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Unfamiliar accents can systematically shift speech acoustics away from community norms and reduce
comprehension. Yet, limited exposure improves comprehension. This perceptual adaptation indicates
that the mapping from acoustics to speech representations is dynamic, rather than fixed. But, what drives
adjustments is debated. Supervised learning accounts posit that activation of an internal speech represen-
tation via disambiguating information generates predictions about patterns of speech input typically
associated with the representation. When actual input mismatches predictions, the mapping is adjusted.
We tested two hypotheses of this account across consonants and vowels as listeners categorized speech
conveying an English-like acoustic regularity or an artificial accent. Across conditions, signal manipula-
tions impacted which of two acoustic dimensions best conveyed category identity, and predicted which
dimension would exhibit the effects of perceptual adaptation. Moreover, the strength of phonetic cate-
gory activation, as estimated by categorization responses reliant on the dominant acoustic dimension,
predicted the magnitude of adaptation observed across listeners. The results align with predictions of
supervised learning accounts, suggesting that perceptual adaptation arises from speech category activa-
tion, corresponding predictions about the patterns of acoustic input that align with the category, and
adjustments in subsequent speech perception when input mismatches these expectations.

Public Significance Statement
When we encounter talker with a foreign accent or a stuffy nose, speech is shifted relative to the
norm and comprehension can suffer. However, listeners can rapidly adapt to shifts like these by
relying on clues from a talker’s voice or face, or word knowledge. This study demonstrates that the
extent to which listeners adapt to accents and other speech distortions is predicted by the degree to
which supporting clues are effective in activating internal representations of speech sound catego-
ries, providing insight into the mechanistic basis for the flexibility of speech communication.

Keywords: speech perception, dimension-based statistical learning, adaptive plasticity, perceptual recali-
bration, perceptual adaptation

Cognitive and perceptual systems face a tension. On the one
hand, there is a demand to maintain fairly stable representations
that respect long-term environmental regularities. On the other,
there is a need to adapt to distinctive short-term regularities as
they arise. This pressure is present in speech perception because
we are tuned to long-term speech regularities that characterize our

dominant language community. Yet, we must routinely adapt
when speech departs from these regularities. Whether encounter-
ing a voice distorted by a respiratory infection or an English
speaker with an unfamiliar accent or dialect, systematic shifts in
speech input can negatively impact speech comprehension (Bra-
dlow & Bent, 2008; Clarke & Garrett, 2004). Yet, a bit of experi-
ence with a systematic acoustic shift can be sufficient for
comprehension to improve, and these improvements sometimes
generalize to other contexts with similar shifts to speech acoustics
(Bradlow & Bent, 2008; Clarke & Garrett, 2004; Davis et al.,
2005; Samuel & Kraljic, 2009; Srinivasan & Zahorik, 2013).

Local Pittsburghers, for example, pronounce their home football
team, the Steelers, with /I/ (as in hill) rather than /i/ (as in heel);
thereby, departing from the mapping of acoustics to vowel catego-
ries typical of standard American English. But, in the context of a
conversation about the upcoming football game, this acoustic am-
biguity is resolved by word knowledge: Steelers is a team name,
Stillers is not. Research demonstrates that repeated exposure to
ambiguous acoustic speech input in the context of disambiguating
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information (like the lexical context of Steelers) can result in
adjustments in speech perception that persist even after the disam-
biguating information is no longer available (Bertelson et al.,
2003; Kraljic & Samuel, 2005, 2006; Norris et al., 2003; Vroomen
et al., 2007). In the Steelers example, experiencing the vowel /I/ in
word contexts that instead suggests an /i/ can lead listeners to later
perceive isolated vowels with ambiguous acoustics between /I/
and /i/ more often as /i/ than /I/.
There is not clear consensus on what drives these adjustments.

One account of this perceptual adaptation posits a role for a form
of supervised learning driven by disambiguating input (Bertelson
et al., 2003; Guediche et al., 2014, 2016; Idemaru & Holt, 2011;
Norris et al., 2003). By this view, information in the speech signal
that disambiguates systematic shifts in speech acoustics—for
instance, lexical in the Steelers example (Davis et al., 2005; Norris
et al., 2003; Schwab et al., 1985), visual information from articu-
lating faces (Bertelson et al., 2003; Vroomen et al., 2007), ortho-
graphic feedback (Guediche et al., 2016; Schwab et al., 1985), or
unambiguous acoustic speech cues (Idemaru & Holt, 2011; Liu &
Holt, 2015)—resolves the mapping of ambiguous speech acoustics
to a particular internal representation, like a phonetic category. In
doing so, it may generate expectations of category-typical speech
input such that if the ambiguous acoustic input is a poor match to
predictions, a mismatch or error signal will drive perceptual adap-
tation that results in subsequent shifts in speech categorization that
remain apparent even when the disambiguating information is no
longer present (see Guediche et al., 2014, for a review of this
perspective).
By this supervised learning account, activation of an internal

representation—a phonetic category in the present studies—is
essential in driving adjustments in how acoustic speech input con-
tributes to speech categorization. Two specific hypotheses emerge
from this perspective: (a) the effectiveness of phonetic-category-
level activation by disambiguating input should relate to the mag-
nitude of perceptual adaptation observed and (b) the directionality
of perceptual adaptation should be malleable according to the in-
formation source that disambiguates category membership in a
particular listening context; when an acoustic dimension best sig-
nals category identity (driving activation), it will result in percep-
tual adaptation across secondary dimensions. Thus, manipulations
that impact which acoustic dimension best signals category
identity correspondingly will affect which acoustic dimension
is impacted by perceptual adaptation.
Here, we test these two predictions in the context of perceptual

adaptation driven by statistical regularities in acoustic speech
input, so-called dimension-based statistical learning (Idemaru &
Holt, 2011, 2014, 2020; Lehet & Holt, 2017, 2020; Liu & Holt,
2015; Schertz et al., 2016; Zhang & Holt, 2018; Zhang et al.,
2021). This paradigm elicits perceptual adaptation through system-
atic shifts in speech acoustic regularities, simulating the introduc-
tion of accented speech by shifting correlations across acoustic
speech dimensions. It offers the benefit of measuring the contribu-
tion of specific acoustic dimensions in signaling speech categories,
and thereby allows for quantification of the degree adaptation that
is necessary to test the magnitude and direction predictions
described above.
In the paradigm, listeners’ baseline perceptual weights are first

