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When recognizing spoken words, listeners are confronted by variability in the speech signal caused by talker
differences. Previous research has focused on segmental talker variability; less is known about how supra-
segmental variability is handled. Here we investigated the use of perceptual learning to deal with between-
talker differences in lexical stress. Two groups of participants heard Dutch minimal stress pairs (e.g.,
VOORnaam vs. voorNAAM, “first name” vs. “respectable”) spoken by two male talkers. Group 1 heard
Talker 1 use only F0 to signal stress (intensity and duration values were ambiguous), while Talker 2 used
only intensity (F0 and duration were ambiguous). Group 2 heard the reverse talker-cue mappings. After
training, participants were tested on words from both talkers containing conflicting stress cues (“mixed
items”; e.g., one spoken by Talker 1 with F0 signaling initial stress and intensity signaling final stress).
We found that listeners used previously learned information about which talker used which cue to interpret
the mixed items. For example, the mixed item described above tended to be interpreted as having initial
stress by Group 1 but as having final stress by Group 2. This demonstrates that listeners learn how individual
talkers signal stress and use that knowledge in spoken-word recognition.

Public Significance Statement
This study demonstrates that listeners can learn how individual talkers produce lexical stress, which
helps listeners to deal with those differences during speech recognition. When listening to speech orig-
inating from different talkers, listeners learn and create memory representations about how those talkers
produce lexical stress. These memory representations are then reactivated on future encounters with
those talkers, facilitating word recognition. These results extend previous theories of word recognition
and highlight the importance of examining how listeners deal with between-talker variability in prosody.
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Individual differences among talkers lead to highly variable
acoustic realizations of speech. For instance, consider the English
noun “IMport” (capitalization indicates lexical stress) being

produced by two male talkers. Even though the word itself is iden-
tical, individual speaking styles can affect the acoustic realization
of that word. Such variability can be found at the segmental level
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(vowels and consonants) and the suprasegmental level (e.g., intona-
tion and lexical stress), and both types of variability have conse-
quences for a correct perception of the intended word. For
example, perceiving different suprasegmental information may
lead to misinterpreting the word as the verb “imPORT”, impeding
successful communication. The present study assessed how listeners
can still correctly perceive spoken words despite such talker-driven
variability. More specifically, we investigated how the use of a cog-
nitive mechanism, perceptual learning, aids listeners in dealing with
talker variability in the production of lexical stress, supporting stable
spoken-word recognition.
The presence of acoustic variability in speech has been widely

established, focusing primarily on segmental variation driven by
talker-specific properties, such as gender, age, and dialect. For
instance, vowel formant frequencies vary depending on gender,
age, and regional dialects (Adank et al., 2004, 2007; Hillenbrand
et al., 1995). Also, variability in voice onset time (VOT) of stop con-
sonants has been found between talkers of different age and gender
(Allen et al., 2003; Theodore et al., 2009). On top of these differ-
ences within specific acoustic cues, talkers also appear to differ in
their cue-weighting strategies (for review, see Schertz & Clare,
2020). That is, speech contrasts are often defined by a multidimen-
sional cue space. For example, the /b-p/ contrast in English relies
on multiple cues such as VOT, fundamental frequency (F0), and
many more (Lisker, 1986). The relative importance of these cues
in production differs between talkers depending on their native lan-
guage (Lisker & Abramson, 1964), dialects (Kang, 2013), and indi-
vidual speaking styles (Schertz et al., 2015), adding to the acoustic
variability in speech.
In addition to these differences in segmental structures, talkers

also vary in how they produce suprasegmental (i.e., prosodic) struc-
tures, such as sentence intonation. In Dutch, for example, women
produce questions using a wider pitch range compared to men
(Haan & Van Heuven, 1999). Moreover, the speech rate in Dutch
is affected by regional dialects and gender (Quené, 2008). In
American English, Clopper and Smiljanic (2011) found differences
in pause distributions and pitch accents between different dialects
and genders.
Recently, Xie et al. (2021) found that prosodic variability is not

only present between demographic groups (e.g., dialectal or gender
groups) but also on an individual talker level. More specifically, they
recorded lexically identical declarative statements versus questions
(e.g., “It’s raining.” vs. “It’s raining?”), produced in American
English, and measured F0 and duration of the final syllable (i.e.,
“-ing”). Results indicated that individual talkers differed from each
other in the category (i.e., statement vs. question) means and distri-
butions for F0 and duration. In addition, while most talkers used F0
as the primary cue, some talkers used both cues in combination with
different probabilities, such that the use of F0 and duration could be
correlated to different degrees across speakers. In other words, indi-
vidual talkers seem to produce prosodic information with variability
within each cue, but also vary in how the cues are combined to pro-
duce the intended structure (i.e., cue weighting in production). In
sum, talker variability abounds in speech at both the segmental
and suprasegmental levels.
The literature on speech perception suggests that listeners are able

