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Abstract. A key issue in speech perception is its lack of invariance: mappings be-
tween acoustic features and phonemic categories are not one-to-one. Listeners can
address this problem by adapting their perception to a talker’s idiosyncratic accent.
Previous studies have used lexical cues to examine adaptation, but in everyday speech
talkers use full sentences. We investigated whether semantic context in full sentences
occurring either before or after an acoustically-manipulated target word can trigger
adaptation. We found that sentence context can be used for adaptation, but findings
are mixed on whether the timing of context impacts learning.
Keywords. psycholinguistics; speech perception; perceptual recalibration; perceptual
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1. Introduction. The core problem of speech perception is its lack of invariance: there is no
one-to-one mapping from acoustic cue values to phonemes. Rather, there are many acoustic cues
that are each partially informative (e.g., voicing is acoustically cued by voice-onset time, funda-
mental frequency, vowel duration, and other cues; Lisker & Abramson 1970). Despite this gen-
eral lack of invariance, there is also striking systematicity: for example, there is much greater
consistency within American English speakers raised in the Midwest compared to the community
of all American English speakers; and there is even greater consistency within a single talker (for
more discussion, see Kleinschmidt 2019). One way that listeners deal with the lack of invariance
problem is to adapt their perceptual boundaries between speech categories for new talkers—a
strategy that works precisely because talkers are self-consistent. One mechanism by which lis-
teners can adapt is through supervised learning: if the listener is (reasonably) sure which speech
sound a talker intended to produce, they can use that information to update their expectations
about the talker’s acoustic distribution for each phonemic category.

Perceptual recalibration is a paradigm designed to systematically test this type of super-
vised perceptual learning of speech sounds (Norris et al. 2003). Most of these studies employ a
lexically-guided recalibration paradigm, which takes advantage of lexical cues to label words.
Participants are exposed to target words that contain a sound contrast of interest—for example,
/b/ vs. /p/, which contrast in voicing and can be acoustically manipulated along the voice onset
time (VOT) continuum (VOT is the primary cue to stop voicing in American English; Lisker &
Abramson 1970). Critically, these manipulated segments occur in words that do not have minimal
pairs, like bash and past, biasing listeners to perceive the acoustically manipulated segment as
the sound consistent with the lexical item (Ganong 1980). A VOT that was previously ambigu-
ous can then be inserted into either the /b/-biasing or /p/-biasing word, pushing participants to
perceive the ambiguous segment as more /b/-like or more /p/-like. Participants also hear clear ex-
amples of the contrastive sound paired with the appropriate lexical items. After exposure to many
such items, participants then categorize a range of VOTs embedded in neutral contexts (like [?a]).
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I    don’t   mind   [?]ees,   but   I   hate   wasps   more   than   anything.
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Figure 1. Possible representations of speech input over time.

If the participant has successfully learned the new acoustic distribution of /b/ and /p/, their cat-
egorization curves should correspond to their exposure: participants exposed to the ambiguous
VOT in /p/-biasing words will have a lower VOT category boundary and vice versa for the other
exposure group. These lexically-guided perceptual recalibration effects are strong—observed af-
ter only a few exposure trials (Vroomen et al. 2007)—and quite consistent across experiments.

An emerging literature has begun to investigate whether information occurring outside the
critical target word can support adaptation. Jesse (2021) presented subjects with sentence con-
texts that were highly biased toward a particular final word, which contained an acoustically
manipulated segment on an /s/-/f/ continuum, e.g., “Tom did not want the argument to turn into
a real sight/fight”. Unlike most perceptual recalibration studies, the critical words were mini-
mal pairs, so participants could not rely on lexical information for disambiguation. Participants
showed clear perceptual recalibration effects, suggesting that sentential context can aid in percep-
tual learning. These effects have been replicated with additional lexical manipulations and with
other contrasts (Jesse 2024; Aoki & Zellou 2025). One notable exception is Luthra et al. (2021),
who unlike the other experiments discussed here, used non-minimal pair critical target words, so
that both the sentence context and the lexical bias of the target words provided information for
learning. Listeners showed perceptual recalibration effects on the basis of the lexical context, but
the addition of sentential context did not produce stronger effects.