assessed across a two-dimensional acoustic space. In the present
studies, voice onset time (VOT) and fundamental frequency (F0)

vary across beer and pier whereas spectral quality (SQ, related to
the first and second formants’ relationship) and duration (DU)
vary across set and sat. When stimuli are sampled equiprobably
from the acoustic space, the acoustic dimensions’ pattern of influ-
ence on speech categorization is correlated in a manner that aligns
with English speech regularities (e.g., higher F0s and longer VOTs
each signal pier). Likewise, as is typical of speech categories, the
two dimensions do not contribute equally in signaling speech cate-
gory identity. For example, VOT carries a stronger perceptual
weight than F0; it is a better indicator of /b/ - /p/ category member-
ship (Abramson & Lisker, 1985; Francis et al., 2008; Haggard
et al., 1970; Whalen et al., 1993). Equiprobable sampling across
the acoustic space provides an estimate of listeners’ baseline
perceptual weights, which broadly align with patterns of native-
language experience.

With this baseline established, the paradigm models an encoun-
ter with speech acoustics that deviates systematically from native-
language norms, as in accented speech, by selectively sampling
speech stimuli to manipulate short-term regularities. Although this
manipulation is subtle, presented across a common voice, and
largely unbeknownst to the listeners, it rapidly induces shifts in
the perceptual weight with which the acoustic dimensions signal
speech categories (Idemaru & Holt, 2011; Liu & Holt, 2015).
Returning to the beer-pier example, English listeners rely primar-
ily upon VOT to inform category identity, with F0 as a secondary
signal. The influence of F0 on speech categorization can be
observed, especially, in holding the strong VOT signal perceptu-
ally ambiguous. In this case, higher F0s reliably result in more
pier responses whereas lower F0s result in more beer responses—
a pattern that aligns with distributional norms of American English
speech. Yet, upon encountering a block of trials that conveys an
“accent” in which the F0 3 VOT relationship is reversed from
English norms, listeners rapidly down-weight reliance on F0 such
that it no longer reliably signals /b/ versus /p/. These results, repli-
cated many times and apparent for vowel as well as consonant cat-
egorization, demonstrate the flexibility of the mapping from
acoustics to speech categories upon encountering short-term regu-
larities that depart from the norm (Idemaru & Holt, 2011, 2014,
2020; Lehet & Holt, 2017, 2020; Liu & Holt, 2015; Schertz et al.,
2016; Zhang et al., 2021; Zhang & Holt, 2018).

Idemaru and Holt (2011) proposed that the primary, heavily per-
ceptually weighted acoustic dimension (e.g., VOT in the case of
beer-pier; Idemaru & Holt, 2011, 2014, 2020; Lehet & Holt,
2020; Zhang & Holt, 2018) serves to disambiguate category iden-
tity in the context of the accent. Following the logic of the super-
vised learning account sketched above, this would generate
predictions about the patterns of speech input typically associated
with the category, including secondary acoustic dimensions like
F0. Upon introduction of the accent, the relationship of the sec-
ondary dimension falls out of alignment with typical patterns of
speech experience. The hypothesis is that this generates a mis-
match signal that drives the observed dimension reweighting of
the secondary, here F0, dimension.

As described above, this model makes two specific predictions:
both the direction and the magnitude of the perceptual adaptation
should be modulated by the effectiveness of category activation by
the dominant dimension. With respect to the direction of adapta-
tion effects, the expectation is that the acoustic dimension that best
signals category membership (VOT in the example above) should
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elicit category activation, which will guide perceptual reweighting
of the secondary dimension (F0 in the example). Thus, manipulat-
ing listening contexts to influence which acoustic dimension is
dominant would be expected to impact the direction of perceptual
adaptation—that is, which acoustic dimension is perceptually
reweighted.
The results of Schertz et al. (2016), which capitalized on differ-

ences across English and Korean, are intriguing with regard to the
direction prediction. Whereas both languages rely on voice-onset-
time (VOT) and fundamental frequency (F0) for /b/ - /p/ categori-
zation, they do so somewhat differently. Most English listeners
rely more on VOT than F0; VOT has greater perceptual weight.
Korean listeners show much more variability in baseline percep-
tual weighting: some listeners consistently rely most on VOT for
/b/ - /p/ categorization whereas other listeners primarily perceptu-
ally weight F0 or weight it approximately equally with VOT.
Schertz et al. confirmed these distinctive patterns of baseline per-
ceptual weights by examining perception across speech stimuli
equiprobably sampling VOT and F0 acoustic dimensions. In line
with the direction prediction sketched above, baseline perceptual
weights impacted the pattern of reweighting observed upon intro-
duction of an accent in the dimension-based statistical learning
paradigm. When VOT was the primary dimension, introduction of
short-term regularity that reversed the typical F0 3 VOT relation-
ship led to down-weighting of F0. In contrast, when F0 was the
primary dimension the F03 VOT reversal resulted in VOT down-
weighting. Listeners who perceptually weighted VOT and F0
approximately equivalently did not evidence much down-weighting
of either dimension. By a supervised learning account, the domi-
nant, perceptually weighted acoustic dimension provides category
activation and when the secondary dimension mismatches its cate-
gory-typical norms, it is perceptually down-weighted.
The present study builds upon the quasi-experimental cross-

linguistic design of Schertz et al. (2016) to causally manipulate
which acoustic dimension carries greater perceptual weight across
different listening contexts among the same sample of listeners.
We introduce distinct listening contexts by capitalizing on two sig-
nal processing techniques that flip which of two acoustic dimen-
sions best signals phonetic category identity—that is, which
carries greatest perceptual weight. This allows us to manipulate
baseline perceptual weights as a function of listening context,
influence which acoustic dimension will best signal category
membership and, correspondingly, which is predicted to be down
weighted upon introduction of an accent.
The second prediction is that the magnitude of perceptual adap-

tation effects will be a function of category activation. We predict
that the more effective the primary, perceptually weighted acoustic
dimension in unambiguously activating a phonetic category, the
greater the magnitude of perceptual adaptation—that is, the greater
the down-weighting of the secondary dimension when short-term
regularities of the accent conflict with language norms. To test this
prediction, we examine the accuracy with which listeners catego-
rize stimuli that are perceptually unambiguous across the primary
dimension as a proxy for category activation. We use the differ-
ence in categorization of two stimuli differing solely on the sec-
ondary acoustic dimension as a measure of perceptual adaptation
via down-weighting. We predict a relationship such that the more
accurate listeners are in categorizing unambiguous stimuli accord-
ing to the primary dimension, the greater the phonetic category

activation, and the stronger the perceptual adaptation evidenced as
down-weighting of the secondary dimension.

