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Speech perception depends on long-term representations that reflect regularities of the native language.
However, listeners rapidly adapt when speech acoustics deviate from these regularities due to talker
idiosyncrasies such as foreign accents and dialects. To better understand these dual aspects of speech
perception, we probe native English listeners’ baseline perceptual weighting of 2 acoustic dimensions
(spectral quality and vowel duration) toward vowel categorization and examine how they subsequently
adapt to an “artificial accent” that deviates from English norms in the correlation between the 2
dimensions. At baseline, listeners rely relatively more on spectral quality than vowel duration to signal
vowel category, but duration nonetheless contributes. Upon encountering an “artificial accent” in which
the spectral-duration correlation is perturbed relative to English language norms, listeners rapidly
down-weight reliance on duration. Listeners exhibit this type of short-term statistical learning even in the
context of nonwords, confirming that lexical information is not necessary to this form of adaptive
plasticity in speech perception. Moreover, learning generalizes to both novel lexical contexts and
acoustically distinct altered voices. These findings are discussed in the context of a mechanistic proposal
for how supervised learning may contribute to this type of adaptive plasticity in speech perception.

Keywords: dimension-based statistical learning, adaptive plasticity, perceptual learning, cue weighting,

© 2015 American Psychological Association
0096-1523/15/$12.00  http://dx.doi.org/10.1037/xhp0000092

statistical learning

Human perceptual systems develop stable, long-term representa-
tions that reflect the regularities of the environment. Yet, they adapt to
short-term deviations in the input. Understanding the balance between
maintenance of relatively stable representations and adaptive plastic-
ity is a major challenge for theories of perception. This issue is
particularly prominent in speech perception. By adulthood, listeners
have formed long-term representations reflecting language-
community-specific distributional regularities in the mapping be-
tween speech acoustics and linguistic categories (e.g., phonemes).
Yet, adult listeners sometimes encounter speech with acoustics that
deviate from the norm due to foreign accent, dialects, or speech
disorders. For example, a dinnertime conversation may lead a Native
Italian speaker to refer to the delicious chicken with a vowel more
characteristic of English /i/ (a cheeken) than /I/ (a chicken). Or, a chat
about Pittsburgh sports may include reference to the Pittsburgh “Still-
ers.” Due to the local dialect’s tense-lax merger, the Pittsburgh Steel-
ers’ hometown fans produce the team name with a vowel more similar
to English /I/ than /i/ (Johnstone, Andrus, & Danielson, 2006; Labov,
Ash, & Boberg, 2005). In each of these cases, the mapping between
speech acoustics and the intended message is distorted relative to
native English adult listeners’ long-term representations.
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Systematic distortions like this can reduce intelligibility (Guediche
et al., 2014; Mattys et al., 2012). But, repeated exposure to distorted
speech in supportive contexts that disambiguate the acoustics (e.g.,
knowledge that chicken is a word, but cheeken is not) results in
learning that promotes intelligibility and is sustained even in the
absence of disambiguating contexts (Bertelson, Vroomen, & de
Gelder, 2003; Kraljic et al., 2008; Norris, McQueen, & Cutler, 2003;
van Linden & Vroomen, 2007). Moreover, in some cases, learning
generalizes to other speech sounds and different talkers (Kraljic &
Samuel, 2006, 2007; Reinisch & Holt, 2014). Such learning may
support a listener’s ability to accommodate speech acoustics of dia-
lects and foreign accents that deviate from long-term language regu-
larities (e.g., Norris et al., 2003). Although lexical and visual disam-
biguating contexts have been most studied (Samuel & Kraljic, 2009;
Vroomen & Baart, 2012), other factors can also drive such adaptive
changes. For example, short-term perturbations in the local statistical
sampling of speech sounds from perceptual space also lead to adap-
tive changes in how acoustics are mapped to long-term speech rep-
resentations (Clayards et al., 2008; Idemaru & Holt, 2011, 2014).

The present studies focus on adaptive plasticity' in speech
perception related to this latter type of disambiguating information.
Multiple, probabilistic acoustic dimensions define speech catego-
ries. These dimensions covary and differ in their effectiveness in
signaling category membership. Some acoustic dimensions are
more reliably diagnostic of category membership and may be

! Across different studies and tasks, adaptive shifts in speech perception
have been variously termed perceptual learning, adaptation, recalibration,
and re-tuning, where the terminology is driven primarily by the associated
task. Here, we use the phrase adaptive plasticity to refer to the broader
literature reporting listeners’ adjustments to accommodate short-term de-
viations in speech acoustics. We use the phrase dimension-based statistical
learning to refer to the specific instantiation of adaptive plasticity in the
context of the present manipulations of acoustic dimension correlations
(and in the contexts of Idemaru & Holt, 2011, 2014).
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perceptually weighted more than other dimensions (e.g., Francis et
al., 2008; Holt & Lotto, 2006; Iverson & Kuhl, 1995; Nittrouer,
2004). For example, in English, voice onset time (VOT) and
fundamental frequency at vowel onset (FO) covary with voicing
categories such that voiced consonants like [b] and [d] are pro-
duced with shorter VOTs and lower FOs than are voiceless con-
sonants like [p] and [t] (Kingston & Diehl, 1994; Kohler, 1986).
Native English speakers treat VOT as the relatively more reliable,
unambiguous signal to voicing (Abramson & Lisker, 1985; Francis
et al., 2008; Gordon et al., 1993) in voicing categorization. None-
theless, FO informs category membership. Especially when VOT
information is ambiguous, listeners are more likely to categorize a
sound as voiced if FO is lower (Abramson & Lisker, 1985; Castle-
man & Diehl, 1996; Whalen et al., 1993). This pattern of percep-
tion highlights listeners’ sensitivity to long-term regularities of
FO/VOT covariation in English.

Although there are regularities in how acoustic dimensions
correlate to define multidimensional phonetic categories, these
dimension correlations can vary quite a lot in natural speech input
as a function of dialect, accent, and speaker idiosyncrasies. Ide-
maru and Holt (2011, 2014) tested how listeners adapt in response
to such deviations in dimension-correlations. They introduced an
artificial “accent” by exposing native English listeners to words
(rhymes beer, pier, deer, tear) in which the correlation between
VOT and FO was reversed from the relationship typical of English
(e.g., higher FOs were paired with voiced stops (beer, deer), and
lower FOs were paired with voiceless stops [pier, tier]). In re-
sponse to just a few trials of exposure to this artificially accented
speech, listeners rapidly down-weighted reliance on FO such that
FO no longer influenced speech categorization. Idemaru and Holt
(2011) interpreted these data to suggest that VOT information
served as a reliable teaching signal to orient the relationship of the
secondary, FO, dimension to the phonetic categories. These results
demonstrate that listeners dynamically track relationships between
acoustic dimensions in speech processing. The diagnosticity of an
acoustic dimension to phonetic category membership is evaluated
relative to changing local regularities between acoustic dimensions
rather than as simply a fixed function of its value along the
acoustic dimension. Idemaru and Holt referred to this adaptive
process as dimension-based statistical learning.

So far, evidence of dimension-based statistical learning has been
limited to stop consonant categorization (FO and VOT dimensions;
Idemaru & Holt, 2011, 2014; VOT dimension, Clayards et al.,
2008). These findings are relevant to some real-life short-term
speech signal deviations arising from accents. For example, native
English speakers learning Korean use the canonical English rela-
tionship of VOT and FO when producing Korean consonants, even
though this relationship is not characteristic of Korean (Kim &
Lotto, 2002). This produces non-native accented Korean speech
that violates the correlations between dimensions typical of native
Korean speech and presents a perceptual challenge for native
Korean listeners.

However, VOT is somewhat unique among acoustic speech
dimensions because it is closely related to a well-documented
auditory perceptual discontinuity that may influence the placement
of categories along the dimension (Holt, Lotto, & Diehl, 2004;
Kuhl & Miller, 1975; Stevens, 1989). Perhaps because of this,
VOT distributions tend to have quite little within-category varia-
tion relative to other speech sounds. With somewhat tight con-

straints on the degree to which VOT may vary in signaling cate-
gory membership, it is possible that speech stimuli varying in VOT
may present a somewhat unusual test case for examinations of
adaptive plasticity in speech perception.

Vowels, on the other hand, tend to overlap significantly more in
formant frequencies than stop consonants do in VOT (e.g., Hillen-
brand et al., 1995; Lisker & Abramson, 1964; Peterson & Barney,
1952). Because of the greater number of potentially ambiguous
productions, highly overlapping vowel categories may be espe-
cially dependent upon listeners’ abilities to make use of short-term
statistical regularities to “tune” phonetic categorization. Evidence
from computational models of learning has shown that models
learn well from distributional statistical information across highly
acoustically separable phonetic categories like those distinguished
by VOT (McMurray, Aslin, & Toscano, 2009; Vallabha et al.,
2007) but decline in performance when categories exhibit greater
acoustic overlap the way vowel categories do (Feldman, Griffiths,
& Morgan, 2009). This suggests that listeners’ long-term, learned
vowel representations may be less resolved and more overlapping
as well. Furthermore, vowel information constrains word recogni-
tion less tightly than does consonant information (Cutler et al.,
2000). Thus, there is reason to suspect that the ability to track and
use statistical information deviating from listeners’ long-term rep-
resentations of vowel categories could differ significantly from
what has been observed for stop consonant categories. This is
important because a great deal of foreign accent and dialect infor-
mation is conveyed by vowels (Labov, 1994); adaptive plasticity in
vowel perception is an ecologically significant issue. Adaptation to
short-term statistical deviations in the input for categories like
vowels, however, has not yet been directly investigated.