This literature suggests that sentence context can help listeners recalibrate to manipulated
sound contrasts. However, all of these studies used stimuli with sentence context that occurred
before the critical target word of interest. In natural speech, it is common for relevant context to
appear after a word of interest. Consider the example “I don’t mind [?iz], but I hate wasps more
than anything.” The later word wasps suggests that the speaker’s intended target was bees (as
opposed to peas). While sentence context occurring before or after a critical target word can af-
fect its perception (Connine 1987; Connine et al. 1991; Westwig et al. under review), it is unclear
whether following sentence context can in turn aid in perceptual recalibration.

There are theoretical reasons to be interested in this question, because it can shed light on
what level of representational detail listeners maintain about acoustic input over time. There is a
rich debate about the timescale of representations during spoken language processing (for review,
see Christiansen & Chater 2016). In particular, there is now very clear evidence that listeners
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Figure 2. Logic of perceptual recalibration experiments. Panel (a) shows the two major con-
ditions in an experiment, right-shifted and left-shifted groups. Panel (b) shows how phonetic
information is critical for learning: if listeners have access to phonetic detail when the sound
is disambiguated to a particular category, they can use that knowledge to update their category
beliefs, thus shifting their category boundary (top panel); if the listener no longer has access to
the phonetic detail, they cannot appropriately update their beliefs about the category distributions.

can maintain some degree of subcategorical information about spoken input over time (McMur-
ray et al. 2009; Brown-Schmidt & Toscano 2017; Bicknell et al. 2025: inter alia). Do listeners
merely maintain uncertainty about category identity (Figure 1, bottom right), or do they main-
tain more fine-grained representations, such as acoustic details about the previous input (Figure
1, top right)? Perceptual recalibration provides a clear way to test this. To recalibrate requires
that listeners alter their mapping of acoustic cues to categories; listeners must have access to both
the acoustic value of the encountered input and its category identity at the same time in order to
update this mapping (for further discussion, see Davis & Johnsrude 2007). If listeners can use
information that occurs significantly later than the segment to perceptually recalibrate, then they
must have maintained a representation about the relevant acoustic details over that period of time
(in order for category identity information to arrive; see Figure 2).

There are two prior studies attempting to clarify the role of later context on perceptual learn-
ing of speech (Burchill et al. 2018; Caplan et al. 2021). These studies both expose participants to
isolated words accompanied by subtitles varying in their timing relative to auditory presentation.
Caplan et al. (2021) conducted a perceptual recalibration study where participants are exposed to
single minimal-pair words (e.g., [t/d]ent) which are shifted to have shorter or longer VOTs than
the average American English speaker. Target words were disambiguated by a subtitle that ap-
peared either before or after the audio presentation. They found perceptual recalibration when
subtitles were presented before the target word, but not after. In a similar vein but using a more
naturalistic accent adaptation paradigm, Burchill et al. (2018) exposed participants to Spanish-
accented English words which were subtitled either concurrent with, or after, audio presentation
(at varying delays). In contrast with Caplan et al. (2021), they found that both concurrent and de-
layed subtitles aided accent adaptation above non-subtitled exposure.
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Given the higher level of experimental control in Caplan et al. (2021) compared to Burchill
et al. (2018), one might be tempted to conclude that post-target word context cannot aid in speech
adaptation. However, there are a couple of reasons to think that the picture might be more com-
plicated. First, Caplan et al. (2021) had an uncharacteristically long test phase compared to other
perceptual recalibration experiments (162 trials, compared to 40-45 in Burchill et al. 2018; Jesse
2021, 2024; Aoki & Zellou 2025). Given that the acoustics of test tokens are uniformly dis-
tributed, listeners may continue to learn, effectively un-learning the exposure distribution (for
further discussion, see Kleinschmidt & Jaeger 2015; Xie & Kurumada 2025). Second, and a more
general concern with both subtitle studies, listeners’ behavior differs when processing isolated
words compared to words in a larger sentential context. For instance, studies testing for the effect
of subsequent context on speech perception in isolated words find that contextual effects degrade
before 250ms (Andruski et al. 1994); however, studies investigating similar effects in full sen-
tences have found no decay in the effect of subsequent context at any time delay tested (up to
35 syllables after target word onset; Falandays et al. 2020; Bicknell et al. 2025). Thus, it is rea-
sonable to hypothesize that subsequent sentence context may support perceptual recalibration in
ways that subtitles of isolated words may not.