The present study examines the direction and magnitude predic-
tions across two experiments, one focused on consonant categori-
zation of beer-pier and the other on vowel categorization across
set-sat. In each, we first assess baseline perceptual weights in two
listening contexts designed to modulate listeners’ reliance on a
particular acoustic dimension for speech categorization. These
same listeners also categorize speech in each listening context as
short-term regularities in speech are manipulated to introduce an
accent, a correlation across dimensions that is reversed from Eng-
lish norms. This manipulation, observed to produce down-weighting
of the secondary dimension in prior studies (e.g., Idemaru & Holt,
2011; Liu & Holt, 2015), is expected to interact with the listening
context and the baseline perceptual weights it produces. We expect
both the direction and magnitude predictions to be conditioned on
the effectiveness of our experimental manipulation of listening con-
text at the level of individual listeners. Thus, we test the direction
and magnitude predictions by examining correlations across baseline
perceptual weights, accuracy of categorizing unambiguous stimuli,
and perceptual weight across the secondary dimension as tests of the
direction and magnitude predictions.

Experiment 1

As noted above, most native English listeners perceptually
weight VOT more than F0 in /b/ - /p/ speech categorization,
although both acoustic dimensions contribute to /b/ - /p/ identity
(Abramson & Lisker, 1985). In Experiment 1, we introduce a sig-
nal manipulation known to influence baseline perceptual weights
in /b/ - /p/ categorization (Holt et al., 2018; Winn et al., 2013): pre-
sentation of speech in noise shifts perceptual weights from VOT to
F0, with listeners relying more on F0 to categorize speech-in-noise
than clear speech. This presents an opportunity to have the same
listeners categorize speech in contexts in which we expect greater
reliance on F0 and VOT, respectively, to test the direction and
magnitude predictions upon introduction of an accent with short-
term regularities that violate English norms.

Method

Participants

Sixty-one Carnegie Mellon University students (18–30 years
old, average age 20 years; 38 women, 21 men, two preferred not
to answer) received course credit or pay to participate in person.
All reported normal hearing and English as the language used at
home. Sample size was based on a power analysis informed by a
pilot study. To detect a correlation of r = .4 at the significance
level of .05 with a power of .8 requires at least 40 participants
(‘pwr’ package in R; Cohen, 1988), which we exceeded in sam-
pling due to our expectation of individual differences in baseline
perceptual weights.

Stimuli

The stimuli were based on those of Idemaru and Holt (2011).
The stimulus space was defined across VOT and F0 dimensions
with seven steps along each dimension creating 49 unique stimuli
in a two-dimensional acoustic space (open circles, Figure 1A).
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This acoustic space served as the basis for two stimulus sets: clear
speech and speech-in-noise.
Clear speech tokens were created from natural productions of

beer and pier by a female native-English speaker. Using Praat
(Boersma, 2006), VOT was manipulated in 5-ms steps between 5
ms and 35 ms, creating a series varying perceptually from beer to
pier (Abramson & Lisker, 1985). Vowel onset fundamental fre-
quency (F0) of the following vowel was then measured from each
step in the series and linearly interpolated into 20-Hz steps
between 200 Hz to 320 Hz to create the 49-step stimulus grid,
with RMS amplitude matched across the 49 stimuli.
Speech-in-noise tokens were generated from these clear speech

tokens, in a manner similar to the approach described by Winn
et al. (2013). Using Praat, speech-shaped noise was generated by
extracting the long-term average spectrum from a 5-min NPR
interview segment and filtering white noise with this spectrum.
The noise was then RMS-matched to the same level as the clear
speech and an onset and offset 200-ms cosine ramp was applied.
The manipulated noise was then added to clear speech. The proce-
dure was performed for all 49 clear speech tokens to create stimuli
for the speech-in-noise condition.

Procedure

Seated in front of a computer monitor in a sound-attenuated
booth, participants heard speech tokens diotically over headphones

(Beyer DT-100) and responded whether the stimulus was beer (Z
key) or pier (M key) on a standard keyboard. There was a one-
second pause separating trials and no feedback. Visual prompts
BEER and PIER aligned with the relative position of the response
keys. Participants responded after the offset of the audio, guessing
if they were unsure.

Baseline Block. All participants first categorized each of the
49 tokens six times in a randomly presented order (total of 294
trials, see left panel in Figure 1A) in speech-in-noise first, and then
in clear speech (gray highlighted regions, Figure 1). These trials
were separated into three 98-trial blocks for each listening
condition.

Canonical/Reverse Blocks. Short-term input regularities were
presented across 132 exposure trials reflecting canonical English
patterns of F0 3 VOT, or the reversed pattern (Figure 1A, middle
and right panels). Exposure trials were subsampled from the same
stimuli space used in baseline blocks, with sampling shown high-
lighted in gray in Figure 1A. In a Canonical block, listeners
heard 18 exposure stimuli and four test stimuli (colored, filled
markers in Figure 1A) six times each, with the 132 total trials
presented in a random order. In the Canonical block, the sam-
pling of exposure stimuli reflected long-term English norms:
long VOT was associated with high F0 and short VOT was asso-
ciated with low F0. The Reverse block presented an accent with