Across the present experiments, we had three aims. Our first
goal was to examine whether the dynamic, dimension-based sta-
tistical learning observed by Idemaru and Holt (2011, 2014) ex-
tends to vowels. Our second goal was to investigate whether this
type of dimension-based statistical learning occurs in the context
of nonlexical items. Dimension-based statistical learning differs
from lexically guided adaptive plasticity (e.g., Kraljic & Samuel,
2005; Norris et al., 2003) in that lexical information does not
disambiguate the ambiguous speech acoustics; all phonetic possi-
bilities are real words (deer/tear, beer/pier). However, dimension-
based statistical learning has been observed thus far only in the
context of lexical items (Idemaru & Holt, 2011, 2014), so it is not
clear whether the learning applies to the mapping of acoustics to
specific lexical items or to prelexical representations. Our final goal
was to probe the level of representation at which dimension-based
statistical learning occurs by investigating the degree of generalization
to novel contexts and acoustic items. Idemaru and Holt (2014)
showed that dimension-based learning does not generalize from one
stop consonant contrast (/b/-/p/) to another (/d/-/t/) and that listeners
are able to simultaneously track opposing dimension correlation sta-
tistics for the two phonetic contrasts. This pattern of results could
mean that dimension-based statistical learning is specific to phonetic
categories, the surrounding phonetic context, or the acoustical details
of the exemplars experienced in the artificial accent. The present
experiments disambiguate the features across which dimension-based
statistical learning generalizes.

Toward these aims, we focused on the dimensions of spectral
quality and vowel duration in signaling the English /e/-/&/ vowel
contrast. We collected baseline data, by sampling vowels with
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values across the full spectral continuum crossed with the full
duration continuum, on native English adults’ relative perceptual
weighting of the two dimensions arising from long-term experi-
ence with English (Experiment 1). We then adapted the experi-
mental paradigm of Idemaru and Holt (2011) to investigate
whether listeners rapidly adapt dimension-weighting in response to
short-term experience with deviations, in the correlation between
the spectral quality and duration dimensions, from those typically
present in English (Experiment 2). We then replicated Experiment
2 with an artificial accent composed of vowels acoustically iden-
tical to those of Experiment 2, but presented in a nonlexical
context (Experiment 3). Finally, we assessed whether adaptive
dimension reweighting generalizes to acoustically identical vowels
that are presented in a different word-frame (Experiment 3) and to
acoustically distinct productions of the same vowels by an altered
voice (Experiment 4).

Experiment 1

Production data from native English speakers indicates that
phonetically distinct but spectrally similar American English vow-
els (e.g., /i/-/1/, lu/-ful, I=/-/€/) are systematically contrastive along
both spectral quality and vowel duration dimensions. In English,
productions of /¢/ tend to be shorter in duration, on average, than
productions of /e/ (Hillenbrand et al., 1995; Hillenbrand et al.,
2000). However, spectral quality serves as a relatively better
predictor of category membership (Hillenbrand et al., 1995), and
accordingly, native English listeners tend to rely more upon this
dimension in vowel perception. When both dimensions vary
among vowel productions, native English listeners’ categorization
responses are better predicted by spectral quality than by vowel
duration (Hillenbrand et al., 2000; Kondaurova & Francis, 2008).
Nevertheless, duration has a significant influence on vowel per-
ception, even as the relatively weaker dimension (Hillenbrand et
al., 2000; Kondaurova & Francis, 2008; Ainsworth, 1972).

Although the relative perceptual weighting of spectral quality
and duration dimensions to vowel categorization by native English
speakers has been investigated for the /i/~/I/ distinction using a
stimulus set in which both dimensions are orthogonally manipu-
lated (Kondaurova & Francis, 2008), perceptual dimension
weighting for spectral and duration dimensions has not been sys-
tematically mapped for /e/-/=/.

In Experiment 1, native English listeners categorized vowels
varying in spectral quality and duration across a two-dimensional
stimulus grid. Using the approach of Holt and Lotto (2006), we
calculated listeners’ relative perceptual weights across the dimen-
sions. These dimension-weights estimate the influence of long-
term English experience on perceptual weights and serve as a
baseline for interpreting native English listeners’ responses to the
short-term statistical manipulations (the “artificial accent”) intro-
duced in Experiments 2 through 4.

Method

Participants. Forty-seven adults (ages 18 to 30 years) partic-
ipated in the experiment for either university credit or a small
payment. All participants were Carnegie Mellon University stu-
dents or employees. All were native English speakers and reported
normal hearing in both ears.

Stimuli. Forty-nine stimuli were constructed by crossing a
seven-step series varying along the spectral quality dimension
(from a canonical /¢/ to a canonical /@/) with a seven-step vowel
duration series.

The stimuli were created from natural recordings of the words
SET and SAT produced by an adult female speaker, with slightly
exaggerated vowel duration lengths to serve as stimuli on the
“long-duration” end of the vowel duration spectrum. One exemplar
of each word was selected based on vowel quality and roughly
equivalent vowel durations between the two vowels. These tokens
served as endpoints for creating the spectral series at the longest
duration value.

The relatively steady-state portions of the vowels /¢/ and /&/
were spliced from their respective words at zero crossings of the
waveform and the values of the first four formant trajectories were
extracted using Burg’s formant extraction algorithm (maximum
five formants; maximum formant value = 5500 Hz; 0.025-s time
window; preemphasis from 50 Hz) in Praat (Boersma & Weenink,
2009). The values of each of the formant trajectories were inter-
polated at equal steps between /¢/ and /&/ using R (R Development
Core Team, 2008), and these values were entered into Praat to
generate the seven-step spectral series. Because this manipulation
affected formant frequencies across the entire spectrum by grad-
ually shifting all formants, we refer to this acoustic dimension as
spectral quality.

Each of the tokens along this seven-step spectral series was
systematically reduced in vowel duration using Praat’s PSOLA
function to yield identical spectral series varying in vowel duration
from 175 ms to 475 ms in 50-ms steps. The most central vowel
duration values along this series straddle the boundary between
average adult native English-speaking female /¢/ and /®/ produc-
tion durations measured by Hillenbrand and colleagues (1995).

Each of these /e/-/®/ vowels was concatenated with an /s/
production preceding the vowel and a /t/ production following the
vowel to re-create the words SET and SAT. The /s/ and /t/
segments were isolated productions from the same speaker who
generated the original SET and SAT productions from which the
vowels were extracted. Each segment’s duration was normalized to
be equal to its average duration across the contexts of SET and
SAT productions. Care was taken to concatenate the consonants
and vowels at zero crossings in the waveform. The /s/ and /t/
productions were acoustically identical for each stimulus across
the entire vowel stimulus grid.

Procedure. On each trial, participants heard one of the 49
resulting words diotically over headphones as a screen prompted
them to choose either SET (by pressing the key Z) or SAT (by
pressing the key M). The relative positioning of the words SET and
SAT on the prompt screen (with SET on the left and SAT on the
right) matched the relative positioning of the corresponding keys
on the keyboard. The visual prompts remained consistently on the
screen throughout all trials within a block.

All words were sampled at 44,100 Hz. Participants had an
opportunity to make a response as soon as each word file had
finished playing; any keystroke made before the full duration of
the word had played out was not logged. After participants made
a valid response, there was a 1-s pause before the next word was
presented. Thus, they progressed through the trials in a self-timed
fashion and did not experience any time pressure for making their
responses.
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There were 10 blocks in the experiment. Each of the 49 stimuli
was presented exactly once in each block in randomized order,
resulting in 490 total trials. Participants were given the opportunity
to take a self-paced break between each block.

Results

The proportion of SAT responses was calculated for each of the
49 stimuli. The results, averaged across all participants, are sum-
marized in a heatmap representation in Figure 1, where the color
for each stimulus box in the grid ranges from completely white (no
SAT responses) to completely black (all SAT responses). Visual
inspection of the heatmap suggests a strong influence of spectral
quality on categorization but also an influence of vowel duration,
particularly at the most ambiguous spectral values.

To assess the contributions of spectral quality and duration
toward listeners’ vowel categorization, we conducted a mixed-
effects logistic regression analysis with participant as a random
effect, spectral quality of the stimulus and duration of the stimulus
as fixed effects, and the participant’s response (SET or SAT) as the
outcome. These analyses reveal that both spectral quality (p <
.001) and duration (p < .001) were significant contributors to
participants’ categorization responses. The coefficients were 1.062
(standard error = 0.013) for spectral quality and 0.262 (standard
error = 0.010) for duration. These results suggest that, although
listeners rely more heavily on the spectral dimension, vowel du-
ration significantly influences categorization as well. Furthermore,
the influence of vowel duration is most prominent when spectral
information is ambiguous, as evidenced by the continuum at
Spec = 4 in the heatmap representation (see Figure 1).