In the present study, we conduct three perceptual recalibration experiments where we ex-
pose participants to full sentences with contextual information occurring either before or after the
word of interest.

2. Experiment 1.

2.1. METHODS.

2.1.1. ETHICAL APPROVAL. All experiments were approved by the Brandeis Human Research
Protection Program (Protocol 25109R-E).

2.1.2. PARTICIPANTS. 112 subjects were recruited via Prolific and were compensated $5.00 for
their participation (based on a $10.00 per hour compensation rate). All participants were native
speakers of American English currently living in the United States. We removed subjects whose
accuracy on filler trials was below 80% (see below for details on filler trials). This resulted in the
removal of 6 subjects from analysis, leaving 106 participants remaining whose data were ana-
lyzed.

2.1.3. MATERIALS. We used sentence materials which vary in whether supportive sentential
context biases towards a /b/ or a /p/ interpretation of the target word, and whether context occurs
before or after the target:

1(a) I don’t mind [?iz], but I hate squash more than anything. (p-biasing, context-after)

1(b) I don’t mind squash, but I hate [?iz] more than anything. (p-biasing, context-before)

1(c) I don’t mind [?iz], but I hate wasps more than anything. (b-biasing, context-after)

1(d) I don’t mind wasps, but I hate [?iz] more than anything. (b-biasing, context-before)

We used three different critical target word pairs across items: bees/peas, bath/path, and
beach/peach. On average, biasing sentential context occurred a distance of 3-5 syllables from
the target word (see Table 1).
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Context and timing Context bias Context bias Number of non-target
distance (syllables) distance (words) words with b/p onset

b-biasing/before 4 (1.46) 3.84 (1.27) 0.42 (0.56)
b-biasing/after 4.19 (1.83) 3.84 (1.37) 0.48 (0.57)
p-biasing/before 3.65 (1.4) 3.48 (1.21) 0.45 (0.57)
p-biasing/after 4.26 (1.67) 3.9 (1.08) 0.55 (0.62)

Table 1. Statistics of sentence stimuli. Mean in main text of cell, standard deviation in parenthe-
ses.

We acoustically manipulated the voice onset time (VOT) of the first sound of the target word
to vary between /b/ and /p/. VOT is one of the primary cues distinguishing voicing in American
English stops, with shorter VOTs perceived as more /b/-like and longer VOTs as more /p/-like
(Lisker & Abramson 1970). We followed the VOT manipulation procedure developed by Winn
(2020). We confirmed successful acoustic manipulation in a norming study conducted when our
lab developed these sentence materials (see Westwig et al. under review). In that norming study,
we found the average category boundary was near 25ms VOT, with the floor of /p/-responses at
10ms, and the ceiling at 40ms; we thus chose the 25ms step as our ‘ambiguous’ token, 10ms as
an ‘unambiguous’ /b/, and 40ms as an ‘unambiguous’ /p/. We used these steps to construct our
recalibration conditions: in the left-shifted (or /b/-shifted) group, participants were exposed to
the unambiguous /b/ token in /b/-biasing sentences, and the ambiguous token in /p/-biasing sen-
tences. In the right-shifted (or /p/-shifted) group, participants were exposed to the ambiguous
token in /b/-biasing sentences and the unambiguous /p/ token in /p/-biasing sentences.

In addition to our critical stimuli, we also presented participants with filler sentences where
they made judgments about target words whose onset varied between /l/ and /r/. Like the critical
stimuli, these sentences also contained context which biased toward one or the other interpreta-
tion; however, unlike the critical stimuli, these target words were not acoustically manipulated.

2.1.4. PROCEDURE. The experiment proceeded in two phases. In the exposure phase, par-
ticipants listened to full sentences and were asked to categorize a target word in the sentence
between two alternatives (e.g., for the example sentences in (1) above, participants are asked
whether they heard “bees” or “peas” in the sentence). Participants heard 28 critical sentences
in each context condition (/b/-biasing vs. /p/-biasing sentences), for a total of 56 critical exposure
trials. Participants also heard 28 filler sentences containing /l/-/r/ contrasts. Stimulus order was
fully randomized for each participant.