Figure 1
Experiment 1 and Experiment 2 Stimulus Distributions

Note. Across panels, each open circle represents a unique stimulus. The gray highlighted
area indicates exposure stimuli sampled for a particular task. The Baseline block samples
stimuli equiprobably to estimate baseline perceptual weights. The Canonical block samples
stimuli according to a dimension correlation that aligns with English whereas the Reverse
block presents the opposite correlation as an “accent.” The large colored circles indicate test
stimuli, which are present across blocks and provide a measure of the perceptual weight of a
single dimension as the other dimension is held constant and perceptually ambiguous. (A)
Voice onset time (VOT) and fundamental frequency (F0) vary across beer-pier stimuli in
Experiment 1. (B) Spectral quality (SQ) and duration (DU) vary across set-sat stimuli in
Experiment 2. See the online article for the color version of this figure.
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the F03 VOT relationship reversed such that long VOT was associ-
ated with low F0 and short VOT was associated with high F0. Four
test stimuli were identical across both Canonical and Reverse
blocks. Two of the four test stimuli were distinguished by F0 (pink,
blue markers; Figure 1A), with perceptually ambiguous VOT; the
other two test stimuli (green, orange markers; Figure 1A) varied in
VOT with ambiguous F0. Exposure and test stimuli were intermixed
randomly within a block. The categorization across test stimulus
pairs measured perceptual weighting across VOT or F0 dimensions
in the Canonical and Reverse blocks.
Overall, participants experienced a baseline block, a Canonical

and a Reverse block with each block separated by self-time breaks.
All participants completed this first for speech-in-noise and imme-
diately thereafter for clear speech so that the clear speech did not
unduly influence perception of speech-in-noise. Participants were
only instructed to identify sounds as beer or pier and informed
that the noisy sounds might be challenging to identify. They
received no feedback and were not informed of the sampling of
stimuli.

Results

Based on prior studies, we expected that VOT would be the
dominant acoustic dimension signaling /b/ - /p/ categories in clear
speech whereas F0 would be dominant in speech-in-noise (Holt
et al., 2018; Winn et al., 2013). This prior work also led us to
anticipate individual differences in the effectiveness of our listen-
ing context manipulation. Correspondingly, based on the hypothe-
sis that category activation via the dominant dimension drives

perceptual adaptation, we predicted that the directionality of ad-
aptation playing out as dimension weighting on the secondary
acoustic input dimension would vary across clear speech versus
speech-in-noise contexts, and across listeners according to their
susceptibility to the manipulation of which dimension dominates.
Finally, we predicted that categorization accuracy of unambiguous
exposure stimuli according to the dominant dimension (a proxy for
distinctive category activation) would be associated with greater-
magnitude down-weighting of the secondary dimension in the
Reverse block.

Listening Context Shifts Baseline Perceptual Weights

We first examined baseline perceptual weights across clear and
speech-in-noise listening contexts. Figure 2A shows the average
proportion beer versus pier responses, illustrating that listeners
use both VOT and F0 in categorization, and that the perceptual
weight of dimensions varies across clear speech and speech-
in-noise contexts. From these data we quantified perceptual
weights using a regression model including VOT and F0 as predic-
tors of category responses for each participant (Lehet & Holt,
2020; Liu & Holt, 2015). Coefficients were normalized to sum to
one, as in prior research (Holt & Lotto, 2006). Figure 2B plots dis-
tributions of VOT and F0 perceptual weights as a function of lis-
tening context. The pattern aligns with expectations that American
English listeners rely more on VOT (M = .76, 95% confidence
interval, CI [.73, .79]) than F0 (M = .24, 95% CI [.21, .27]) in cate-
gorizing beer and pier in clear speech (Abramson & Lisker,
1985). Crucially, the presentation of speech-in-noise shifted reli-
ance away from VOT (M = .30, 95% CI [.26, .34]) and toward F0

Figure 2
Experiment 1 Baseline Perceptual Weights

Note. (A) Heat maps of beer-pier consonant categorization across the voice onset time (VOT) and fundamental frequency (F0) acoustic input dimensions
for clear speech (top) and speech-in-noise (bottom). Darker blue indicates more pier responses and lighter blue indicates more beer responses. (B) The data
from (A) are summarized as violin and box plots of average normalized perceptual weights for VOT and F0 across clear speech and speech-in-noise. (C)
The same data are plotted as violin and box plots for VOT perceptual weights to illustrate that almost all listeners (99.4%) relied less on VOT in noise than
in clear speech. SQ = spectral quality. See the online article for the color version of this figure.
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(M = .70, 95% CI [.66, .74]). Figure 2C replots the Figure 2B data
to illustrate individual listeners’ perceptual weight shift across lis-
tening contexts. A simple linear regression model with only condi-
tion (clear speech, speech-in-noise) and dimension (VOT, F0) as
predictor variables (Akaike’s information criterion, AIC = 61.99)
and a full model were fit with listening context and dimension
main effects as well as the Context 3 Dimension interaction term
(AIC = �233.08). An F test revealed a significant Context 3
Dimension interaction (F = 570.88, p , .001, FDR-corrected). As
illustrated in Figure 2C, nearly all participants (99.4%) exhibited
this shift in perceptual weights across listening contexts, albeit to
different degrees. Listening context strongly impacts which acous-
tic dimension is dominant in signaling category identity.

Baseline Perceptual Weights Predict Exposure Trial
Categorization in the Reverse Block

The influence of listening context on the perceptual weight of
acoustic dimensions was persistent across blocks. The dominant
acoustic dimension at baseline robustly predicted categorization of
exposure trials in the Reverse block. The perceptual weight of
VOT in baseline categorization of clear speech was positively
associated with Reverse block exposure trial categorization (r =
.472, p , .001, FDR-corrected), indicative of unambiguous cate-
gory activation by the dominant, VOT, dimension. Similarly, the
F0 dimension—dominant in noise—predicted Reverse block expo-
sure trial categorization for speech-in-noise (r = .583, p , .001,
FDR-corrected). Thus, manipulation of listening context from
clear speech to speech-in-noise has a persistent influence on which
acoustic dimension best drives category activation when the accent
is introduced in the Reverse block.

