participants before the actual task in
each phase. Exposure auditory items were presented with an inter-
onset interval of 3,000 ms. During test, the intertrial interval was
1,400 ms, timed from the button press response to the onset of the

next auditory prime. Visual targets were presented immediately at
the offset of the auditory prime and stayed on the screen for 2 s
unless terminated by a response. Reaction times (RTs) were mea-
sured from visual target onset. Participants were told to respond as
fast as possible without sacrificing accuracy. Responses were
made via keyboard with two buttons labeled “yes” and “no.”
Assignment of the “yes” button to the right or left hand was
counterbalanced across participants.

Acoustic patterns. Figure 1 presents the distributional prop-
erties of the test stimuli (60 /d/-final and 60 /t/-final words)
produced by the Mandarin speaker (left panel) and a male native-
English speaker (right panel; for comparison purpose). We mea-
sured three acoustic dimensions that are relevant for the voicing
contrast. In the Mandarin-accented tokens, differences in vowel
and closure durations were uninformative in cueing voicing (that
is, /d/ and /t/ tokens were not separable along these two dimen-
sions), whereas the difference in the burst release was striking.
With minimal overlap between /d/ and /t/ distributions, bursts
contained durational information that could be used to reliably
differentiate voiceless from voiced tokens. This acoustic pattern
stands in contrast with native-English productions (Figure 1, right
panel) in which /d/ and /t/ tokens are reliably associated with long
versus short preceding vowels, as well as discriminable closures,
but not with very contrastive bursts. Note that /t/-final words only
served as visual targets and never appeared as auditory primes in
this experiment, but both /d/ and /t/ test items were presented in
Experiments 2 and 3.

Results

Exposure. Response accuracy indicated that critical /d/-final
words were largely judged to be real words by the experimental

Figure 1. Probability density plots of acoustic measures (preceding vowel duration, closure duration and the
length of burst and aspiration, respectively) across all 60 minimal pairs (/d/-final vs. /t/-final words). Left panel:
Mandarin-accented speaker; right panel: native-English speaker. /t/-final words were only used in the test phase
of Experiments 2 and 3.
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group (M1 � .81, SD1 � .09) and that the replacement words were
judged with equivalent accuracy by the control group (M2 � .81,
SD2 � .09). Response accuracy for filler words (M1 � .80, SD1 �
.06; M2 � .84, SD2 � .05) and nonwords (M1 � .77, SD1 � .16;
M2 � .69, SD2 � .17) were also comparable between the two
groups.

Test. Table 1 shows mean error rates and RTs in the test
phase. Analysis of error rates did not reveal any group differences
and were omitted from discussion here. RTs for correct responses
were analyzed. Three words (plod, moot, spate) were discarded
from further statistical analysis due to below-chance accuracy in
related trials (remaining items had a mean of 93%). In addition,
responses above or below 2 SDs from the mean of each prime type
in each group were excluded from the RT analysis (4.5% of trials).

RT results were analyzed in a linear mixed-effects model, with
exposure group (experimental vs. control), target type (/d/-final vs.
/t/-final words), prime type (related vs. unrelated), and their inter-
actions as fixed effects. Random effects included by-subject inter-
cepts and by-item intercepts and slopes for priming type, which
had the maximal random effect structure justified by the data1

(Baayen, Davidson, & Bates, 2008). All the independent variables
were contrast coded as follows: exposure group: experimental � 1,
control � �1; target type: /d/-final targets � 1, /t/-final tar-
gets � �1; prime type: related � 1, unrelated � �1. As expected,
related primes elicited faster responses than unrelated primes
(� � �23.23, SE � 2.48, p � .0001). Meanwhile, /d/-final targets
elicited slower responses than /t/-final targets (� � 13.57, SE �

4.88, p � .01). There was a significant three-way Exposure
Group � Target Type � Prime Type interaction (� � �4.11,
SE � 2.11, p � .05). No other effects were significant at the .05
level. Figure 2 shows the RT priming magnitude (unrelated minus
related) as a function of exposure group and target type.