In the test phase, participants heard stimuli along a /b/-/p/ continuum in a neutral /a?a/ con-
text. We used a seven-step VOT continuum from 10 to 40ms in 5ms steps. Each step was re-
peated 10 times for a total of 70 test trials. Stimulus order was fully randomized for each par-
ticipant.

2.1.5. ANALYSIS. All analyses were conducted using R (R Core Team 2024). We fit a mixed-
effects logistic regression model predicting /p/ responses from VOT (Gelman-scaled),1 shift con-
dition (sum-coded: -.5 = left-shifted condition, .5 = right-shifted condition), and context timing
(sum-coded: -.5 = context-before, .5 = context-after); we also included the two-way interaction

1 Gelman scaling is identical to z-scoring, but with two standard deviations used as the scaling factor (Gelman 2008).
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Figure 3. Experiment 1 /p/ responses (y-axis) during the test phase by VOT (x-axis), shift con-
dition (color) and context timing (panel). Error bars are 95% confidence intervals bootstrapped
over subject means.

between shift condition and context timing. We included the maximal random effects structure
as specified by the design (Barr et al. 2013); in this case, because all manipulations were between
subject, this corresponded to random intercepts by subject. We expect to observe an overall main
effect of VOT, such that as VOT increases, participants’ /p/ responses also increase. If partici-
pants successfully recalibrate, then there should be a significant main effect of shift condition
such that the left-shifted group shows a higher proportion of /p/ responses than the right-shifted
group. If participants learn equally well in both context timing groups, we should observe no in-
teraction between shift condition and context timing; if, however, participants learn more effec-
tively in one condition than the other we would expect to see such an interaction.

Even if there is a significant interaction between shift condition and context timing, it is pos-
sible that participants do show a learning effect in each condition that simply differs in magni-
tude. Thus, it is also worthwhile to conduct a simple effects analysis, which allows us to test
whether there was a significant effect of shift condition within each context timing group. To that
end, we fit a simple effects model, recoding context timing as a categorical variable and nesting
shift condition.

In addition to our main analyses, we also analyze participants’ responses in the exposure
phase in order to ensure that our context manipulation was successful. We fit a mixed-effects lo-
gistic regression model predicting /p/ responses from context condition (whether the context bi-
ased toward a /p/ or /b/ interpretation), shift condition, and context timing condition, with random
intercepts and random slopes by context bias by subject and by item. We expect to see a signifi-
cant effect of context. There may also be a significant effect of shift condition with the right-shift
condition showing higher /p/ responses, given the overall higher VOT values in the right-shift
condition compared to the left-shift condition in exposure.

2.2. RESULTS.
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2.2.1. TEST PHASE. Figure 3 shows the empirical results of the Experiment 1 test phase. There
was a significant main effect of VOT, such that /p/ responses increased with VOT value (β̂ =
3.278, z = 42.255, p < .001). There was no significant effect of shift condition (p = .772) or
any other variables. In the simple effects model, there was no significant effect of shift condition
in either context timing group (ps > .671).

2.2.2. EXPOSURE PHASE. In the exposure phase, there was a main effect of context such that
/p/-biased context sentences led to higher /p/ responses (β̂ = 6.066, z = 18.459, p < .001).
There was also a main effect of shift condition, such that the right-shifted group had higher /p/
responses (β̂ = 2.05, z = 9.024, p < .001). There were no other significant effects.

2.3. DISCUSSION. In Experiment 1, we conducted a perceptual recalibration study where we
manipulated whether supportive sentential context occurred before or after a target word con-
taining an acoustically manipulated segment. Surprisingly, we found no evidence for perceptual
recalibration in either condition, despite the success of the context manipulation in the exposure
phase and findings from previous work that sentence context aids perceptual recalibration (Jesse
2021, 2024; Aoki & Zellou 2025). However, there is a potential methodological concern: while
all of the critical words in the exposure sentences contained the manipulated /b/-/p/ segment in
word onset position, participants were tested on syllables where the /b/-/p/ segment appeared
word medially. Given that the acoustics of stop voicing differ depending on their position within-
word and within-syllable (Lisker & Abramson 1967), it is possible that our participants did not
generalize their learning during the exposure phase to the tokens they were tested on.