Category Activation According to the Primary Dimension
Predicts the Direction and Magnitude of Perceptual
Adaptation

This established a context in which to examine the direction
prediction: activation of the category by the dominant dimension
is predicted to result in down-weighting of the secondary dimen-
sion in speech categorization upon introduction of the accent in
the Reverse block. Thus, in this within-participant design, we
expected down-weighting of F0 in clear speech and of VOT in
noise. Moreover, we predicted that the more effective the primary,
perceptually weighted acoustic dimension in unambiguously acti-
vating a phonetic category, the greater the magnitude of adaptation
—that is, the greater the down-weighting of the secondary dimen-
sion when short-term regularities of the accent conflict with lan-
guage norms (Reverse block).
We quantified category activation as the Reverse block expo-

sure trial accuracy according to the primary dimension (VOT in
clear speech; F0 in noise; Figure 2B) and perceptual weight as the
difference in pier categorization responses across test stimulus
pairs varying along a dimension (with the opposing dimension
held constant, see Figure 1). Figure 3 plots the relationship of cate-
gory activation and the perceptual weight for the primary (Figure
3A and 3B) and secondary (Figure 3C and 3D) acoustic dimen-
sions for clear speech (Figure 3A and 3C) and speech-in-noise
(Figure 3B and 3D). First examining the dominant acoustic dimen-
sions, we observe the expected relationship: listeners’ reliance on
the dominant dimension is positively associated with category

activation for both clear speech (r = .645, p , .0001; FDR-
corrected, Figure 3A) and speech-in-noise (r = .454, p , .001,
FDR-corrected, Figure 3B). Those participants who more heavily
weighted VOT in clear speech or F0 in speech-in-noise also were
more accurate in Reverse block exposure trial categorization. This
is another demonstration that the dominant acoustic dimension
measured at baseline drives category activation of the exposure
stimuli that convey the Reverse block accent.

We next examined the direction prediction, using the difference
in test stimulus categorization of the secondary dimension as an
index of perceptual adaptation (Figure 3C and 3D). Smaller differ-
ences in test stimulus categorization indicate greater the down-
weighting of the dimension in response to the accent—that is,
greater perceptual adaptation. Thus, we predict a negative associa-
tion with category activation: the more effective category activa-
tion by the dominant dimension, the smaller categorization
differences of test stimuli (i.e., the degree of down-weighting of
the dimension). Indeed, category activation quantified as Reverse
block exposure trial categorization accuracy according to the dom-
inant dimension was negatively associated with the degree to
which the secondary dimension differentiated categorization
responses across test stimuli for both clear speech (r = �.308, p =
.024, FDR-corrected, Figure 3C) and speech-in-noise (r = �.419,
p = .002, FDR-corrected, Figure 3D). For each listening context,
the greater the category activation by the dominant dimension, the
less participants relied on the secondary dimension in signaling
test stimulus category identity in the context of the accent that
reversed its typical relationship to the dominant dimension. This is
the down-weighting consistent with perceptual adaptation to the
accent (Idemaru & Holt, 2011).

Note, too, that the acoustic dimension across which down-
weighting is apparent varies according to the within-listener
manipulation of listening context. When VOT is effective in sig-
naling category identity in clear speech, listeners down-weight F0
in response to a reversal in the F0 3 VOT regularity that conveys
the accent (Figure 3C). When VOT is less effective in noise, F0
drives category activation and down-weighting is apparent in VOT
(Figure 3D). Thus, the directionality of the effect—which acoustic
dimension is impacted by the regularity conveying the accent—is
predicted by category activation via the dominant dimension,
which can be manipulated across listening contexts.

Finally, we examined the magnitude prediction. We expected
that the more effective the primary, perceptually weighted acoustic
dimension in unambiguously activating a phonetic category, the
greater the magnitude of perceptual adaptation as evidenced by
down-weighting of the secondary dimension. The linear relation-
ships evident in Figure 3C and 3D support this prediction. The
more effectively participants used the dominant dimension to sig-
nal category identity of Reverse block exposure stimuli, the
greater the down-weighting of the secondary dimension. This is in
line with an account that depends upon graded phonetic category
activation to elicit perceptual adaptation when acoustic input mis-
matches category-specific expectations from long-term experience.
The magnitude of perceptual adaptation (down-weighting)
observed was related to successful category activation across stim-
uli that conveyed the accent.

Experiment 2

Following the logic of Experiment 1, Experiment 2 tests the
directionality and magnitude predictions with an accent introduced
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to influence vowel categorization across set and sat, as described
by Liu and Holt (2015). A group of listeners categorized speech
sampled equiprobably across the two-dimensional spectral quality
by duration (SQ 3 DU) acoustic space (baseline perceptual
weights), and also across sampling that produced short-term regu-
larities consistent with long-term English norms (Canonical) and
violating those norms as an accent (Reverse), as shown in Figure
1B. The same listeners categorized both clear speech and vocoded
speech, the latter of which is known to diminish the contribution
of spectral dimensions like SQ while preserving temporal acoustic
dimensions like DU (Shannon et al., 1995). Whereas Experiment
1 was conducted in person in a controlled laboratory setting with
university student participants, Experiment 2 was conducted via
online recruitment across a global sample of American English lis-
teners tested using their own computer and headphones in their
home environment.

Method

Participants

Seventy participants were recruited online using Prolific (prolif-
ic.co) and received payment for their time (18–35 years old,

average age 27.5 years; 32 women, 37 men, one nonbinary). All
reported normal hearing and American English as the native lan-
guage used at home. Sample size was based on our power analysis
from Experiment 1, with oversampling to assure a sampling of
individual differences could be observed in this online study.

Stimuli

The stimulus space, based on that of Liu and Holt (2015), was
defined across SQ and DU dimensions with seven steps along
each dimension creating 49 unique stimuli in a two-dimensional
acoustic space as shown in Figure 1B. This acoustic space served
as the basis for two stimulus sets: clear and vocoded speech.