To unpack the interaction, we fitted mixed-effects models for
/d/-final targets and /t/-final targets separately, with exposure group,
prime type, and their interaction as fixed effects. For /d/-final targets,
there was a significant priming effect (� � �27.44, SE � 3.27, p �
.0001); crucially, the priming effect was significantly larger in the
experimental group than the control group, as revealed by the inter-
action effect (� � �7.58, SE � 3.24, p � .05). Thus, relative to
control participants, participants in the experimental group who
had been exposed to /d/-final words showed larger identity priming
(e.g., seed–SEED) during test. Notably, critical test words were not
heard during the exposure phase. Therefore, gains in identity
priming reflected increased compatibility between accented /d/
tokens and phonetic representations, which generalized across the
lexicon and facilitated subsequent word recognition. This result
replicated findings of Eisner et al. (2013); they found an increase
of identity priming as native-English listeners adapted to final-
devoiced /d/ in Dutch-accented English. We added two novel types
of critical trials (e.g., seed–SEAT and fair–SEAT) to Eisner et al.’s
design to examine to what extent accented /d/ tokens activate the
representation of /t/. For /t/-final targets, there was a priming effect
(� � �19.31, SE � 3.84, p � .0001) but no Exposure Group �
Prime Type interaction (� � .46, SE � 2.73, p � .87). This
suggested that responses made to /t/-final words (e.g., SEAT) were
faster following an auditory /d/-final word (e.g., seed) than fol-
lowing a phonologically unrelated word (e.g., fair), with no group
difference in the absolute priming magnitude for /t/-final targets.
Thus, exposure to critical /d/-final words increased priming for
/d/-final targets in the experimental group, without decreasing
priming for the voiceless competitor, /t/-final targets.

We further asked whether within each exposure group (experi-
mental vs. control), auditory /d/-final words elicited larger priming
for the intended item (e.g., seed–SEED) than for the phonological

1 The random effects in all models reported in the current study were
determined by a stepwise variable selection procedure. The reported model
always contained the maximal random effect structures justified by the
data. We used the lme4 package in R (Bates, Maechler, Bolker, & Walker,
2015) to conduct the analysis.

Table 1
Mean Accuracy and Reaction Time (RT) Across Participants in the Cross-Modal Priming Task
as a Function of Exposure Group in Experiment 1

Exposure condition

/d/-final /t/-final

Related prime
seed–SEED

Unrelated prime
fair–SEED

Related prime
seed–SEAT

Unrelated prime
fair–SEAT

Mean error (%)
Experimental 10 (7) 15 (13) 7 (7) 12 (10)
Control 9 (8) 18 (11) 6 (6) 13 (7)

Mean RT (ms)
Experimental 598 (89) 672 (115) 593 (96) 630 (100)
Control 577 (89) 616 (92) 553 (87) 588 (81)

Note. SD is given in parentheses.

Figure 2. Experiment 1 test results: Priming of /d/-final words (reaction
time [RT] in fair-SEED trials minus RT in seed-SEED trials) and /t/-final
words (RT in fair-SEAT trials minus RT in seed-SEAT trials) for partici-
pants exposed to critical words (experimental group) or replacement words
(control group). Error bars represent standard error of the mean.
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competitor (e.g., seed–SEAT). Starting with the control group,
there was a significant priming effect (� � �18.79, SE � 2.87,
p � .0001) but no Prime Type � Target Type interaction
(� � �.19, SE � 2.87, p � .95). The absence of an interaction
effect indicated that these listeners, who had not heard any exam-
ples of /d/ during exposure, activated the lexical representation of
both the intended words (e.g., seed) and their phonological com-
petitors (e.g., seat) almost equally. Thus, as predicted, Mandarin-
accented /d/-final words were overall perceptually ambiguous for
untrained native-English listeners. In contrast, in the experimental
group, the main priming effect (� � �26.98, SE � 3.65, p �
.0001) was modulated by a Prime Type � Target Type interaction
(� � �8.28, SE � 3.65, p � .05), reflecting larger priming for the
intended item (e.g., seed–SEED) than for the phonological com-
petitor (e.g., seed–SEAT).

Discussion

In comparison with the control participants, the experimental
participants, who had exposure to critical -/d/ words before test,
showed stronger lexical activation of /d/-final words when hearing
accented forms (e.g., seed–SEED); however, this increased acti-
vation was not at the expense of activation of /t/-final words (e.g.,
seed–SEAT). The influence of perceptual learning on the compet-
ing lexical target (e.g., seed–SEAT) was not assessed in Eisner et
al. (2013). We now compare the current results to previous studies
that investigated perceptual learning of atypical pronunciations
embedded in one’s native accent.