Following the approach of Holt and Lotto (2006), perceptual
weights for the dimensions were computed for each subject as the
correlation between dimension values (either spectral quality or
duration) and proportion SAT responses across all stimuli. The
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absolute values of the correlation coefficients were normalized to
sum to one. The relative perceptual dimension weights averaged
across participants were 0.822 for spectral quality and 0.178 for
duration (standard error for each weight was 0.019). The distribu-
tion of individual spectral dimension weights (Figure 1, inset)
shows that the vast majority of listeners rely more on spectral
quality than duration (the majority of spectral weight values cluster
between 0.6 and 1) in /e/-/&/ vowel categorization. Thus, both
average and individual listeners’ dimension-weight data converge
with visual observations (see Figure 1) that spectral quality was the
dominant dimension signaling /e/-/@&/ vowel identity to native
listeners.

These baseline perceptual dimension weights are thought to
reflect listeners’ long-term representations formed from extensive
experience with the statistical regularities present in the produc-
tions of native language speech (Escudero et al., 2009; Francis et
al., 2008; Holt & Lotto, 2006; Iverson et al., 2003; Nittrouer,
2004). Thus, we consider these dimension weights a reflection of
native English listeners’ long-term representations for /¢/ and /z/.

Experiment 2

With these dimension weights as a baseline, we examine how
manipulating the stimulus sampling in short-term input through
introduction of an artificial accent alters the relative weighting of
these two dimensions in vowel categorization. Similar to the
experimental setup of Idemaru and Holt (2011), listeners experi-
ence four blocks of trials. In each block, stimuli are drawn from the
Experiment 1 stimulus grid defined across spectral quality and
duration. The first block samples the grid in a neutral fashion,
similar to Experiment 1, to get a baseline measure of the individual
listener’s dimension weights. In the second and fourth blocks, the
majority of trials sample regions of the grid in a manner that
mirrors the relationship of spectral quality to duration in American

225 275 325 375 425 475
Vowel Duration (ms)

Figure 1. Heat map of proportion SAT (recordings of the word SAT produced by an adult female speaker)
responses for each of the 49 stimuli in Experiment 1. Pure white corresponds to no SAT responses; pure red
corresponds to all SAT responses. Histogram showing the distribution of all 47 individual listeners’ spectral
dimension weights, normalized with duration cue weights to sum to 1.
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English speech productions. In the third block, the stimuli sample
the opposite quadrants of the grid such that the correlation of
vowels’ spectral quality and duration dimensions is opposite that
of canonical English speech. In this way, the experimental design
introduces an artificial accent during this third, “Reverse” block. A
pair of test trials with long versus short duration but ambiguous
spectral quality information appears in each block. These test
stimuli provide a means by which to assess listeners’ reliance on
the duration dimension in vowel categorization as the short-term
speech regularities change across blocks.

Although this is an artificial laboratory-created “accent,” it is
consistent with the kind of acoustic dimension-based deviations
that listeners may experience in natural accented speech. For
example, although the Scottish English /i/-/1/ distinction differs
almost exclusively in spectral information, speakers from the
South of England produce the same vowels with a considerable
durational difference and a less substantial spectral difference
(Escudero, 2001). These relationships are reflected in perception
among listeners from these language communities; native
Scottish—-English listeners perceptually weight spectral informa-
tion more than listeners from Southern-English backgrounds.
Thus, the speech of a Southern English talker is characterized by
a correlation between spectral quality and duration dimensions that
runs counter to a Scottish English listener’s long-term experience.

In the present experiment, the Reverse block reverses the cor-
relation of vowels’ spectral quality and duration dimensions rela-
tive to American English speech (similar to the experimental setup
used in Idemaru & Holt, 2011 for stop consonant categorization).
In a controlled laboratory setting, this mimics the shift in statistical
regularities away from long-term expectations as, for example,
when a Scottish listener encounters a Southern English talker. In
Experiment 2, we examine the impact of this dimension-
correlation manipulation on listeners’ reliance on duration to sig-
nal vowel category.

Method

Participants. Twenty adults (ages 18 to 30 years) participated
in the experiment for either university credit or a small payment.
All participants were either university students or employees. All
were native English speakers and reported normal hearing in both
ears.

(a) PRE-TEST BLOCK

(b) CANONICAL BLOCK #1

Stimuli. The sounds in the experiment were selectively
sampled from the grid of 49 stimuli described in Experiment 1.
The stimulus sampling depended on the specific block of the
experiment, described in greater detail below and summarized
in Figure 2.

Procedure. Across each of four blocks, native-English listen-
ers heard the words SET and SAT and responded with a key press
to indicate which word they heard. Within each block, there were
exposure trials and test trials, intermixed with order of presentation
randomized. On exposure trials, vowels’ spectral quality robustly
signaled vowel identity across all blocks. The correlation between
vowels’ spectral quality and duration, however, varied across
blocks to be neutral, consistent with, or inconsistent with the
correlation typical of native English speech. There were also test
trials covertly embedded in all blocks. The two test trial stimuli
had identical spectral energy, held constant at the stimulus step
whose spectral quality was most ambiguous with respect to sig-
naling vowel identity based on results from Experiment 1, but
differed in vowel duration. These stimuli are depicted in Figure 2
as the diamonds and squares, which represent the short-duration
(225 ms) and long-duration (425 ms) test stimuli, respectively.
Details of the stimulus sampling for the exposure trials in each of
the four blocks are as follows:

Pretest block. Participants were exposed to the 25 most cen-
tral stimuli of the 49-stimulus grid (see Figure 2a). The purpose of
the Pretest block was to provide a neutral sampling of the stimulus
grid such that each value across the spectral quality dimension was
paired with each value across the duration dimension. Similar to
Experiment 1, this provides a neutral dimension-correlation envi-
ronment to collect baseline data on the two test stimuli of interest
(while minimizing the duration of the block with 25, instead of 49,
unique stimuli). Within each block, participants heard 10 repeti-
tions of the full set of exposure stimuli, for a total of 250 trials.
Note that this stimulus set included the two test stimuli.

Canonical block. Participants heard a selective sampling of
18 stimuli that were consistent with the familiar, canonical corre-
lation of vowel duration and spectral quality found in American
English speech (see Figure 2b). The sampling included nine stim-
uli with /e/-like spectral energy and short vowel durations (Figure
2b, lower left corner) and another nine stimuli with /&/-like spec-
tral information and long vowel durations (Figure 2b, upper right

(c) REVERSE BLOCK (d) CANONICAL BLOCK #2

“ 0-0-0-0-000 0000 0009 0000
E 0 ® 00060 ©000 0000
= @) e 060060 : 000 0006
8 690 Mo o®cocolo o@ooolO ocooBlo
£ o o ©000 0000 ©000
& O 0 ©000Q 0000 ©000
ser O-0-0-0-0-0-O 0000 0000 0-0-0-0
Vowel Duration (ms)
EXPOSURE 4 =short B =iong
STIMULI test stimulus test stimulus

Figure 2.

Summary of the selective sampling of exposure stimuli (boxes) and test stimuli (diamonds and

squares) for each of the four experimenter-defined blocks in Experiments 2 through 4. Note that, in the Pretest
block, the exposure stimulus set included the two test stimuli so they were not included in any trials separate
from the regular exposure trials. See the online article for the color version of this figure.



ated broadly.

and is not to be dissemin

gical Association or one of its allied publishers.

This document is copyrighted by the American Psycholo
This article is intended solely for the personal use of the individual user

6 LIU AND HOLT

corner). The two test stimuli (Figure 2b, diamond and square) were
also included in the block. Participants heard 10 repetitions of set
of 18 exposure and two test stimuli for a total of 200 trials.

Reverse block. Participants heard a selective sampling of 18
stimuli that exhibited a correlation between vowel duration and
spectral quality opposite from the canonical relationship found in
English (see Figure 2c). The sampling included nine stimuli with
/el-like spectral energy and long vowel durations (Figure 2c, lower
right corner) and another nine stimuli with /&/-like spectral infor-
mation and short vowel durations (Figure 2c, upper left corner).
The two test stimuli (Figure 2c, diamond and square) were also
included in the block. Participants heard 10 repetitions of set of 18
exposure and two test stimuli for a total of 200 trials. Note that
spectral quality, the dimension relied upon more strongly by the
native English listeners of Experiment 1, robustly signaled vowel
identity but its relationship with the duration dimension ran coun-
ter to long-term English experience in this artificial accent.

The experimenter-defined blocks were ordered such that every
participant received them in the following order: Pretest, Canon-
ical, Reverse, Canonical. The duration of each block ranged from
approximately 10 to 15 min, depending on how quickly the par-
ticipant was responding to each trial. We hypothesized that, if the
rapid dimension weight changes observed by Idemaru and Holt
(2011, 2014) hold true for these vowel categories, listeners will
down-weight reliance on the duration dimension in the Reverse
block. Since test trials are characterized by perceptually ambigu-
ous spectral quality information but distinct durations, vowel cat-
egorization of the two test trials serves as an index of reliance upon
duration in vowel categorization. Following the approach of Ide-
maru and Holt (2011, 2014), we included a repetition of the
Canonical block to differentiate potential mechanisms. If listeners
continue to track the spectral/duration correlation throughout the
Reverse block and beyond, we predict that the effect of duration on
spectrally ambiguous test stimuli will rebound in the final block
when the regularity shifts back to the canonical correlation. If,
however, listeners remap the relationship in a more permanent
manner or cease to be sensitive to duration, more generally, as a
result of the artificial accent in the Reverse block then the effects
should persist into the second Canonical block. The participant
instructions and procedure were identical to those of Experiment 1.