to exploit this talker-specific cue usage to correctly perceive spoken
words. This ability has been attributed to multiple cognitive mecha-
nisms. That is, listeners use normalization to compensate for spectral

differences between talkers (Sjerps et al., 2011) and differences in
speech rate (Bosker et al., 2020; Reinisch, 2016), scaling the percep-
tual input to the surrounding acoustic context. Second, speech per-
ception involves phonological abstraction in the lexicon, allowing
listeners to map acoustically varying auditory signals to abstract lex-
ical representations (McQueen et al., 2006) which are invariant to
talker-related idiosyncrasies. Third, listeners constantly predict
upcoming words during speech perception (Van Berkum et al.,
2005) as well as how those words will be produced by specific talk-
ers (Brunellière & Soto-Faraco, 2013). Those predicted word forms
will subsequently be easier to process upon perception. Finally, lis-
teners use perceptual learning to change how acoustic input is
mapped to prelexical perceptual categories of speech sounds
(Eisner & McQueen, 2005) allowing listeners to adapt to varying
acoustic input. Previous studies (Lehet & Holt, 2020; Sjerps &
Reinisch, 2015) further illustrated that these mechanisms are applied
in tandem, showing that normalization and perceptual learning oper-
ate at different levels of speech processing. Even though all mecha-
nisms together offer the listener the best solution to the variability
problem, the remainder of this study will specifically focus on per-
ceptual learning.

Perceptual learning studies have demonstrated that listeners can
change how they map acoustic input to prelexical perceptual catego-
ries of speech sounds. More specifically, listeners can use lexical
information to change which prelexical category (e.g., an /s/ or an
/f/) is activated by the same acoustic token (e.g., an ambiguous fric-
ative [?] in between /s/ and /f/) depending on the word it appears in:
hearing [?] in “platypu[?]” biases perception toward /s/, while “gira
[?]” biases toward /f/ (Norris et al., 2003). Further, listeners can
change how they weigh the relative strength of multiple acoustic
cues that signal a speech category based on distributional informa-
tion in the speech input (Idemaru & Holt, 2011, 2014). For instance,
Idemaru and Holt (2011) found that listeners can change how much
perceptual weight is given to different acoustic cues that signal a
speech sound (e.g., /b/ or /p/) based on the distribution of those
cues in the speech input. In their experiment, they exposed
English participants to words containing voiced/voiceless plosives
(e.g., “beer” vs. “pier”). They found that when the canonical relation
between fundamental frequency (F0) and VOT was reversed (a
voiced plosive is normally signaled with a high initial F0 and long
VOT, but voiced plosives were now signaled with a low initial
F0), listeners down-weighted their reliance on the unreliable cue
(i.e., F0), showing rapid adaptation to short-term deviations in cue
distributions. In other words, through perceptual learning listeners
changed how each acoustic cue in the auditory signal contributed
to perception of a plosive. Importantly, both cases described above
involve adapting the strength of the link between the acoustic
input and a prelexical category, altering the resulting amount of acti-
vation of that category.

In addition to these adaptations to single talkers, listeners can also
adapt to speech originating from multiple talkers (Eisner &
McQueen, 2005; Kraljic & Samuel, 2007), making it a useful mech-
anism to recognize words under high-variability contexts. This was
also illustrated by Zhang and Holt (2018), who adopted the same
paradigm as in Idemaru and Holt (2011, 2014), but crucially
included speech originating from two talkers differing in their F0
range. Results showed that the speech stimuli were perceived relative
to the F0 range of each particular talker. More specifically, the same
ambiguous F0 value was perceived as being higher in a low F0 range
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talker, inducing more “beer”-responses, and vice versa for the high
F0 range talker. In two subsequent experiments, Zhang and Holt
(2018) presented the same stimuli with an ambiguous F0 value,
but talker identity was cued by modulating voice characteristics
(stimuli spoken by amale or female voice) or by a visual presentation
of a male or female talker. These experiments similarly resulted in
more “beer”-responses for stimuli spoken by a female talker, or stim-
uli accompanied by a visual presentation of a female talker. In sum,
these experiments illustrate simultaneous tracking of speaking styles
from multiple talkers. This allows listeners to adjust the links
between the acoustic input and perceptual categories for each indi-
vidual talker, which facilitates perception of those talkers despite
the between-talker variability in the signal.
While perceptual learning does indeed appear to be useful for