McQueen et al. (2006) showed a complete elimination of prim-
ing effect on phonological competitors (e.g., doos–DOOF, both
are words in Dutch) after listeners adapted to the ambiguous
fricatives (midway between /s/ and /f/) in a native Dutch accent
(see also Sjerps & McQueen, 2010). The results were taken as
evidence of thorough learning of the nonstandard sounds. How-
ever, we observed significant audio-to-visual priming for the pho-
nological competitors of the intended words (seed–SEAT priming),
indicating that the Mandarin-accented -/d/s did not fully function
like native phonemes even after the critical exposure. The discrep-
ancy between the current data and previous studies might arise for
a number of reasons. First of all, in both McQueen et al. (2006) and
Sjerps and McQueen (2010), the manipulated sound was the only
unfamiliar sound that needed to be adapted to; the rest of stimuli
were normal, clear native speech. In the current study, natural
phonetic variation that deviates from the native norm was perva-
sive in the stimuli, in the sense that many other segments (e.g.,
vowels and other consonants) also bore traces of the non-native
accent. The requirement of simultaneous adjustment to multiple
phonetic categories may change the time course of complete
learning. In addition, in these two studies (cf. Eisner et al., 2013),
listeners were exposed to unambiguous tokens of the contrasting
segment in addition to the ambiguous sound. We intentionally
excluded /t/-final words during exposure to control for any adap-
tation effects resulting from distributional learning in the presence
of contrastive cues to /d/ versus /t/ words (as illustrated in Figure
1). Had listeners been exposed to /t/-final words as well, they may
have learned to associate the acoustic distributions of /t/ tokens
with the /t/ category, and potentially achieved faster and more
complete adaptation. Finally, the overall intelligibility of our ex-
posure words was relatively lower than native speech. As a result,

increased effort in processing these words may have weakened the
activation of these lexical entries, which would in turn weaken the
retuning influence on the ambiguous phoneme. In Experiments 2
and 3, we sought to provide a more precise indication of prelexical
changes, by examining changes in the location of phonetic bound-
ary between categories and in the internal structure within the
categories.

Experiment 2

In natural speech, category membership is often determined not
by a single acoustic dimension, but by the combination of multiple
acoustic cues. Each acoustic dimension has its own distributional
characteristics and is differentially informative about phonetic
segment identity (e.g., Flege et al., 1992). As shown in Figure 1,
the acoustic properties of /d/- and /t/-final words were quite dis-
tinct from native speech when naturally produced by a Mandarin
speaker. In Experiment 2, we determined whether exposure to
nonnative accented tokens with different distributional properties
than native-accented speech results in a shift in category boundary.
The /d/-final and /t/-final minimal pairs served as test stimuli in
Experiment 2. Following an exposure phase that was identical to
that in Experiment 1, we assessed potential changes in the phonetic
category boundary using a two-alternative, forced-choice category
identification task during test. A phonetic boundary shift would be
indicated by an increase in /d/ responses for /d/-final words for the
experimental group compared to the control group.

Method

Participants. Forty-eight monolingual English speakers with
no hearing or visual problems were recruited from University of
Connecticut. Participants were randomly assigned to one of the
two exposure groups (experimental vs. control, n � 24 in each
condition).

Speech materials. The exposure stimuli were identical to
those used in Experiment 1. The test list included 60 monosyllabic
minimal pairs ending in /d/ or /t/ (e.g., seed–seat; identical to the
/d/-final words that appeared in Experiment 1 during test as audi-
tory primes). The test stimuli were organized into two blocks such
that if seed appeared in block 1, seat appeared in block 2. Each
counterbalanced block consisted of 30 /d/-final words and 30
/t/-final words; items were presented in random order within each
block.2 Compared to past studies that tested phonetic categoriza-
tion of a speech continuum (e.g., /ada/ to /ata/; Kraljic & Samuel,
2006), the current test stimuli did not have an equal number of
endpoints or equal spacing between members of a phonetic cate-
gory. However, acoustic analyses of the speech tokens indicated
that the stimuli spanned the /d/-/t/ continuum and had extreme
tokens at both ends, which was perceptually confirmed with an
identification pretest.

Procedure. During both phases, participants were told to re-
spond as fast as possible without sacrificing accuracy. The expo-

2 Note that while /t/-final words were never heard by listeners in Exper-
iment 1, in this experiment listeners heard /t/-final words during the test
phase (two-alternative, forced-choice task). However, because only mini-
mal pairs were used at test, there was no top-down lexical information
indicating the identity of the intended category (/d/ or /t/).
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sure phase was identical to that used in Experiment 1. During the
test phase, test items were presented with an intertrial interval of
2,000 ms. Participants were asked to identify the final consonant of
each item as either /d/ or /t/ by pressing an appropriately labeled
button. No feedback was provided.