Results

Dimension weights. To ensure that spectral quality was in-
deed the dominant dimension signaling /e/-/@&/ vowel identity for
the listeners in this experiment, we computed dimension weights
from pretest block data using the same method as in Experiment 1.
The relative perceptual dimension weights averaged across partic-
ipants were 0.705 for spectral quality and 0.295 for duration
(standard error for each weight was 0.054). These weights confirm
that spectral quality was the dominant dimension among these
specific participants.

Categorization of exposure stimuli. Results from Experi-
ment 1 and the above analyses demonstrate that spectral quality is
a strong signal of vowel category. Therefore, we predicted highly
accurate vowel categorization of exposure trials, which were rel-
atively unambiguous in spectral quality across all blocks of the
experiment. Indeed, this was the case. The proportion of exposure
stimuli that were categorized as expected based on the spectral

dimension was 0.944 (standard error = 0.028) in the first Canon-
ical block, 0.848 (standard error = 0.039) in the Reverse block,
and 0.933 (standard error = 0.032) in the second Canonical block.
The highly accurate vowel categorization confirms that spectral
quality robustly signaled vowel identity.

Categorization of test stimuli. Figure 3a shows how the local
statistics within an experiment block affected vowel categorization
of the test stimuli.” To analyze the effect of different exposure
blocks on categorization of the two different test stimuli, a 4
(Block: Pretest, Canonical 1, Reverse, Canonical 2) X 2 (Duration
of test stimulus: long, short) repeated-measures analysis of vari-
ance (ANOVA) was run on arcsine-transformed proportion SAT
responses. Results revealed a significant main effect of duration,
F(1,19) = 48.44, p < .0001, and a significant interaction between
block and duration, F(3, 57) = 30.75, p < .0001. There was no
significant main effect of block. The significant Block X Duration
interaction indicates that the influence of duration on vowel cate-
gorization differed across blocks. To explore the basis of this
interaction, planned # tests comparing arcsine-transformed propor-
tion SAT responses to long- versus short-duration test stimuli were
run with a Bonferroni-adjusted alpha of 0.0125 (to correct for
multiple comparisons). These revealed that duration exerted a
significant effect on categorization for the Pretest, #(19) = 5.579,
p < .0001; Canonical 1, #(19) = 7.975, p < .0001; and Canonical
2, 1(19) = 8.514, p < .0001, blocks. Duration did not significantly
affect categorization for the Reverse block, #(19) = 0.111, p =
.913. The mean difference scores in proportion SAT responses
between the long- versus short-duration test stimuli (Figure 3b)
were 0.47 (SE = 0.073) for Pretest, 0.56 (SE = 0.055) for
Canonical 1, 0.01 (SE = 0.058) for Reverse, and 0.58 (SE =
0.061) for Canonical 2. These difference scores suggest a marked
decrease in reliance on duration to signal vowel category in the
Reverse block when the spectral/duration dimension correlation
experienced across exposure stimuli was reversed.

These analyses methods were chosen to parallel those used in
previous studies on dimension-based statistical learning (Idemaru
& Holt, 2011, 2014). Acknowledging issues with using ANOVA
to analyze proportion data computed from categorical outcomes
(Jaeger, 2008), we also analyzed the categorization responses
using mixed logit models (generalized linear mixed model for
binomially distributed outcomes). We constructed a mixed logit
model that was driven by our hypothesis that listeners exhibit a
significant down-weighting of reliance on the duration dimension
in the Reverse block. To this end, we modeled the outcome—
participants’ categorization responses (with SET coded as 0 and
SAT coded as 1) as a function of participant, block, test stimulus
duration (long, short), and the interaction between block and test
stimulus duration. Participant was modeled as a random effect,
whereas the other factors were modeled as fixed effects. Results of
this model revealed a significant interaction between block and test

2 Error bars are not plotted in graphs presenting responses to different
stimuli that are both within-subject and within-condition. The consistency
of across-condition differences, not within-condition variability, contrib-
utes to statistical significance and so error bars on these graphs can be
visually misleading. Error bars are plotted in graphs representing difference
scores computed from within-subject conditions because, in these cases,
error bars indicating the variability of difference scores are appropriate and
meaningful.
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Figure 3. Experiment 2 results. (a) Proportion SAT responses, organized by block and test stimulus (long vs.
short duration). (b) Duration-driven differences in proportion SAT responses. Calculated by subtracting, for each
individual participant, the proportion SAT responses for the short-duration test stimulus from that for the
long-duration test stimulus. Error bars represent standard error of the mean. See the online article for the color

version of this figure.

stimulus duration ( = 0.093, SE = 0.019, p < .0001). To explore
the basis of this interaction, we modeled the effect of test stimulus
duration separately for each of the four blocks (modeling partici-
pant as a random effect and test stimulus duration as a fixed
effect). There was a significant effect of test stimulus duration in
the first block (Pretest: 3 = 0.409, SE = 0.065, p < .0001), in the
second block (Canonical 1: B = 0.761, SE = 0.081, p < .0001),
and in the fourth block (Canonical 2: B = 0.797, SE = 0.078, p <
.0001). There was no significant effect of test stimulus duration in
the third block (Reverse: B = —0.048, SE = 0.030, p = .109).

The results from all of our analyses converge to show that vowel
duration significantly affected categorization in the blocks in
which the correlation between spectral quality and duration was
either neutral or consistent with regularities of English (Pretest,
Canonical 1, and Canonical 2 blocks). In contrast, listeners rapidly
down-weighted reliance on the duration dimension when the local,
short-term speech environment was characterized by an “artificial
accent” that reversed the correlation between spectral quality and
duration relative to that typical of English. In the Reverse block,
the very same test-trial vowels that were differentiated as a func-
tion of duration in the Canonical blocks were no longer as different
vowels by listeners.

Discussion

These results demonstrate that listeners are sensitive to the
correlation between spectral quality and duration dimensions con-
tributing to the /e¢/-/=/ vowel distinction and adjust perceptual
dimension weighting in response to short-term deviations in the
correlation. Experiencing a temporary reversal of the canonical
correlation between spectral quality and duration dimensions in the
Reverse block led to a down-weighting of the contribution of
duration in differentiating spectrally ambiguous vowels. Results

from Experiment 1 as well as categorization data from the current
experiment confirm that the spectral dimension very robustly
signals vowel category on the exposure trials (the majority of
experiment trials). Thus, we hypothesize that listeners may dy-
namically adjust the reliability of the duration cue to vowel iden-
tity when its correlation to the dominant spectral cue is no longer
consistent with long-term representations. We return to this pos-
sibility in the General Discussion.

A notable aspect of these data is that when the speech input
returned to the typical dimension correlation in the second Canon-
ical block, duration again contributed to vowel categorization.
Therefore, the perceptual down-weighting of duration cannot be
attributed to a complete inattention to the duration dimension. For
this pattern to emerge, duration must have been processed, at some
level, throughout the Reverse block, although it ceased to reliably
signal vowel identity. This pattern of findings is indicative of a
highly sensitive and dynamically responsive perceptual system
adapting to the statistical regularities of incoming speech. Results
from this experiment very closely mirror the pattern of results
observed in Idemaru and Holt (2011), suggesting that the type of
short-term adjustment observed for the relationship of VOT and FO
dimensions in signaling stop consonants generalizes to dimensions
distinguishing a vowel contrast.

Experiment 3

In the dimension-based statistical learning demonstrated in Ex-
periment 2, both vowel choices (SET, SAT) form real words.
Because of this, presumably lexical information is not of use in
disambiguating the vowel or in driving the adaptive plasticity we
observe. However, dimension-based statistical learning of this sort
has only been observed in the context of lexical items (Experiment
2; Idemaru & Holt, 2011, 2014), so it is not clear whether learning
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plays out in the mapping of acoustics to specific lexical items or to
prelexical units. Having used only word recognition to examine
this effect, one possibility is that short-term deviations in the
statistical regularity of dimensions signaling a particular word
specifically affect the mapping from input dimension to lexical
item. If this were the case, we would expect the down-weighting of
duration to depend on exposure to real words and to evoke word-
specific effects that fail to generalize to other words possessing the
same vowel. In the present experiment, we probe whether
dimension-based statistical learning occurs if listeners are exclu-
sively exposed to statistical deviations of acoustic dimensions in
the context of nonwords. To this end, we used the same dimension-
correlation manipulations as in Experiment 2 with the same vowel
stimuli embedded in a nonlexical context (SETCH/SATCH). Fur-
ther, we introduced infrequent generalization stimuli with vowels
acoustically identical to the SETCH/SATCH test stimuli but with
a different—and lexical—consonant-frame context (SET/SAT).
This allowed us to assess whether adaptive changes in perceptual
dimension-weighting in response to statistical deviations in a set of
vowels in one context (S_TCH) generalizes to acoustically iden-
tical vowels present in a different context (S_T).