In Experiment 2, we remedy this issue by testing participants on the target words they en-
countered in the exposure sentences. This ensures that participants are being tested on the same
stimuli as they were exposed to, increasing our chances of finding a recalibration effect.

3. Experiment 2.

3.1. METHODS.

3.1.1. PARTICIPANTS. 1612 participants were recruited via Prolific and were compensated
$5.00 for their participation. All participants were native speakers of American English currently
living in the United States who did not participate in Experiment 1. As with Experiment 1, we
removed all participants with below 80% accuracy on filler trials. 15 participants were removed,
leaving us with 146 participants whose data were analyzed.

3.1.2. MATERIALS. Sentence materials were identical to Experiment 1.

3.1.3. PROCEDURE. The procedures were identical to Experiment 1 during the exposure phase.
In the test phase, participants categorized the /b/-/p/ target words from the exposure sentences
presented in isolation (as opposed to the /a?a/ stimuli used in Experiment 1). The words were
presented at the same seven VOT continuum steps used in Experiment 1 (10, 15, 20, 25, 30, 35,
40). Each target word was presented in each VOT step three times each, for a total of 63 test tri-
als.

3.1.4. ANALYSES. Analyses were identical to Experiment 1 with one exception: since multi-
ple target words were presented in test, we included random intercepts and VOT slopes by target

2 We aimed to recruit 160 participants, but due to a technical error on Prolific, one extra participant was able to com-
plete the study.
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Figure 4. Experiment 2 /p/ responses (y-axis) during the test phase by VOT (x-axis), shift con-
dition (color) and context timing (panel). Error bars are 95% confidence intervals bootstrapped
over subject means.

word.

3.2. RESULTS.

3.2.1. TEST PHASE. Figure 4 shows the test phase results by shift and context timing condition.
As in Experiment 1, we observed a significant effect of VOT on /p/-responses (β̂ = 5.028, z =
13.084, p < .001). Unlike Experiment 1, we did observe evidence for perceptual learning: there
was a significant effect of shift condition on /p/-responses, such that right-shifted participants
had a lower proportion of /p/-responses, consistent with a right-shifted category boundary (β̂ =
−.524, z = −2.253, p = .024). There was not a significant interaction between shift condition
and context timing (p = .547). The simple-effects model revealed that in the context-after group,
there was a significant effect of shift condition (β̂ = −.663, z = −2.003, p = .045); but there was
no significant effect of shift condition in the context-before group (β̂ = −.383, z = −1.17, p =
.241).

3.2.2. EXPOSURE PHASE. In the exposure phase, there was a main effect of context such that
/p/-biased context sentences led to higher /p/ responses (β̂ = 7.082, z = 22.235, p < .001).
There was also a main effect of shift condition, such that the right-shifted group had higher /p/
responses (β̂ = 2.278, z = 10.309, p < .001). Unlike Experiment 1, there was also a significant
effect of context timing, such that the context-after group had overall lower /p/ responses (β̂ =
−.476, z = −2.233, p = .026). Additionally, there was a marginally significant interaction
between context and context timing, such that the context effect was smaller in the context-after
group (β̂ = −.735, z = −1.771, p = .077).

3.3. DISCUSSION. In Experiment 2, we successfully replicated the effect of speech adaptation
with sentence context as a cue to lexical (and thus phonemic) identity (Jesse 2021, 2024; Aoki
& Zellou 2025). However, the perceptual learning effect was relatively weak: while there was
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an overall effect of shift condition in the test phase, and no interaction between context timing
groups, the simple effects revealed a muddier picture. In the simple effects model, the effect of
shift condition was only significant in the context-after condition. Therefore, it is difficult to tell
whether the context timing conditions resulted in different degrees of learning.

The relatively small differences between shift conditions appear to be driven by a quirk of
our results: participants’ /p/-responses were generally much higher than in Experiment 1 and in
our norming study. While we estimated a category boundary of 25ms in our norming study, the
average participant’s category boundary in Experiment 2 was around 15ms, with participants
reaching a ceiling of /p/ responses around 30-35ms VOT.3 When responses are close to ceiling,
it becomes more difficult to statistically distinguish differences between shift conditions.