Results

As shown in Figure 1, there was a fair amount of acoustic
variability in the /d/ and /t/ tokens. Consistent with the acoustic
data, the categorization results showed that the test items varied in
the degree of their perceptual ambiguity (percent /d/ responses
ranged from 0 to 100 for both /d/-final and /t/-final words). A
mixed-effects logit model was used to analyze the category iden-
tification data (see Figure 3). Mixed logit models predict the
probability of a particular response (here, a /d/ response; Jaeger,
2008). Fixed effects were exposure group (experimental vs. con-
trol) and word type (/d/-final vs. /t/-final) as well as their interac-
tion. By-item intercepts and by-subject intercepts and slopes for
word type were included as random effects. The independent
variables were contrast coded as follows: exposure group: exper-
imental � 1, control � �1; word type: /d/-final � 1, /t/-fi-
nal � �1. For the dependent measures, /d/ responses were coded
as 1 and /t/ responses were coded as 0. Positive log coefficients
indicate a log odds ratio greater than 0 (corresponding odds ratio
is greater than 1), which means that the level coded as 1 has greater
probabilities of /d/ responses than the level coded as �1. Overall,
/d/-final words (64%) elicited significantly more /d/ responses than
/t/-final words (32%) across the two groups (� � 1.00, SE � .16,
p � .0001). Crucially, there was a significant group effect (� �
.22, SE � .09, p � .05): The experimental group reported signif-
icantly more /d/ responses (51%) than the control group (45%)
overall. There was no exposure Group � Word Type interaction
(� � .08, SE � .08, p � .28). The category identification results
taken as a whole indicate that the experimental group tended to
interpret more words (both /d/-final and /t/-final) as ending in /d/
than the control group, suggesting a general boundary shift toward
the /t/-end along a /d/-/t/ continuum.

Discussion

Experiment 2 replicated previous findings on rapid perceptual
learning of ambiguous sounds (Kraljic & Samuel, 2005; Norris et
al., 2003; Reinisch & Holt, 2014): There was an increase in
identification of noncanoncial sounds as members of the recali-
brated category. Crucially, because the only difference between
the two groups was the presence versus absence of critical /d/
words during exposure, the increased /d/ reports in the experi-
mental group relative to the control group reflected learning
during the exposure phase. We did not observe any Exposure
Group � Word Type interaction, suggesting that the learning is
driven by the absorption of ambiguous tokens near the bound-
ary into the /d/ category, rather than by enhanced discrimination
between /d/ and /t/.

Experiment 3

The objective of Experiment 3 was to investigate learning
consequences on the internal structure of phonetic categories.
Perceived goodness of accented tokens was assessed by a good-
ness rating task, which tapped into listeners’ sensitivity to phonetic
detail in a more graded way than categorical membership. Theo-
dore and colleagues (2015) trained participants to associate a
talker’s characteristic voiceless stop consonant production (e.g., /k/
in cane) with either short or long VOTs. Listeners were subse-
quently asked to give goodness ratings of the speaker’s tokens
along a voiced–voiceless continuum. Their results showed that
participants who were trained with long VOTs judged tokens with
longer VOTs to be “better” exemplars than those who were trained
with short VOTs. Importantly, such changes reflected reorganiza-
tion within a category independent of any between-category
boundary shifts. Here, using a rapid phonetic adaptation paradigm,
we asked if perceptual learning of a non-native accent would have
similar influences on the phonetic structure by changing the way in
which fine-grained phonetic variation in foreign-accented tokens
are perceived by native listeners. If so, we expected to see group
differences with respect to goodness ratings of accented tokens as
exemplars of the intended phonetic categories.

Method

Participants. Forty-eight monolingual English speakers with
no hearing or visual problems participated in the experiment (with
24 participants in both the experimental and the control condi-
tions).

Speech materials. The exposure and test stimuli were identi-
cal to those used in Experiment 2.