Method

Participants. Nineteen adults (ages 18 to 22 years) partici-
pated in the experiment for either university credit or a small
payment. All participants were university students, native English
speakers and reported normal hearing in both ears.

Stimuli. The vowels in the experiment were selectively sam-
pled from the grid of 49 stimuli described in Experiment 1. The
vowel sampling across blocks was identical to the sampling in
Experiment 2 (see Figure 2), and the vowels were acoustically
identical to those used in Experiments 1 and 2. The only difference
was that the vowels were in a ‘S_TCH’ frame such that stimuli
would either be perceived as the nonword SETCH or the nonword
SATCH.

The stimuli were created by removing the /t/ segments from
each of the 49 SET/SAT productions created for Experiment 1
(and used in Experiment 2) and replacing them with /tch/ seg-
ments. The /tch/ segment was produced in isolation by the same
speaker who recorded the original SET/SAT stimuli. Care was
taken to cut the /t/ segments and insert the /tch/ segments at zero
crossings in the waveform. The /tch/ segments were acoustically
identical across the entire stimulus grid.

Procedure. The trial structure, within-block sampling of vow-
els, structure of blocks across the experiment, and participant
instructions were identical to those for Experiment 2. The main
difference in the present experiment is that listeners heard the
exposure trial vowels in the context of the nonwords SETCH and
SATCH rather than SET and SAT. The vowel segments of all
exposure stimuli, however, were identical to the exposure stimuli
in Experiment 2. Embedded within every block were two regular
test trials with vowels that matched those of the Experiment 2 test
trials (identical spectral quality at the most ambiguous value, but
differing in vowel duration) but in the nonword frame S_TCH to
match the exposure stimuli. Also embedded within each block
were two generalization test trials which were the same vowels as
the regular test trials but presented in the word frame S_T. These
generalization test trials were included to assess whether listeners’

dimension-based statistical learning in the context of the nonlexi-
cal items SETCH and SATCH would generalize to lexical items
like SET and SAT. On each trial, listeners were given four ortho-
graphic response options to choose from: SETCH, SATCH, SET,
and SAT. We included all four options on every trial to keep all
trials as similar as possible and to avoid drawing attention to the
distinction between exposure and test trials.

Results

Dimension weights. To ensure that spectral quality was in-
deed the dominant dimension signaling /¢/-/&/ vowel identity for
the listeners in this experiment, we computed dimension weights
from Pretest block data using the same method as in Experiment 1.
The relative perceptual dimension weights averaged across partic-
ipants were 0.733 for spectral quality and 0.267 for duration
(standard error for each weight was 0.021). These weights confirm
that spectral quality is the dominant dimension among these spe-
cific participants.

Categorization of exposure stimuli. Vowel categorization of
the SETCH/SATCH exposure stimuli in the Canonical and Re-
verse blocks was highly accurate. The proportion of exposure
stimuli that were categorized as expected based on the spectral
dimension was 0.942 (SE = 0.017) in the first Canonical block,
0.932 (SE = 0.022) in the Reverse block, and 0.96 (SE = 0.011)
in the second Canonical block. The high categorization perfor-
mance across all blocks indicates that spectral quality was a robust
signal of vowel identity.

Categorization of test stimuli. Figure 4 plots the results. To
analyze the effect of exposure blocks on categorization of the four
different test stimuli, a 4 (Block: Pretest, Canonical 1, Reverse,
Canonical 2) X 2 (Duration of test stimulus: long, short) X 2 (Test
stimulus type: regular S_TCH, generalization S_T) repeated-
measures ANOVA was run on arcsine-transformed proportion /&/
responses (either SATCH or SAT depending on the test stimulus
type). Results revealed a significant main effect of duration, F(1,
18) = 36.6, p < .0001]; a significant main effect of block, F(1,
18) = 11.17, p < .0001; and a significant interaction between
block and duration, F(3, 57) = 38.9, p < .0001. There was no
significant main effect of test stimulus type (whether they were
regular S_TCH or generalization S_T), and there were no signif-
icant interactions between it and any other variables. The signifi-
cant Block X Duration interaction indicates that the influence of
duration on vowel categorization differed across the four blocks.

To explore the basis of this interaction among the regular
(S_TCH) test stimuli, planned ¢ tests comparing arcsine-
transformed proportion SATCH responses to long- versus short-
duration test stimuli were run with a Bonferroni-adjusted alpha of
0.0125 (to correct for multiple comparisons). Duration exerted a
significant effect on categorization in the Pretest, #(18) = 5.904,
p = .0001; Canonical 1, #(18) = 6.168, p < .0001; and Canonical
2, 1(18) = 7.361, p < .0001, blocks but not in the Reverse block,
1(18) = 1.052, p = .307. This pattern of results for the regular test
stimuli is summarized in Figure 4a. The mean difference scores in
proportion SATCH responses between the long- versus short-
duration test stimuli were 0.28 (SE = 0.042) for Pretest, 0.51
(SE = 0.072) for Canonical 1, —0.09 (SE = 0.075) for Reverse,
and 0.55 (SE = 0.063) for Canonical 2, exhibiting a steep decrease
in reliance on duration to differentiate the vowels the Reverse
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Figure 4. Experiment 3 results. (a) Proportion SATCH responses, organized by block and test stimulus (long
vs. short duration) for regular test stimuli (SETCH/SATCH). (b) Duration-driven differences in proportion
SATCH responses. (c) Proportion SAT responses for generalization test stimuli (SET/SAT). (d) Duration-driven
differences in proportion SAT responses. See the online article for the color version of this figure.

block when the exposure stimuli were sampled such that the
spectral/duration dimension correlation was reversed. These dif-
ference scores are plotted in Figure 4b.

To explore the basis of this interaction among the generalization
(S_T) test stimuli, planned ¢ tests comparing arcsine-transformed
proportion SAT responses to long- versus short-duration test stim-
uli were run with a Bonferroni-adjusted alpha of 0.0125 (to correct
for multiple comparisons). Duration exerted a significant effect on
categorization for the Pretest, #(18) = 4.03, p = .0008; Canonical
1, #(18) = 5.286, p < .0001; and Canonical 2, #(18) = 6.881, p <
.0001, blocks but not for the Reverse block, #(18) = 0.86, p =
.399. The pattern of results for the Generalization test stimuli is
summarized in Figure 4c. The mean difference scores in propor-
tion SAT responses between the long- versus short-duration test
stimuli were 0.21 (SE = 0.051) for Pretest, 0.35 (SE = 0.063) for
Canonical 1, —0.02 (SE = 0.065) for Reverse, and 0.54 (SE =
0.069) for Canonical 2, demonstrating a decrease in reliance on
duration to differentiate the SET/SAT test stimuli in the Reverse
block when the spectral/duration dimension correlation was re-
versed among the SETCH/SATCH exposure stimuli. These differ-
ence scores are plotted in Figure 4d.

We also analyzed the categorization responses using mixed logit
models. We modeled the participant’s categorization response

(with SETCH/SET coded as 0 and SATCH/SAT coded as 1) as a
function of participant, block number, test stimulus duration (long,
short), test stimulus type (regular, generalization), and interactions
between the latter three factors. Participant was modeled as a
random effect, whereas the other factors were modeled as fixed
effects. Results of this model revealed a significant interaction
between block and test stimulus duration (3 = 0.085, SE = 0.026,
p = .0009) and no other statistically significant interactions. To
further investigate the significant Block X Duration interaction,
we modeled the effect of test stimulus duration separately for each
of the four blocks (modeling participant as a random effect and test
stimulus duration as a fixed effect). There was a significant effect
of test stimulus duration in the first block (Pretest: B = 0.277,
SE = 0.038, p < .0001), in the second block (Canonical 1: B =
0.510, SE = 0.049, p < .0001), and in the fourth block (Canonical
2: 3 = 0.698, SE = 0.054, p < .0001). There was no significant
effect of test stimulus duration in the third block (Reverse:
B = —0.024, SE = 0.031, p = .426).

To summarize, the analyses converge to show that vowel dura-
tion significantly affected categorization in the blocks for which
the correlation between spectral quality and duration was neutral
(Pretest) or consistent with that of English (Canonical blocks). In
the Reverse block in which exposure trials sampled the vowel
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acoustic space to create an artificial accent with the opposite
dimension correlation of English, duration no longer affected
vowel categorization. Thus, we observed that dimension-based
statistical learning occurs even when the artificial accent is expe-
rienced only in the context of nonwords. It does not appear that the
adaptive plasticity is occurring at the level of the mapping to
specific lexical representations. We acknowledge the possibility
that, with exposure to the nonwords SETCH and SATCH across
the four blocks, it is possible that these nonwords may have begun
to take on some word-like qualities. This would, however, be quite
a weak view of what it means for an item to be “lexical” as these
nonwords are not linked to any semantic representations, referents,
or other perceptual input.