Clear speech tokens were created from natural productions of
set and sat by a female native-English speaker. The first five form-
ant trajectories were extracted in Praat (Boersma, 2006) across the
steady-state portions of the vowels, spliced from their respective
words, and interpolated in equal steps between /e/ and /æ/, then
resynthesized to create a seven-step spectral series. This created
the SQ dimension, varying predominantly in first and second
formant center frequencies. Vowel steady-state duration was
manipulated to vary from 175 ms to 475 ms, creating the DU
dimension. Each of the resulting vowels was concatenated with

Figure 3
The Direction and Magnitude of Perceptual Adaptation are Predicted by the Dominant Acoustic
Dimension, Experiment 1

Note. The top two panels (red, A and C) present data from clear speech. The bottom panels (blue, B and D)
present the same participants’ responses to speech-in-noise. Each plot shows the relationship of category acti-
vation, defined as the accuracy of exposure trial categorization in the Reverse block defined according to the
primary dimension estimated at baseline on the x-axis. The y-axis plots corresponding perceptual weights for
the primary (A and B) or secondary acoustic dimension (C and D). [FDR-corrected statistics]. See the online
article for the color version of this figure.
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the same /s/ and /t/ segments to create a 49-stimulus grid varying
perceptually from set to sat.
The vocoded stimulus set was generated from these clear speech

tokens, in a manner described previously (Hervais-Adelman et al.,
2011; Shannon et al., 1995) using Praat (Boersma, 2006). The fre-
quency spectrum was divided into four logarithmically spaced
analysis bands between 50 and 5500 Hz and clear speech tokens
were filtered by these analysis bands. The resulting envelopes
were applied to band-pass-filtered noise in the same frequency
ranges; thereby, reducing spectral resolution while preserving tem-
poral information. Our expectation was that the spectral degrada-
tion introduced by vocoding would cause listeners to rely more
upon DU than SQ in categorizing vocoded set-sat stimuli.

Procedure

Participants were recruited via online research platform prolif-
ic.co, with the requirement that they use the Google Chrome
browser on a laptop or desktop with wired headphones. A head-
phone check requiring dichotic presentation to succeed in a simple
task assured compliance (Milne et al., 2021). The Gorilla.sc plat-
form (Anwyl-Irvine et al., 2020) presented acoustic stimuli in loss-
less *.flac format and participants responded whether each speech
stimulus was set (F key) or sat (J key). There was a one-second
pause separating trials and no feedback. Visual prompts SET and
SAT aligned with the relative position of the response keys. Partic-
ipants responded after the offset of the audio, without time pres-
sure. They were instructed to take their best guess if they were
unsure of the identity of the utterance. In all other ways, the proce-
dure mirrored that of Experiment 1.
Participants first categorized each of the 49 noise-vocoded

speech tokens 6 times to establish baseline perceptual weights.
These trials were separated into three 98-trial blocks, between
which participants took brief self-timed breaks. This was followed
by one block of in which participants categorized each of the 18
canonical exposure stimuli and four test stimuli six times. Lastly,
participants categorized each of the 18 reverse exposure stimuli
and the same four test stimuli six times. Immediately thereafter,
they completed the same procedure for the clear stimuli. The order
of vocoded speech and clear speech blocks was not counterbal-
anced because exposure to clear speech can influence perception
of vocoded speech (Hervais-Adelman et al., 2008). Participants
were informed of the distinction between the clear sounds and
“degraded” sounds that might be challenging to categorize. They
were not given feedback. In all, there were 1,116 total trials in a
single online session.

Results

Based on the results of Liu and Holt (2015), we expected that
SQ would be the dominant acoustic dimension signaling /e/ and
/ae/ categories, as in set and sat, in clear speech. Correspondingly,
we predicted that vocoding would have its impact on this domi-
nant spectral dimension, leading DU to be dominant in driving set-
sat categorization of vocoded speech. Following the logic of
Experiment 1, if category activation via the dominant, heavily per-
ceptually weighted acoustic dimension drives adaptation then we
predict that the directionality of the effect would play out differ-
ently across clear and vocoded speech, and across listeners

according to their susceptibility to adjust perceptual weights across
listening conditions. With categorization accuracy of unambiguous
exposure stimuli as a proxy for category activation we also pre-
dicted that accuracy would be associated with greater-magnitudes
perceptual adaptation (down-weighting of the secondary dimen-
sion), as assessed by the difference in test stimulus categorization.

Listening Context Shifts Baseline Perceptual Weights

We first examined baseline perceptual weights across clear and
vocoded listening contexts. Figure 4A shows the average propor-
tion set versus sat responses, illustrating that listeners use both SQ
and DU in /e/ and /ae/ categorization, and that the perceptual
weight of dimensions varies across clear speech and vocoded
speech contexts. Using the same data plotted in Figure 4A, we
next quantified dimension perceptual weights using a regression
model including SQ and DU as predictors of category responses
for each participant (Liu & Holt, 2015; Lehet & Holt, 2020). Coef-
ficients were normalized to sum to one to reflect the relative per-
ceptual weight of each dimension (Holt & Lotto, 2006). Figure 4B
plots distributions of SQ and DU dimension perceptual weights.
These results align with expectations that American English listen-
ers rely more on SQ (M = .80, 95% CI [.77, .84]) than DU (M =
.20, 95% CI [.16, .23]) in categorizing set and sat in clear speech
(Liu & Holt, 2015).

Vocoded speech shifted reliance away from SQ (M = .27, 95%
CI [.23, .32])) and toward DU (M = .73, 95% CI [.68, .77]). The
Figure 4B data are replotted in Figure 4C to illustrate individuals’
shift in SQ perceptual weight across listening contexts. A simple
linear regression model with only listening context (clear,
vocoded) and dimension (SQ, DU) as predictor variables (AIC =
161.98) and a full model were fit with context and dimension main
effects as well as the Context3 Dimension interaction term (AIC =
�164.52). An F test revealed a significant Context 3 Dimension
interaction (F = 616.13, p , .0001; FDR-corrected). As illustrated
in Figure 4C, nearly all participants (98.57%) exhibited this shift in
perceptual weights across conditions, albeit to different degrees.

Baseline Perceptual Weights Predict Reverse Block
Exposure Trial Accuracy

The influence of listening context on the perceptual weight of
acoustic dimensions was persistent, as in Experiment 1. The domi-
nant acoustic dimension at baseline robustly predicted exposure
trial categorization in the Reverse block. The perceptual weight of
SQ in baseline categorization of clear speech was positively asso-
ciated with Reverse block categorization of exposure trials indica-
tive of unambiguous category activation (r = .677, p , .0001;
FDR-corrected). Similarly, the DU dimension—dominant in vocoded
speech—predicted Reverse block exposure trial categorization (r =
.481, p , .0001; FDR-corrected). Thus, listening context had a per-
sistent influence on which acoustic dimension best signaled category
for the Reverse block exposure trials conveying the accent.