Procedure. The exposure phase was identical to that used in
Experiments 1 and 2. Following the exposure phase, a practice
phase performed that was designed to accustom listeners to per-
forming goodness judgments on an isolated segment in the context
of globally accented speech. Participants heard 10 words ending in
consonants ranging from a good /m/ sound to a poor /m/ sound
(perceived as /n/) spoken by the accented test talker. Participants
were asked to rate the goodness of the final consonant on a scale
from 1 (very poor example of /m/) to 7 (very good example of /m/).
We reasoned that despite of the strong accent in all words, if a
participant gave high ratings for words ending in clear /m/ but low

Figure 3. Mean percent /d/ responses for the two-alternative, forced-
choice category identification task in Experiment 2 as a function of
exposure group and word type. Error bars indicate standard errors of the
mean.
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rating for words that were perceived to end in /n/, then he or she
understood the task. An experimenter was present during this
practice phase to make sure that participants followed the proce-
dure. Thus, the practice helped to ensure that listeners were rating
goodness of the final consonant of each item, and not the degree of
accentedness of the whole word.

During the test phase, the test stimuli were divided into two sets
and were administered in two blocks. The words from a minimal
pair did not occur within the same block. To examine how expo-
sure to /d/-final words influenced perceived goodness of /d/ tokens
as members of the /d/ category, participants were asked to rate the
final consonant of each item in terms of how good it was as an
exemplar of a /d/ by pressing an appropriately labeled button. To
examine potential influences from the critical exposure on the
representation of phonetic category on the other end of the voicing
continuum, we also asked listeners to rate each item for goodness
as /t/. Goodness as /d/ served as the primary dependent measure,
we consider results from goodness as /t/ a source to provide
complementary information about the perceptual changes along
the entire voicing continuum. Participants rated goodness as /d/ in
one block and goodness as /t/ in another block. The allocation of
test sets and the order of blocks were counterbalanced across
participants. Each block consisted of 30 /d/-final words and 30
/t/-final words; within each block, items were presented in a
random order. Participants were asked to rate each item on a scale
from 1 (very poor example) to 7 (very good example). Auditory
items were presented with an intertrial interval of 2,000 ms. No
feedback was provided.

Results

To accommodate individual variability and potential rating bias
and to understand the relative rating of each item, participants’ raw
ratings were transformed into standardized z-scores that were used
in subsequent analyses. Figure 4 presents the mean standardized
ratings for each task as a function of exposure group. Note that for
each rating task (goodness as /d/ and goodness as /t/, separately),
this within-subjects standardization procedure makes each partic-
ipant’s mean rating across all test items zero; the mean rating for
/t/-final words is necessarily the additive inverse of that for /d/-
final words. Thus, we only present the mean rating for /d/-final
words in the goodness-as-/d/ task and mean rating for /t/-final
words in the goodness-as-/t/ task. However, in the statistical anal-

ysis as reported below, both /d/-final words and /t/-final words
were included for each task because all the reported effects were
taken as random at the item level.

Goodness as /d/. A linear mixed-effects model was fitted with
exposure group, word type, and Group � Word Type interaction
as fixed effects. By-item intercepts were included as random
effects. All independent variables were contrast-coded as in Ex-
periment 2. There was no overall group difference in the ratings
(p � .99). While /d/-final words received higher ratings than
/t/-final words across both groups (� � .42, SE � .04, p � .0001),
the learning effect took the form of an interaction between expo-
sure group and word type (� � .05, SE � .01, p � .001): Relative
to the control group, the experimental group rated /d/-final words
as better examples of /d/ and rated /t/-final words as poorer
examples of /d/.

Goodness as /t/. Similarly, /t/-final words received higher
ratings than /d/-final words (� � �.48, SE � .05, p � .0001).
There was no group effect (p � .99). Again, the learning effect was
revealed in the Group � Word Type interaction (� � �.04, SE �
.01, p � .005): Relative to the control group, the experimental
group rated /t/-final words as better examples of /t/ and rated
/d/-final words as poorer examples of /t/.

Discussion

In both goodness rating tasks, the experimental group (relative
to the control group) assigned higher ratings to words in accor-
dance with the intended word type. Crucially, although the exper-
imental group was exposed to /d/-final words only, the exposure
affected their judgment of speech tokens as exemplars of the /t/
category: /t/-final words were perceived to be better /t/s among
experimental participants than control participants. Note that the
categorization results in Experiment 2 showed that our test stimuli
varied over a wide range in their ambiguity. Some items fell
unambiguously into the unintended category; some fell into the
ambiguous niche; others were clear, albeit non-native, tokens of
the intended category. If the perceptual changes following expo-
sure were limited to the boundary region, we would not be likely
to observe a global improvement in the perceived goodness of
speech tokens as members of the intended category (/d/ or /t/). In
fact, in Experiment 2, exposure to /d/ productions led to more /d/
responses to both /d/-final and /t/-final words in categorization. If
those ambiguous tokens near the boundary that drove the change in