One possible way for us to mitigate this issue would be to only analyze VOT points that are
not near the floor or ceiling of responses; however, we would likely lose even more statistical
power by eliminating two-three out of our seven VOT steps. Instead, we conduct a third experi-
ment where we will present participants only with VOT steps of 10, 20, 25, and 30ms; this cor-
responds to intermediate responses in the test phase of Experiment 2 (approximately 25-75% /p/
responses.) We then repeat these intermediate steps more times in order to achieve higher statisti-
cal power in this region.

4. Experiment 3.

4.1. METHODS.

4.1.1. PARTICIPANTS. 160 subjects were recruited via Prolific and were compensated $6.004

for their participation. All participants were native speakers of American English currently living
in the United States who did not participate in Experiments 1-2. As with Experiments 1-2, we
removed all participants with below 80% accuracy on filler trials. 13 participants were removed,
leaving us with 147 participants whose data were analyzed.

4.1.2. MATERIALS. Sentence materials were identical to Experiments 1 and 2.

4.1.3. PROCEDURE. The procedures were identical to Experiment 2 with one minor change:
participants were tested at VOTs of 10, 20, 25, and 30ms; each step was repeated four times for
each target word, for a total of 48 test trials.

4.1.4. ANALYSES. Analyses were identical to Experiment 2.

4.2. RESULTS.

4.2.1. TEST PHASE. Figure 5 shows the test phase results by shift and context timing condition.
As in Experiment 1, we observed a significant effect of VOT on /p/-responses (β̂ = 2.192, z =
30.013, p < .001). Like Experiment 2, we observe evidence for perceptual learning: there was
a significant effect of shift condition on /p/-responses, such that right-shifted participants had
a lower proportion of /p/-responses, consistent with a right-shifted category boundary (β̂ =
−.709, z = −2.426, p = .015). There was not a significant interaction between shift condi-
tion and context timing (p = .302). The simple-effects model revealed that in the context-before

3 We postpone further discussion of why there might be differences in categorization behavior to the General Discus-
sion.
4 This experiment was conducted several months after Experiments 1-2 and was based on an updated compensation
rate of $12.00 per hour.
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Figure 5. Experiment 3 /p/ responses (y-axis) during the test phase by VOT (x-axis), shift con-
dition (color) and context timing (panel). Error bars are 95% confidence intervals bootstrapped
over subject means.

condition, there was a significant effect of shift group (β̂ = −1.01, z = −2.459, p = .014);
but there was no significant effect of shift condition in the context-after group (β̂ = −.407, z =
−.981, p = .327).

4.2.2. EXPOSURE PHASE. In the exposure phase, there was a main effect of context such that
/p/-biased context sentences led to higher /p/ responses (β̂ = 6.47, z = 23.48, p < .001).
There was also a main effect of shift condition, such that the right-shifted group had higher /p/
responses (β̂ = 2.047, z = 10.119, p < .001). There was a marginally significant main ef-
fect of context timing, such that the context-after group had overall lower /p/ responses (β̂ =
−0.339, z = −1.705, p = .088). There were no other significant effects.

4.3. DISCUSSION. Experiment 3 is qualitatively very similar to Experiment 2: we observed
overall recalibration effects, no interactions between context timing groups, but we again ob-
served differences in the simple effects. Here, there was only a significant effect of shift condition
in the context-before group, as opposed to Experiment 2 where we only observed a significant
effect in the context-after group.

5. General Discussion. In three experiments, we aimed to test whether sentence context occur-
ring before or after a manipulated target word can induce perceptual recalibration. We found no
evidence of learning in either sentence context timing group in Experiment 1; however, partic-
ipants were tested on stimuli where the target contrast occurred in a different phonetic context
than in the exposure phase. In Experiments 2 and 3, we fixed this issue and did observe signifi-
cant learning. While there was no interaction with sentence context timing in either experiment,
a simple effects analysis revealed inconsistencies between the two experiments: in Experiment 2,
only the context-after group showed a significant learning effect, but in Experiment 3 the reverse
held.