Category Activation According to the Primary Dimension
Predicts the Direction and Magnitude of Perceptual
Adaptation

Relying on the same dependent variables as Experiment 1, we
next examined the direction and magnitude predictions. As Figure
5 shows, category activation (the accuracy of Reverse block
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exposure trials according to the dominant dimension) was related
to the perceptual weight (the difference in sat categorization
responses across test stimulus pairs) for the dominant (Figure 5A
and 5B) and secondary (Figure 5C and 5D) acoustic dimensions
for clear speech (Figure 5A and 5C) and vocoded speech (Figure
5B and 5D). These relationships differed across listening context
and acoustic dimension in a manner that aligns with observations
from Experiment 1.
First examining the primary acoustic dimensions, we find the

expected relationship: category activation according to the domi-
nant dimension is related to perceptual weight of that same dimen-
sion for both clear speech (r = .8, p , .0001; FDR-corrected,
Figure 5A) and vocoded speech (r = .676, p , .0001; FDR-
corrected, Figure 5B). Those participants who relied more heavily
on SQ in clear speech or DU in vocoded speech also were more
accurate in exposure trial categorization in the Reverse block in
which the accent was conveyed. The dominant acoustic dimension
measured at baseline drives category activation of the exposure
stimuli as they convey the accent and listening context flips which
dimension is dominant in the Reverse block.
We examined the direction prediction using the difference in

test stimulus categorization of the secondary dimension as an
index of perceptual adaptation. As in Experiment 1, category acti-
vation (Reverse block exposure trial accuracy according to the
dominant dimension) predicted greater down-weighting for both
clear speech (r = �.248, p = .039; FDR-corrected, Figure 5C) and
vocoded speech (r = �.455, p , .0001; FDR-corrected, Figure
5D). The greater the effectiveness of category activation by the
dominant dimension, the less participants relied on the secondary
dimension in signaling test stimulus category identity in the

context of the artificial accent. Said another way, greater category
activation predicted greater perceptual adaptation. Listening con-
text impacted the directionality of this relationship, flipping which
acoustic dimension was dominant and which mismatched expecta-
tions, and was down-weighted. Thus, when SQ is effective in sig-
naling category identity in clear speech, listeners down-weight DU
in response to a reversal in short-term input regularities conveyed
by the accent. When SQ is less effective in vocoded speech, DU
drives category activation and down-weighting is apparent in SQ.

As in Experiment 1, we also observe evidence in support of the
magnitude prediction. The linear relationships plotted in Figure 5C
and 5D indicate that the more effectively participants use the domi-
nant dimension to accurately signal category identity of Reverse
block exposure stimuli, the greater the down-weighting of the sec-
ondary dimension. Thus, category activation predicts the magnitude
of perceptual adaptation effects observed across listeners.

General Discussion

Speech perception presents a rich test-bed in which to examine
how cognitive systems balance stability and flexibility. By adult-
hood, speech categorization reflects experience with the long-term
regularities of the patterns of speech in one’s native language such
that some acoustic dimensions more robustly signal category
membership than other dimensions. But, speech categorization
remains flexible; listeners adapt to short-term regularities that
depart from long-term norms. Understanding how the system flex-
ibly adapts to short-term input regularities while not sacrificing
long-term representations that have utility in most listening con-
texts is a central challenge for theories of speech perception, and

Figure 4
Experiment 2 Baseline Perceptual Weights

Note. (A) Heat maps of vowel categorization across the spectral quality (SQ) and duration (DU) acoustic input dimensions for clear speech (top) and
vocoded speech (bottom). Darker blue indicates more sat responses and lighter blue indicates more set responses. (B) The data from (A), presented as
violin and box plots for average normalized perceptual weights across SQ and DU and for clear speech and vocoded speech. (C) The data from (A),
plotted as violin and box plots for SQ weights only illustrate that almost all listeners (98.57%) relied less on SQ in vocoded speech compared with clear
speech. See the online article for the color version of this figure.
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contributes more broadly to understanding general learning mech-
anisms that might balance the tension of stability and flexibility in
other domains. There is mounting evidence that listeners use a va-
riety of disambiguating information sources to resolve ambiguity
in short-term speech input and that this initiates rapid adjustments
to speech categorization that persist for some time even after the
disambiguating information is no longer available (Bertelson
et al., 2003; Idemaru & Holt, 2011; Norris et al., 2003).
There is, as yet, no widespread agreement on the means by

which the perceptual system rapidly adapts. Here, we investigated
the implications of one proposal, supervised learning, which has
been explored as a model (Guediche et al., 2014; Norris et al.,
2003; Vroomen et al., 2007). Guediche et al. (2014, 2016), for
example, proposed that when short-term speech input regularities
that deviate from a listener’s long-term speech representations are
sufficiently disambiguated in the input to activate internal speech
representations, expectations about the typical pattern of speech
input related to that representation are available. A discrepancy

between the expected and the actual sensory input may generate
an error signal that drives adaptive changes in the mapping of
acoustic input to speech representations. In this way, the disambig-
uating information (such as the primary acoustic dimension in the
present studies) serves as a “teacher signal” inasmuch as it sup-
ports activation of the internal representation. To take a specific
example in the context of the dimension-based statistical learning
used in the present studies, Idemaru and Holt (2011) hypothesized
that speech categories activated by a primary, heavily perceptually
weighted, acoustic dimension could generate expectations about
the typical mapping of secondary dimensions. When the short-
term acoustic speech input violates these expectations, it generates
an error signal that supervises adjustments to the mapping of
speech to long-term representation, down-weighting the contribu-
tion of the secondary dimension to subsequent categorization. In
this way, supervised learning accounts depend crucially on activa-
tion of an internal speech representation.