The present pattern of dimension-based statistical learning was
observed not only for the regular test stimuli (S_TCH) context but
also the generalization test stimuli (S_T), with no significant
difference in the pattern of results based on test stimulus type.
Thus, adaptation to the artificially “accented” speech fully gener-
alized to a word-frame context that was never heard spoken in the
artificial accent.

Experiment 4

Experiment 3 demonstrated that dimension-based statistical
learning generalizes across small differences in surrounding pho-
netic contexts. Listeners experiencing this learning on the /e/-/®/
vowel contrast in the context of nonwords SETCH and SATCH
readily generalized to vowels in the context of the words SET and
SAT. Idemaru and Holt (2014) showed that listeners do not gen-
eralize adaptive perceptual dimension weighting from one stop
consonant contrast (/b/-/p/) to another (/d/-/t/). Instead, the adap-
tive plasticity seems to either be specific to the phonetic contrast
itself or the acoustic details of the exemplars experienced in the
artificial accent across exposure trials.

Here, we test the possibility that dimension-based statistical
learning is specific to the acoustic details of the exemplars across
which listeners experience an artificial accent. Specifically, we
investigate whether listeners’ dimension-based learning from arti-
ficially accented /e/-/&/ vowels generalizes to acoustically distinct
exemplars of those same vowels.

Method

Participants. Nineteen adults (ages 18 to 22 years) partici-
pated in the experiment for either university credit or a small
payment. All participants were university students. All were native
English speakers and reported normal hearing in both ears.

Stimuli. The vowels in the experiment were selectively sam-
pled from the grid of 49 stimuli described in Experiment 1. The
sampling of exposure stimuli across blocks was identical to the
sampling in Experiment 2 (see Figure 2) and, like in Experiment 2,
all vowels were situated in a S_T frame.

A separate grid of 49 acoustically distinct generalization vowel
stimuli was generated by applying the automated “change gender”
function in Praat to each of the original stimuli. The spectral
content of each generalization test stimulus was substantially dif-
ferent from that of the corresponding regular test stimulus (see
Figure 5 for a formant comparison of the spectrally ambiguous
stimuli for regular and generalization stimulus sets).

To ensure that native English listeners’ categorization of /e/-/&/
within the generalization vowel grid elicited perceptual dimension
weights similar to those of the training (and regular test) stimulus
grid, we collected a small group (n = 10) of native English
listeners’ categorization responses for the full 49-stimulus gener-
alization grid. Indeed, the relative perceptual weights (calculated
according to the methods described in Experiment 1) for spectral
quality (0.728) and duration (0.272) dimensions were similar to
those reported in Experiment 1 for the training (and regular test)
stimuli (0.822 for spectral and 0.178 for duration). Furthermore,
the effect of vowel duration on perception of the spectrally am-
biguous tokens was robust for the generalization stimuli and re-
vealed a categorization curve highly similar to that observed for
the original training (and regular) test stimuli.

Procedure. The trial structure, within-block sampling of vow-
els, structure of blocks across the experiment, and participant
instructions were identical to those for Experiment 2. The differ-
ence from Experiment 2 was that there were two acoustically-
distinct generalization test trial stimuli in addition to the two
regular test trial stimuli (the same as used in Experiment 2). The
two generalization test trial stimuli were also spectrally ambiguous
tokens, with durations equal to those of the regular test trials.
However, only the spectral acoustic details of the regular test trials
matched those of the exposure trials across blocks, whereas the
spectral acoustic details of the generalization test trials were sub-
stantially different.

Results

Dimension weights. To ensure that spectral quality was the
dominant dimension signaling /e/-/®/ vowel identity for the listen-
ers in this experiment, we computed dimension weights based on
participants’ categorization of the exposure stimuli (same acous-
tics as regular test stimuli) in the Pretest block. Dimension weights
were calculated using the same method as in Experiment 1. The
relative perceptual dimension weights averaged across participants
were 0.767 for spectral quality and 0.233 for duration (standard
error for each weight was 0.022). These weights confirm that
spectral quality was the dominant dimension among these specific
participants.

Original Speaker (Female) Altered Speaker (Male)
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Figure 5. Extracted formant tracks for the spectrally ambiguous vowels
in the original stimulus grid (from which exposure trials and regular test
trials are drawn) [left/purple] and the generalization stimulus grid [right/
blue]. See the online article for the color version of this figure.
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Categorization of exposure stimuli. Vowel categorization of
the exposure stimuli in the Canonical and Reverse blocks was
highly accurate. The proportion of exposure stimuli that were
categorized as expected based on the spectral dimension was 0.968
(standard error = 0.007) in the first Canonical block, 0.954 (stan-
dard error = 0.015) in the Reverse block, and 0.978 (standard
error = (0.006) in the second Canonical block. Accurate categori-
zation across blocks indicates that spectral quality was a robust
signal of vowel identity.

Categorization of test stimuli. Results are shown in Figure 6.
To analyze the effect of different exposure blocks on categoriza-
tion of the four different test stimuli, a 4 (Block: Pretest, Canonical
1, Reverse, Canonical 2) X 2 (Duration of test stimulus: long,
short) X 2 (Test stimulus type: regular, generalization) repeated-
measures ANOVA was run on arcsine-transformed proportion
SAT responses. Results revealed a significant main effect of du-
ration, F(1, 18) = 157.1, p < .0001; and test stimulus type, F(1,
18) = 8.126, p = .011; a significant interaction between block and
duration, F(3, 54) = 35.82, p < .0001; and a significant interaction
between block, duration, and test stimulus type, F(3, 54) = 9.202,
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p < .0001. The significant block by duration interaction indicates
that the influence of duration on vowel categorization was depen-
dent on the block, and the significant block by duration by test
stimulus type interaction indicates that this influence differed for
regular test stimuli as compared to generalization (acoustically
distinct) test stimuli.

We first explored the basis of the Block X Duration interaction
among the regular test stimuli. Planned ¢ tests comparing arcsine-
transformed proportion SAT responses to long- versus short-
duration test stimuli were run with a Bonferroni-adjusted alpha of
0.0125 (to correct for multiple comparisons). Results showed that
duration exerted a significant effect on categorization in the Pre-
test, #(18) = 7.088, p < .0001; Canonical 1, #(18) = 12.202, p <
.0001; and Canonical 2, #(18) = 13.527, p < .0001; blocks but did
not affect categorization for the Reverse block, #(18) = 0.054, p =
.957. This pattern of results for the regular test stimuli is summa-
rized in Figure 6a. The mean difference scores in proportion SAT
responses between the long- versus short-duration regular test
stimuli were 0.36 (SE = 0.052) for Pretest, 0.68 (SE = 0.05) for
Canonical 1; —0.01 (SE = 0.068) for Reverse; and 0.72 (SE =
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Figure 6. Experiment 4 results. (a) Proportion SAT responses, organized by block and test stimulus (long vs.
short duration) for regular test stimuli (same speaker as in the exposure stimuli). (b) Duration-driven differences
in proportion SAT responses for regular test stimuli. (c) Proportion SAT responses for generalization test stimuli
(different speaker from exposure stimuli). (d) Duration-driven differences in proportion SAT responses for
generalization test stimuli. See the online article for the color version of this figure.
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0.044) for Canonical 2, charting a steep decrease in reliance on
duration to differentiate the test stimuli in the Reverse block when
the spectral/duration dimension correlation among exposure stim-
uli was reversed. These difference scores are plotted in Figure 6b.

Furthermore, 7 tests revealed that duration exerted a significant
effect (with significance tested at a Bonferroni-adjusted alpha of
0.0125) on categorization for the generalization (acoustically dis-
tinct) test stimuli for all four blocks: Pretest, #(18) = 3.346, p =
.0036; Canonical 1 [#(18) = 7.696, p < .0001; Canonical 2
[#(18) = 11.303, p < .0001]; and Reverse, #(18) = 4.749, p =
.0002. To assess whether listeners significantly down-weighted
duration in the Reverse block relative to in the Canonical blocks,
a 4 (Block: Pretest, Canonical 1, Reverse, Canonical 2) X 2
(Duration of test stimulus: long, short) ANOVA was conducted
solely on the arcsine-transformed proportion SAT responses to
generalization stimuli. Results showed a significant main effect of
duration, F(1, 18) = 77.78, p < .0001, and a significant interaction
between block and duration, F(3, 54) = 9.333, p < .0001. The
significant interaction between block and duration, considered
along with the 7 test results, suggests that even for the generaliza-
tion test stimuli listeners relied on duration less so in the Reverse
block than in the other blocks, even though reliance on duration
remained significant in the Reverse block. This pattern of results
for the generalization test stimuli is summarized in Figure 6c.
Furthermore, the mean difference scores in proportion SAT re-
sponses between the long- versus short-duration generalization test
stimuli were 0.31 (SE = —0.092) for Pretest, 0.61 (SE = 0.062)
for Canonical 1, 0.25 (SE = 0.049) for Reverse, and 0.62 (SE =
0.047) for Canonical 2, indicative of a significant decrease in the
effect of duration on vowel categorization in the Reverse block.
These difference scores are plotted in Figure 6d.