Figure 4. Mean goodness ratings (z transformed) of each word type (/d/-final words and /t/-final words) as
exemplars of (a) the /d/ category and (b) the /t/ category as a function of each exposure group in Experiment 3.
Error bars indicate standard errors of the mean.
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the boundary location also drove the group difference in the
perceived goodness, /t/-final words would be rated as “better” as
members of the /d/ category. In contrast, in Experiment 3, the
experimental group gave higher goodness as /t/ to /t/-final words
than the control group. The fact that an overall improvement of
perceived goodness was found in aggregate across the /d/ category
and that the learning effect extended to untrained phonetic cate-
gory (/t/) suggests that listeners were not merely incorporating /d/
tokens into the intended segmental category (e.g., Norris et al.,
2003). Experiments 2 and 3 together revealed that perceptual
adaptation to the Mandarin-accented speaker had consequences for
the global phonetic structure of the alveolar stop contrast in word-
final position: In concert with a phonetic boundary shift (Experi-
ment 2), listeners also adjusted the internal structure within each
phonetic category for the /d/-/t/ contrast.

Phonetic Adjustment: A Reweighting of Acoustic Cues

Note that exposure to /d/ tokens affected the phonetic represen-
tation of the /t/ category. Presumably, representations of internal
structure of the two categories could be independent from each
other and the goodness judgment task allows us to independently
assess the structure within these two categories. That is, while in
the categorization task, more /d/ responses necessarily translate to
fewer /t/ responses, a token given lower ratings as /d/ does not
necessarily receive higher ratings as /t/ if it is not typical of the
speaker’s productions. Given this, why is there a “carryover”
effect?

Although it is implied in perceptual learning studies that listen-
ers are sensitive to talker-specific distribution of acoustic cues, few
studies have explicitly investigated the specific acoustic–phonetic
properties associated with learning, other than showing that listen-
ers learned general information such as “this speaker produces odd
/d/ tokens” (Kraljic & Samuel, 2006). Thus, relatively little em-
pirical data is available to inform the exact information source of
the sound-to-category remapping process (see Reinisch, Wozny,
Mitterer, & Holt, 2014, for an examination of specific acoustic
cues in visually cued phonetic recalibration). Outside the domain
of talker-related perceptual learning, studies of speech categoriza-
tion suggest that listeners are generally sensitive to the statistical
values of critical acoustic properties in the speech input (e.g.,
Clayards et al., 2008). More importantly, training with category-
level feedback can shift listeners’ attention to more informative
acoustic cues over less informative ones as they learn non-native
phonetic contrasts (Chandrasekaran, Sampath, & Wong, 2010;
Francis, Baldwin, & Nusbaum, 2000; Francis & Nusbaum, 2002).
Of note, several computational models of perceptual learning
suggest that it is a general property of the perceptual system to
weigh acoustic cues differentially as a function of their informa-
tiveness in distinguishing phonetic categories (Kleinschmidt &
Jaeger, 2015; Toscano & McMurray, 2010). Here, we consider a
similar mechanism that may underlie listeners’ reorganization of
phonetic structure of /d/ and /t/ in the rapid adaptation to the
Mandarin-accented speaker.

Consistent with language-related production differences, Eng-
lish and Mandarin listeners differ in their use of temporal cues to
identify voicing in stop consonants (e.g., Crowther & Mann,
1992). The appropriate use of informative cues has been linked to
enhanced intelligibility of foreign-accented speakers (Xie &

Fowler, 2013). We thus hypothesized that adaptation to the accent,
and in particular, the adjustment of internal structures of /d/ and /t/
categories, is achieved via an adjustment in the weighting of
various acoustic cues for the accent. To test this hypothesis, we
assessed behavioral responses in the experimental and control
groups of Experiments 2 and 3 as a function of the acoustic
properties of the speech materials (see Figure 1).

We used mixed-effects regression models to predict the catego-
rization and goodness judgment responses by including exposure
group and the three temporal measures (duration of vowel, closure
and burst) as well as their interactions (between exposure group
and each acoustic measure) as predictors. Subjects and items were
considered random effects. Predictors were standardized (convert-
ing into z scores) before they were entered into the regression
model. Vowel duration was weakly correlated with closure dura-
tion, r � �0.23, p � .05, and was not correlated with burst
duration, r � .10, p � .27; there was no significant correlation
between closure and burst duration either, r � –0.15, p � .09. We
present the regression results for the category identification and
goodness ratings separately (see Table 2). The predictive power of
the acoustic cues reveals how informative they are (i.e., the per-
ceptual weighting) in determining phonetic membership and cat-
egory typicality; the interaction with exposure group reveals
changes, if any, in the relative weighting as a result of exposure to
critical words.