Figure 5
The Direction and Magnitude of Perceptual Adaptation are Predicted by the Dominant Acoustic Dimension, Experiment 2

Note. The top two panels (red, A and C) present data from clear speech. The bottom panels (blue, B and D) present data from the same participants’ responses
to vocoded speech. Each plot illustrates the relationship of category activation, defined as the accuracy of exposure trial categorization in the Reverse block defined
according to the primary dimension estimated at baseline on the x-axis. The y-axis plots corresponding perceptual weights for the primary (A and B) or secondary
acoustic dimension (C and D). (Statistics FDR-corrected.) SQ = spectral quality; DU = duration. See the online article for the color version of this figure.
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The present data offer the strongest data, to date, in support of
this perspective. Specifically, we observe that adaptation to accent
across both consonants and vowels exhibits patterns consistent
with both the directionality and magnitude predictions of a super-
vised learning account. With respect to directionality, a supervised
learning account predicts that the acoustic dimension that best sig-
nals category membership will elicit category activation that
drives perceptual reweighting of the secondary dimension. When
we causally manipulated which of two acoustic dimensions would
be most likely to be dominant in a listening context, we found that
listeners’ patterns of adaptation shifted predictably to impact the
nondominant, secondary dimension across both experiments.
Listeners were influenced by listening context. The acoustic

dimension upon which they relied most heavily in consonant
(Experiment 1) and vowel (Experiment 2) categorization shifted,
even within a single experimental session and across the speech of
a single talker. In turn, listening context had a robust influence on
how the system adapted to a statistical regularity introduced in the
Reverse block. The direction of influence was predicted by the
dominant acoustic dimension, with perceptual adaptation playing
out across the secondary dimension. We propose that the dominant
dimension provides information with which to activate the pho-
netic category selectively, providing a prediction about how the
secondary dimension tends to align with that representation.
The mismatch introduced by the accent leads to adjustments in
the effectiveness of the mismatched (secondary) dimension in sub-
sequently signaling speech categorization. Moreover, at the level
of individual participants, the degree to which this was true was
predicted by the success of the dominant dimension in driving cat-
egory activation, expressed as successful categorization responses.
The current results demonstrate that the directionality of percep-
tual adaptation can be toggled by experimental manipulations of
which acoustic dimension is dominant and which activates the
category.
Each experiment also lends support for the magnitude predic-

tion: the degree of the adjustment to the influence of the secondary
dimension was linearly related to the strength of category activa-
tion by the dominant dimension. Listeners who were more suc-
cessful at using the dominant acoustic dimension to categorize the
exposure stimuli conveying the short-term regularity of the accent
exhibited a greater degree of perceptual adaptation across the sec-
ondary dimension.
Our experimental results demonstrate that category activation

via a dominant acoustic input dimension can drive dimension-
based statistical learning across secondary acoustic dimensions,
lending support for supervised learning accounts. To test the full
explanatory power of supervised learning and its generality across
different sources of disambiguating “teacher” signals and speech
representations, future studies will be needed to investigate
whether similar graded category activation effects exist in other
paradigms, such as lexically or visually guided adaptation (Bertel-
son et al., 2003; Norris et al., 2003).
Two prior studies are especially interesting in this regard. In a

dimension-based statistical learning paradigm like the one used
here, Zhang et al. (2021) examined the impact of speech category
activation on perceptual reweighting through top–down lexical
knowledge. In their study, listeners identified nonminimal-pair
word-nonword pairs, like beef-peef and beace-peace. Whereas, or-
dinarily, VOT would play a strong role in signaling the /b/ - /p/

category in such stimuli, Zhang and colleagues held it constant
and perceptually ambiguous. Therefore, only lexical knowledge
was available to disambiguate the input and potentially drive per-
ceptual reweighting across the secondary, F0, dimension. They
reasoned that if top–down feedback from lexical representations
was sufficient to differentially activate phonetic categories accord-
ing to the lexically consistent alternative (e.g., /b/ in __eef context
but /p/ in __eace context), then it may be sufficient to drive dimen-
sion-based statistical learning—even when there was no unambig-
uous bottom–up acoustic input to differentiate the categories.
Indeed, it was. In this way, these results align with the present
research: activation of speech category representations, whether
from bottom–up heavily-perceptually-weighted input dimensions
or top–down lexical representations drives perceptual reweighting
of the secondary input dimensions contributing to speech
perception.

Another study reached somewhat similar conclusions using a
very different paradigm. Guediche and colleagues (Guediche
et al., 2016) presented listeners with monosyllabic English words
severely distorted by vocoding and spectral shifting to create base-
line conditions in which speech comprehension (indexed by open-
set word recognition in which participants typed what they had
heard) was extremely poor. Following classic research demonstrat-
ing adaptation in the mapping from speech acoustics to prelexical
representations (Schwab et al., 1985), Guediche et al. presented
listeners with written, orthographic information to disambiguate
these distorted speech acoustics; the identity of the distorted spo-
ken word was written on a screen after participants’ responses. As
in prior research, speech comprehension of the distorted acoustic
input improved after just a short block of experience with the dis-
ambiguating orthographic information, and generalized to highly
distorted words not experienced with the disambiguating
information.

Next, Guediche et al. (2016) examined whether slightly less dis-
torted speech, which might successfully activate lexical represen-
tations at least some of the time, might be sufficient to evoke the
same effects as the disambiguating text on the screen. Their rea-
soning was similar to that described above: activation of an inter-
nal speech representation may evoke expectations about the
typical mapping of acoustics, and drive adaptation to discrepant
input. Indeed, when the supportive written, orthographic feedback
was removed speech comprehension improved so long as the
acoustic distortion was somewhat less severe and allowed for suc-
cessful access to lexical representations (as measured by propor-
tion correct word recognition). At posttest, listeners were better
able to recognize distorted speech than they were before the expo-
sure that supported successful lexical activation. In fact, reminis-
cent of the correlations reported in the present study, there was a
significant positive relationship between word recognition accu-
racy during exposure to the less severe distortion and the magni-
tude of perceptual adaptation, measured as the improvement in
word recognition before versus after exposure.

These prior studies are in accord with the present results and
lend support for the claim that activation of an internal representa-
tion (here, phonetic category activation via a dominant input
dimension) can drive perceptual adaptation. Future algorithmic
modeling efforts will be needed to specify the detailed implemen-
tations of a supervised learning account, and whether they
adequately capture the details of human behavior. For example, do
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these effects evolve in a graded manner continuously across expe-
rience or is there a “trigger” point at which accumulated informa-
tion about a shift in the short-term input statistics evokes
adjustments? Tackling questions like these will advance a deeper
understanding of putative mechanisms of perceptual adaptation,
and whether this—or some other account—best accounts for
extant data. The patterns of perceptual adaptation observed in the
present studies indicate that any theoretical account will require an
examination of a role for activation of internal speech representa-
tions in driving the effects.
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