We also analyzed the categorization responses using mixed logit
models. We modeled the participant’s categorization response
(with SET coded as 0 and SAT coded as 1) as a function of
participant, block number, test stimulus duration (long, short), test
stimulus type (regular, generalization), and interactions between
the latter three factors. We modeled participant as a random effect
and the other factors as fixed effects. Results of this model re-
vealed a significant interaction between block and test stimulus
duration (3 = 0.155, SE = 0.014, p < .0001), a significant
interaction between block, test stimulus duration, and test stimulus
type (B = —0.036, SE = 0.007, p < .0001), and no other
significant interactions. To further investigate the significant three-
way (block, test stimulus duration, test stimulus type) interaction,
we modeled the effects of test stimulus duration, test stimulus type,
and their interaction within each of the four separate blocks (also
modeling participant as a random effect). There was a significant
effect of test stimulus duration in Block 1 (Pretest: f = 0.338,
SE = 0.080, p < .0001), Block 2 (Canonical 1: § = 0.790, SE =
0.074, p < .0001), and Block 4 (Canonical 2: 3 = 0.878, SE =
0.080, p < .0001). In these three blocks, there was no significant
interaction between test stimulus duration and test stimulus type.
In Block 3 (Reverse), there was a significant simple effect of test
stimulus duration (B = 0.262, SE = 0.054, p < .0001) and a
significant interaction between test stimulus duration and test
stimulus type (regular vs. generalization; 3 = —0.256, SE =
0.075, p = .0006). These results align with previous ¢ test results
to suggest that, in the Reverse block, the effect of duration on
categorization of acoustically distinct generalization test stimuli is

reduced relative to that in the Canonical blocks but not as reduced
as that for the regular test stimuli (whose acoustics are much more
similar to the exposure stimuli).

Thus, listeners’ categorization of the generalization (acousti-
cally distinct) test stimuli mirrored that of the regular test stimuli
in all blocks except for the Reverse block, where the duration
down-weighting was significant relative to the Canonical blocks,
but less extreme. Duration continued to significantly impact vowel
categorization of generalization stimuli even in the Reverse block,
although its influence was significantly down-weighted relative to
the Canonical blocks. The regular test stimuli (those that acousti-
cally match the exposure stimuli), however, led to an extreme
down-weighting of duration, replicating our observations in pre-
vious experiments. This provides evidence of generalization of
dimension-based statistical learning to vowels that belong to the
same category as, but whose acoustic details are quite distinct
from, the vowels experienced in the “artificial accent”. However,
the degree of generalization appears to be modulated by the
acoustic similarity across vowels.

General Discussion

One of the greatest challenges in studying perceptual systems is
to understand how they dynamically adapt to short-term deviations
in the input while simultaneously maintaining stable long-term
representations. Speech perception is a good test-bed for this issue
because adult listeners have established long-term representations
that reflect native language regularities, yet they adapt to short-
term deviations from these norms (e.g., in foreign accented speech,
dialect, etc.). There has been mounting evidence that listeners rely
on various information sources to adaptively adjust speech cate-
gorization (e.g., Clayards et al., 2008; Eisner & McQueen, 2006;
Holt, 2005; Idemaru & Holt, 2011; Kraljic & Samuel, 2006, 2007;
Norris et al., 2003). The present experiments demonstrate that
listeners adjust speech categorization to accommodate artificially
“accented” speech in which dimension correlations deviate from
those in typical English productions of vowels /¢/ and /®/ and
capitalize on this finding to better understand the mechanisms
involved in adaptive plasticity in speech perception.

Experiment 1 established the relative perceptual weights that
native English listeners assign to two acoustic dimensions, spectral
quality and duration, in categorizing /¢/ and /@/. Consistent with
expectations from prior research, listeners treat spectral quality as
the most diagnostic cue to vowel categorization for this contrast.
When spectral quality is ambiguous, though, listeners do rely
significantly on duration. There was considerable consistency in
this pattern across participants. Experiment 2 demonstrated that
listeners track the relationship between these two dimensions in
online speech perception as short-term distributional regularities
shift to create an artificial “accent.” Specifically, listeners rapidly
down-weight reliance on duration for vowel categorization when
the correlation between spectral quality and duration is reversed
relative to the long-term English norm. Test stimuli with highly
distinct stimulus durations, but ambiguous spectral quality, sig-
naled opposing vowel categories in the Pretest and Canonical
blocks. However, these exact same vowels were indistinguishable
in the Reverse block. The very same vowel acoustics signaled
vowel categorization differently as a function of the statistical
regularities characterizing local speech experience in the block.
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These findings serve as a conceptual replication of the results
reported in Idemaru and Holt (2011, 2014) and extend the pattern
of results to vowel categories.

An additional aim of the present work was to understand the
mechanistic basis of these effects. Prior work investigating
dimension-based statistical learning has involved only real lexical
items in training. This leaves open the possibility that the observed
dimension down-weighting may be word-specific, affecting only
the mapping to a particular lexical representation. Another unre-
solved issue was whether adaptation occurs in a highly specific
manner that only impacts experienced tokens. We find evidence
contrary to each of these possibilities. In Experiment 3, listeners
exposed only to nonword tokens in the artificial accent exhibited
the same pattern of duration down-weighting as observed in Ex-
periment 2. Moreover, this learning generalized to word tokens not
heard spoken in the artificial accent. Although these data rule out
the possibility that the dimension-based statistical learning is
word-specific, the word and nonword tokens in Experiment 3
shared identical vowel acoustics. In Experiment 4, we tested the
possibility that the effect is specific to the vowel acoustics expe-
rienced in the artificial accent. The results indicate that dimension-
based statistical learning generalizes to same-category (/e/-/&/)
vowels with different acoustics. However, the down-weighting of
duration in the Reverse block was attenuated for the acoustically
differing novel exemplars compared to the acoustically identical
trained exemplars. This suggests that the degree of acoustic sim-
ilarity between trained and generalization exemplars influences the
degree to which dimension-based statistical learning generalizes.
This is of interest in that the influence of acoustic similarity on
generalization has also been observed in the context of another
form of adaptive plasticity in speech perception, lexically guided
phonetic tuning (Kraljic & Samuel, 2005; Reinisch & Holt, 2014).

Mechanistic Proposal

We propose that the present results may be accounted for by
positing a multilevel representational network with assumptions
similar to interactive activation models like TRACE (Mirman et
al., 2006; McClelland & Elman, 1986) in which the initial con-
nection weights among representations are related to perceptual
weights, learned through long-term regularities in the perceptual
environment. The baseline dimension weights we collected across
equally balanced, orthogonally varying dimensions in Experiment
1 can approximate the relative strength of initial connection
weights in such a network. Experiment 1 revealed a stronger
baseline dimension weight for spectral quality relative to vowel
duration. This suggests strong initial connection weights that more
effectively signal vowel category via the spectral quality dimen-
sion and weaker connection weights to the same categories from
the duration dimension.

To accommodate the pattern of adaptive plasticity evident in
Experiments 2 to 4, the model’s connection weights would need to
be modifiable. Prior modeling efforts (Hebb-TRACE, Mirman et
al., 2006) have incorporated Hebbian learning that modifies con-
nection weights to account for lexically mediated adaptive plas-
ticity in speech categorization. Although this approach could sim-
ulate the present pattern of dimensional reweighting, Hebbian
learning is likely to be too sluggish to account for the rapid
learning we observe in the present studies and in Idemaru and Holt

(2011, 2014; see Guediche et al., 2014 for discussion). We have
speculated that supervised learning mechanisms may be more
aligned with the time course of behavioral learning we observe
(Guediche et al., 2014; Idemaru & Holt, 2011) because tasks in
which an internal model of a target representation can be used to
detect and correct for differences from actual experience can tap
into error-based supervised learning (see Guediche et al., 2014). In
this context, the relatively unambiguous spectral quality of expo-
sure trials may serve as a “teaching signal” that is sufficient to
robustly activate vowel categories based on strong connections
weights established by long-term experience. We hypothesize that
this allows the system to derive a prediction of the expected
duration via the long-term mapping of duration to vowel category.
These predictions may be compared with the actual sensory input,
with any discrepancies resulting in an internally generated error
signal that can drive adaptive adjustments of the internal prediction
to improve alignment of future predictions with incoming input.
We speculate that the specific adjustments could occur via one of
two different mechanisms.

One possibility is that an error signal could destabilize the
connection weights of duration to vowel category uniformly across
the duration dimension. In other words, the contribution of dura-
tion as a dimension may be dampened, or “ignored,” at least at the
category decision level. This mechanism is supported by the fact
that listeners did not exhibit a reversal of mapping between dura-
tion values and vowel categories in the Reverse block (e.g., with
longer durations signaling /¢/ and shorter durations signaling /®/).
Such a reversal would be expected if listeners were simply learn-
ing to mirror the statistics of the short-term environment. The idea
that listeners stopped treating duration, more generally, as a cue to
vowel categorization, is consistent with the pattern of results
observed here. This dimension down-weighting, however, is not
occurring at the level of dimension encoding. We observe a rapid
change in duration-weighting when the dimension correlation sta-
tistics change back to canonical following the Reverse block. This
indicates that listeners were still encoding duration information in
the Reverse block, even if it was not contributing to category
decisions.