Category Identification (Experiment 2)

There was a main effect of exposure group, with the experimen-
tal group reporting more /d/s throughout the acoustic continuum
(p � .05). The main effects of all three measures were significant:
vowel duration, p � .05; closure, p � .001; burst, p � .0001.
Although none of the interaction terms were statistically signifi-
cant, there was a trend (p � .10) for the experimental group to rely
more on the burst in making categorization decisions than the
control group.

Goodness Ratings (Experiment 3)

Closure and burst information predicted goodness rating as both
/d/ and /t/ (ps � .001); the main effect of vowel duration was
significant for goodness as /d/ (p � .05) but not for goodness as /t/
(p � .35). Interestingly, there was a significant Exposure Group �
Burst interaction for goodness ratings for both categories (/d/: p �
.05; /t/: p � .01); the signs of coefficients suggest that the exper-
imental group relied on the length of the burst more heavily than
the control group in judging goodness.

Together, evidence suggested a heavier weighting of burst infor-
mation by the experiment group across all three tasks, although
goodness ratings were more sensitive than categorization responses in
detecting changes in the cue-weighting functions. The results from the
control group provided a gauge of initial cue use without exposure to
the critical words: The main effects of the acoustic predictors
revealed that listeners were generally sensitive to multiple cues,
even the cues that are not typically used for native contrasts. For
the experimental group, the variation of acoustic dimensions of
critical exposure words further guided their attention to the most
informative cue (burst durations) when tested with novel stimuli.
The Group � Burst interaction on perceived goodness clearly
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suggested that the internal structure of the phonetic categories
were reorganized as a result of a reweighting of acoustic param-
eters. Increased attention toward this acoustic dimension can ex-
plain the unexpected adjustment in the internal structure of the /t/
category: In other words, attention was increased toward a previ-
ously underweighted cue (burst duration) for identifying /d/ tokens
as guided by corrective feedback (lexical information) during
exposure; this simultaneously resulted in a relatively less reliance
on vowel length as a predictor for voicing contrast (see Kruschke,
2003, 2011, for theoretical discussions on such attentional learn-
ing). This result parallels empirical findings of cue-weighting
changes in second language acquisition, although learning of non-
native phonetic contrasts requires more training and occurs over
longer time scales (see Francis et al., 2000). In the case of foreign
accent adaptation, our results showed that exposure to only one of
the contrastive categories was sufficient to elicit some changes in
the perceptual weighting. These results are consistent with distri-
butional learning models, which suggest that listeners make use of
established native categories and adjust low-level cue-weighting as
guided by top-down information (e.g., Kleinschmidt & Jaeger,
2015).

General Discussion

In the present research, we used the lexically informed percep-
tual learning paradigm (e.g., Norris et al., 2003) to study native
listeners’ adaptation to acoustic–phonetic variation in natural for-
eign accents. With respect to previous work that has focused on the
recalibration of phonetic boundaries, our first finding is that lis-
teners also reorganized the internal structure of a phonetic category
during rapid perceptual learning of a specific talker’s accent. In
addition to the incorporation of ambiguous tokens into a recali-
brated category, even unambiguous tokens beyond the boundary
region were perceived as better exemplars of the intended catego-
ries (/d/ and /t/) as a result of talker-specific adaptation. This
finding adds to existing literature that characterizes a highly adap-
tive native perceptual system; listeners can exhibit a small bound-
ary shift to accommodate ambiguous tokens (e.g., Norris et al.,
2003), a bigger boundary shift in the face of a sound that falls

unambiguously into an unintended category (e.g., Sumner, 2011),
or structural adjustment within a category as shown here. More
broadly, the adaptive ability in updating within-category structure
may enable listeners to readily adapt to unfamiliar idiolects, dia-
lects or even nonnative accents in which speech tokens do not
cause cross-category confusion. Reorganization within the cate-
gory proper may be sufficient to improve online speech processing
in these scenarios, enabling not only disambiguation of tokens near
the category boundary, but facilitating lexical access for tokens
near the category center.