The relatively weak learning effects we observe here likely stem from low statistical power.
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There are three potential issues at play. The first is our low number of test trials (48-70 between
experiments). There is a principled reason to keep the test phase of adaptation studies short: be-
cause the test stimuli are uniformly distributed, it can cause participants to un-learn what they
learned in exposure. We kept our test phase as short as possible, and in line with previous percep-
tual recalibration experiments using sentence context, but having fewer trials will always mean
lower statistical power. One way to mitigate this problem in future work is to employ a repeated
exposure-test paradigm, keeping individual test phases short (see Vroomen et al. 2007). On its
own, our short test phase is unlikely to be a critical issue (previous studies successfully find learn-
ing effects with test phases of similar length Jesse 2021, 2024; Aoki & Zellou 2025); however,
there are two features of our experimental stimuli that likely also affected our power to detect
learning effects.

In stimulus design, we generally avoided having other words in our exposure sentences con-
taining /b/ or /p/; however, the exposure sentences on average contain about .5 words with /b/
or /p/ onsets (and this does not account for occurrences at other positions in the words, or for
stops at other places of articulation in word-onset position). Given that these other stops were not
acoustically manipulated and followed the speaker’s natural distribution, this likely counteracted
the effects of the shift conditions and led to smaller learning effects. Previous work investigat-
ing perceptual recalibration using sentence stimuli were more careful to avoid problematic stim-
uli in the exposure phase (Jesse 2021, 2024; Aoki & Zellou 2025). In our view, the fundamental
problem is that these stimuli were originally developed for spoken word recognition experiments
(Westwig et al. under review) where this property is generally non-problematic; however, they
may be inappropriate for perceptual recalibration experiments. While it is difficult to avoid this
problem entirely (many English words begin with /b/ or /p/), it can be more carefully controlled;
researchers can also utilize recent computational frameworks like Xie et al. (2023) to predict how
their exposure stimuli will affect perceptual learning.

A final issue related to our stimuli is the overall shift in test phase categorization curves we
observed in Experiments 2-3. As we noted, we conducted a norming study on our target words
isolated from sentences and found a category boundary of about 25ms VOT. However, in the test
phase of Experiments 2-3, when participants hear the exact same stimuli as those in the norming
study, the categorization curves shifted quite dramatically to the lower end of the VOT spectrum
(with category boundaries as low as 15ms). This overall shift resulted in many test trials being
at ceiling, making it hard to detect differences between shift conditions. Furthermore, this un-
predictable shift in behavior makes interpreting any learning effects that are present more diffi-
cult. While we are not certain of the cause of this shift, one possibility is difference in perceived
speech rate. It is possible that participants perceived the speech rate of the isolated words as
faster compared to the speech rate of the words when embedded in full sentences. Faster speech
rates affect the perception of time-based cues like VOT, making shorter VOTs seem perceptu-
ally longer (i.e., more /p/-like). This would explain why participants’ category boundaries were
shifted toward the lower end of the VOT continuum. It would also explain why we observed dif-
ferences between the norming study and the present experiments—in the norming study, partici-
pants never heard the words in the context of full sentences, so they did not have the same point
of reference for speech rate. This leaves open why other experiments using full sentences have
not observed this issue (Jesse 2021, 2024; Aoki & Zellou 2025), and why our participants in Ex-
periment 1 showed the expected categorization curves. In all of those studies, however, partici-
pants are tested on non-word syllables, which may behave differently than our test stimuli which
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appear in both exposure and test.
With these issues in mind, it is difficult to come to any firm conclusions about the present

experiments. Despite all the problems noted above, however, we did observe consistent learning
effects in Experiments 2-3; this adds to the growing literature showing that sentence context can
aid in perceptual recalibration (Jesse 2021, 2024; Aoki & Zellou 2025). Furthermore, in one of
our experiments, the group exposed to sentence context after the target word showed a significant
learning effect. This suggests that at present, we can’t rule out that sentential context arriving sev-
eral syllables beyond a target word can promote perceptual recalibration. If these results hold in
more carefully controlled future work, it would suggest that listeners may be capable of maintain-
ing perceptual representations of past speech significantly beyond the word boundary.
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