An alternative mechanism that may support the behavior we
observe is that listeners’ connection weights may adjust to better
match the input—output relationship, for example strengthening the
connection weights between short vowel durations and the /®/
category and between long vowel durations and the /¢/ category.
These strengthened connection weights may lead to different bal-
ances in category-level activation, which would affect how com-
petitive dynamics play out at the category level. As an example,
consider a vowel production with ambiguous spectral quality be-
tween /¢/ and /@/ and a long vowel duration. In this case, based on
long-term representations, the ambiguous spectral quality would
not be effective at activating vowel categories in a manner that
would differentiate /¢/ and /&/. But, a long duration would tip the
balance by more robustly activating the /@&/ vowel category. If
experience with artificially accented speech strengthens the con-
nection between long vowel durations and the /e/ category (the
reverse correlation), then the test trials ambiguous in spectral
quality with long durations may begin to activate the /&/ and /e/
categories more uniformly than prior to exposure to the accent.
This would effectively balance their activation of /e/ and /a/
categories, leading to a less clear-cut “winner” in the battle of
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inhibitory dynamics at the category level. Activating both category
alternatives in this way for both short- and long-duration test
stimuli may result in a “neutral” effect of duration, as observed
behaviorally in the Reverse blocks of Experiments 2 to 4. This
could be a way for learning systems to avoid allowing the adjust-
ment to short-term statistical regularities that deviate from the
norm to override the perceptual system’s long-term representa-
tions.

The present data do not differentiate between the dimension-
destabilization and competition-based accounts. Each of these
possibilities is consistent with computational-level (Marr & Pog-
gio, 1979) modeling of adaptation effects in speech (Kleinschmidt
& Jaeger, 2015) to describe what the system does and why it does
these things. Understanding the mechanistic bases of adaptive
processes in speech will require additional next-generation exper-
iments to differentiate the effects at the algorithmic or represen-
tational level (Marr & Poggio, 1979). These experiments will need
to target questions of specifically how the system does what it does
and which representations and processes are involved. For exam-
ple, extending listeners’ exposure to the statistics of the Reverse
block (perhaps over the course of days or weeks) ought to lead to
a stronger reversal of mapping between duration and vowel cate-
gory if the competition-based account is correct, whereas there
should be no effect of extending exposure if listeners are simply
destabilizing the duration dimension relationship to vowel catego-
ries. Prior experiments reveal that exposing listeners to a reversal
in dimension correlations across five days is not sufficient to
reverse the mapping in voicing categories (Idemaru & Holt, 2011),
but the time course of exposure may have been insufficient. Vowel
categorization may provide a fruitful test-bed for examining these
possibilities since fine-grain within-category manipulations of du-
ration and spectral quality are feasible. The present data thus
provide a critical foundation for further mechanistic examinations
of adaptive plasticity in speech perception.

The results of Experiments 3 and 4 further specify the details of
how such a representational network might respond to speech that
differs from the speech experienced in the accent. In Experiment 3
the down-weighting of vowel duration was evoked by nonwords
and generalized to words never experienced in the artificial accent.
This suggests that the representations against which input is com-
pared are at the vowel category level, and not the lexical level.
Results from Idemaru and Holt (2014) showed that dimension-
based statistical learning did not generalize from one phonetic
contrast (/b/-/p/) to another (/d/-/t/), despite the fact that the pho-
neme pairs were from the same class of sounds (stop consonants)
and are typically contrasted together as voiceless (/p, t/) versus
voiced stops (/b, d/). The specificity of learning observed by
Idemaru and Holt could have been due either to the specific
phonetic categories across which the artificial accent was experi-
enced, or to the acoustic details of the exemplars conveying the
accent. In Experiment 4, listeners’ reliance on vowel duration
decreased significantly in response to artificially accented speech
in the Reverse block. This was true even for vowel category
exemplars with acoustic details distinct from those experienced in
the artificial accent. Nonetheless, the degree of down-weighting
was less for these acoustically distinct vowels than that observed
for acoustically identical vowels. In the context of the mechanistic
proposal sketched above, this may suggest that the change in
connection weights between the duration dimension and vowel

categories relies on similarity to the spectral quality of the vowel
exemplars experienced in the artificial accent. Dimension-based
learning might not equally affect the relationship between duration
and all exemplars of the /e/ and /&/ vowels.

Similar findings related to the impact of acoustic similarity on
generalization have been reported for other forms of adaptive plas-
ticity in speech perception. In the context of lexically guided phonetic
retuning, short-term phonetic retuning generalizes to phonemes from
previously unheard speakers, but only when exposure and test speak-
ers’ utterances are drawn from a similar acoustic or perceptual space
(Reinisch & Holt, 2014; Kraljic & Samuel, 2005). In this regard, the
substantial within-category variability in vowel acoustics presents an
excellent testing ground. In future studies, it will be informative to
carefully manipulate the acoustic and perceptual similarity of exem-
plars experienced in the accent and generalization stimuli to gain
further insight regarding the mechanisms of learning involved. Sim-
ilarly, an interesting line of future research would be to test whether
listeners can simultaneously track distinct cue-correlation statistics for
the same vowels spoken by a novel, highly acoustically distinct talker.
If such mechanisms are to support listeners’ rapid adaptation to
accents and speech idiosyncrasies, which are often speaker-specific,
we expect listeners should be able to track simultaneous statistics.
Idemaru and Holt (2014) present evidence that listeners can simulta-
neously track distinct cue-correlation statistics in different stop-
consonant phoneme contrasts (e.g., /b/-/p/ and /d/-/t/), but demonstrat-
ing a similar ability for different talkers would be a valuable extension
of this work.

Relation to Long-Term Representations

The mechanistic account described above suggests that the effec-
tiveness of the acoustic dimension serving as a “teaching signal”
relates to its initial connection weights to the vowel categories, estab-
lished by long-term experience. This presents the possibility that there
may be individual differences in dimension-based statistical learning
arising from differences in long-term representations. Preliminary
correlation analyses across participants in Experiments 2—4 support
this possibility. There was a significant negative correlation between
individual listeners’ perceptual weight for the dominant (spectral
quality) dimension and the effect of duration on vowel categorization
observed in response to the artificial accent in the Reverse block
(measured as the difference between long- and short-duration test
stimuli categorization; R = —0.4, p = .001). Even after removing the
two individuals who weight vowel duration relatively more strongly
than spectral quality at baseline (and thus may have been outliers), a
significant correlation remained (R = —0.38, p = .003). Individuals
with greater reliance on spectral quality in the baseline test tended to
down-weight duration more, resulting in smaller differences in cate-
gorization of test stimuli varying only in vowel duration.

The vast majority of native English listeners, and the majority of
participants in the present studies, more strongly weight spectral
quality in /e/-/®&/ categorization. This makes it difficult to sample
across the entire range of potential variability in perceptual cue-
weighting to fully test this possibility in the present data. A recent
study (Schertz et al., 2013) may be telling in this regard. Owing to
language patterns in Korean, VOT and FO each serve as reliable cues
to stop consonant category membership and listeners can be classified
as to whether they perceptually weight FO or VOT most robustly in
baseline tests of consonant categorization. These two groups of lis-
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teners show quite different patterns of dimension-based statistical
learning even with exposure to identical stimulus sets across blocks.
In each group, the more dimension weighted most strongly at baseline
serves as the more effective teaching signal; the relatively “weaker”
perceptual dimension is down-weighted upon exposure to an artificial
accent that reverses the typical dimension correlation (Schertz et al.,
2013). Investigating a similar relationship between initial dimension
weights and dimension-based statistical learning could be accom-
plished for vowel spectral quality and duration by recruiting partici-
pants from native language backgrounds for which duration is a better
predictor of vowel category than spectral quality, like Finnish (Lade-
foged & Maddieson, 1996). On the basis of our mechanistic account
of dimension-based statistical learning, listeners who weight duration
more toward vowel categorization would be expected to rely on
duration as the “teaching signal.” Thus, if presented with the same
Reverse block, we would expect that they would learn to down-
weight spectral quality as a signal of vowel categorization.

Demonstrations of adaptive plasticity in speech categorization,
whereby disambiguating information tunes the way that speech per-
ception interprets ambiguous speech acoustics, are rapidly growing in
literatures that span multiple paradigms (see Guediche et al., 2014 for
review). As such, these findings contribute to a broader literature
examining the balance between the stability of long-term representa-
tions and the dynamic adjustment of perception to accommodate
short-term deviations from long-term norms. Consonant with the
model we sketch above, research on lexically- (Norris et al., 2003)
and visually guided (e.g., Vroomen & Baart, 2012; Vroomen et al.,
2007) adaptive plasticity in speech perception has proposed mecha-
nisms that are consistent with a supervisory error-signal driven ac-
count. However, whereas lexical and visual information serve as
supervisory signals guiding adaptation or learning in these paradigms,
the present studies establish that neither is necessary to observe
adaptive plasticity in speech perception. The supervisory signal in the
present effects instead originates from one of the input dimensions
(spectral quality) that reliably signals vowel category membership,
even in the artificial accent. An exciting possibility for future research
will be to examine the extent to which common learning mechanisms
drawing off of different sources of information (visual, lexical, acous-
tic) and interacting with different long-term representations evoke
adaptive plasticity in speech perception.
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