Relatedly, our second finding is that listeners showed sensitivity
to the precise acoustic cues that were used in phoneme specifica-
tion and used them to reorganize the internal structure of phonetic
categories. This finding is consistent with the “Attention to Di-
mension” model (Francis & Nusbaum, 2002), which suggests that
listeners update attentional weights assigned to relevant acoustic
dimensions when learning a new language. We provided novel
evidence that native listeners dynamically update their own cue-
weighting functions during rapid phonetic adaptation to foreign
accents, and critically over much shorter time span than shown in
previous studies of second language phoneme learning (e.g., Chan-
drasekaran et al., 2010; Francis & Nusbaum, 2002).

These findings together are compatible with the predictions of
probabilistic frameworks (e.g., Feldman et al., 2013; Kleinschmidt
& Jaeger, 2015), which postulate top-down guided probabilistic
learning in speech perception and phonetic learning. A theoreti-
cally important question concerns the functional role of bottom-up
input in phonetic adaptation. Of note, past research has demon-
strated that listeners could fully adapt to ambiguous native-accented
speech (cf. McQueen et al., 2006) within the time frame assessed in
the current study; yet, we did not observe “complete” adaptation for
Mandarin-accented English. The Mandarin-accented spoken words
did not function fully as native words in the sense that robust lexical
activation was still observed for phonetically similar words (Experi-
ment 1). Following adaptation, accented /d/-final words (e.g., seed,
pronounced like seat) activated the intended word form more strong-
ly; however, phonetically related competitors (seat for seed) were not
eliminated from consideration. A number of reasons might explain

Table 2
Results Across Experiments 2 and 3: Estimated Probability of /d/ Responses (Experiment 2) and
Goodness of /d/ and /t/ Tokens (Experiment 3) as a Function of Temporal Acoustic Cues

Predictor

Experiment 2 Experiment 3

Probability of /d/
responses Goodness as /d/ Goodness as /t/

Log
coefficient p value Coefficient p value Coefficient p value

Intercept �.08 (.16) .63 �.002 (.04) .96 �.002 (.05) .97
Group .21 (.09) .02� �5E05 (.01) .99 –1E04 (.01) .99
Vowel .29 (.14) .03� .09 (.04) �.05� �.05 (.05) .35
Closure �.54 (.14) �.001�� �.20 (.04) �.0001�� .18 (.05) �.001��

Burst �.93 (.14) �.0001�� �.42 (.04) �.0001�� .43 (.05) �.0001��

Group � Vowel �.05 (.03) .15 �.01 (.02) .50 –1E04 (.01) .99
Group � Closure �.04 (.04) .25 �.01 (.02) .52 �.008 (.01) .59
Group � Burst �.06 (.04) .10 �.03 (.01) .05� .03 (.01) .01�

Note. SE is given in parentheses.
� p � .05. �� p � .01.
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why potentially “more” adaptation is needed for foreign-accented
speech than for native speech variants. Of particular interest is to what
extent the low-level acoustic properties versus weaker top-down lex-
ical support accounts for the “incomplete” adaptation. It is possible
that the lower intelligibility of foreign-accented words, relative to
native-accented words, provided poorer lexical support for the pho-
netic retuning to occur. Alternatively, it could be that case that if
listeners had heard both /d/-final and /t/-final words during the expo-
sure phase, the fine-grained differences in burst durations between /d/
and /t/ words would facilitate an attentional shift to this acoustic
dimension and thus expedite the adaptation process. It is another
empirical question whether similarly rapid adaptation would occur
without top-down lexical guidance when the bottom-up input pro-
vides salient enough information; and when it does, what features of
the bottom-up input (e.g., the amount of sampling in the perceptual
space, the distance of deviant tokens from prototypical tokens) affect
the speed of adaptation (Clayards et al., 2008; Kleinschmidt et al.,
2015). These questions are important for a comprehensive under-
standing of how bottom-up and top-down mechanisms work together
to support speech adaptation (see Sjerps & Reinisch, 2015).

To conclude, perceptual learning is not just a matter of adjusting
phonetic boundaries in face of ambiguous tokens; it also instigates
a reorganization of the internal structure of phonetic categories.
Furthermore, for foreign-accented tokens, learning may result in
changes in cue-weighting functions that can prepare listeners for
adapting to similar variation in other acoustic environments. Fu-
ture research should investigate to what extent the observed ad-
justment in the phonetic structure and cue-weighting strategy are
context-specific (e.g., speakers, accents, phonemes).
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