dealing with talker variability, previous experiments have mostly
studied it in relation to segmental variability. It remains unclear
how perceptual learning is applied to suprasegmental variability
among talkers. One of the few studies looking into this was per-
formed by Xie et al. (2021), who examined the role of perceptual
learning in the perception of questions versus declarative statements.
Participants were exposed to segmentally identical phrases (e.g.,
“It’s cooking {./?}”) which, depending on the intonation contour,
can either be perceived as a statement or a question. In the training
phase, participants heard these phrases with ambiguous intonation
contours, midway between a statement and a question, and received
feedback on how to interpret them. Crucially, one group learned to
perceive these ambiguous stimuli as statements (i.e., statement-
biasing) while a second group learned to perceive the same phrases
as questions (i.e., question-biasing). In a subsequent test phase,
results showed that the statement-biasing group perceived the
phrases more as statements while the question-biasing group per-
ceived the phrases more as questions. This confirmed that perceptual
learning is used to deal with variability in one type of prosody: sen-
tence intonation. A similar finding for prosodically cued pragmatic
structures was demonstrated by Kurumada et al. (2014).
Prosody can also influence perception at the lexical level, distin-

guishing different words. For instance, lexical stress in free-stress
languages, such as English and Dutch, can distinguish between seg-
mentally identical words with contrastive stress patterns (e.g.,
“IMport” vs. “imPORT”). In Dutch, the target language of the pre-
sent study, a stressed syllable is usually produced with a higher mean
F0, longer duration, and greater intensity (Rietveld & van Heuven,
2009). Moreover, spectral balance (Sluijter & van Heuven, 1996,
but see Severijnen et al., 2022b) and acoustic vowel reduction
(van Bergem, 1993) have also been identified as cues to lexical stress
in Dutch. Vowel reduction appears to play a smaller role in Dutch
than in English, where vowels in most unstressed syllables are
fully reduced to schwa (Cutler, 1986, p. 202; Cutler & Pasveer,
2006). It is important to note that the acoustic cues to lexical stress
are not weighted equally in production. In Dutch, for instance,
when the word appears in an accented position in the sentence, the
strongest cue to lexical stress is F0. When the word does not appear
in an accented position, the strongest cue is duration, followed by
spectral tilt, overall intensity, and spectral expansion (Rietveld &
van Heuven, 2009).
Lexical stress information plays an important role in word recog-

nition. First, Cutler and Van Donselaar (2001) showed that, in
Dutch, lexical stress is used to constrain lexical activation. They pre-
sented Dutch minimal stress pairs (VOORnaam vs. voorNAAM,

“first name” vs. “respectable”) in a lexical decision task testing rep-
etition priming with stress-matching and stress-mismatching primes
(e.g., target: VOORnaam; prime: either VOORnaam or voorNAAM).
Results showed that only stress-matching primes facilitated target
lexical decision reaction times (RTs). Second, Reinisch et al.
(2010) showed that Dutch listeners use lexical stress immediately
to facilitate word recognition. In an eye-tracking experiment, they
exposed listeners to temporarily overlapping word pairs (e.g.,
OCtopus vs. okTOber). When participants were presented with
one of the word pairs (e.g., OCtopus), listeners fixated the target
word (OCtopus) more often than the competitor (okTOber) well
before the point of segmental disambiguation (i.e., the onset of the
third syllable). This illustrates that even when lexical stress is not
strictly necessary to disambiguate different lexical candidates, listen-
ers use it to facilitate perception. Similar effects have been found in
English (Cutler, 1986; Jesse et al., 2017) and Italian (Sulpizio &
McQueen, 2012).

As with sentence intonation, variability is also present in acoustic
realizations of lexical stress. This was illustrated by Eriksson and
Heldner (2015), whomeasured acoustic cues (F0, F0 variation, dura-
tion, and spectral tilt) to lexical stress in English. They found several
differences between talkers. First, the difference in mean F0 between
stressed and unstressed syllables was larger for males compared to
females. Second, females produced unstressed syllables with greater
F0 variation and stressed syllables with longer durations than males.
In addition to these gender differences, the speaking context (word
lists, phrases, or spontaneous speech) also modulated the abovemen-
tioned cues. For example, the effects of stress on mean F0 were
smaller in spontaneous speech compared to word lists and phrases.
Variability in lexical stress production between genders and between
speaking contexts, while in slightly different directions, has also
been found in other languages including Italian and Swedish
(Eriksson et al., 2013, 2016). Note again that the present study
does not examine how listeners deal with variability between gen-
ders, but we nevertheless include these gender-related acoustic dif-
ferences as an illustration of possible sources of between-talker
variability.

Talkers also appear to vary on an interindividual level in how they
produce lexical stress. Severijnen et al. (2022a), recorded Dutch par-
ticipants producing segmentally overlapping words but differing in
stress pattern (e.g., VOORnaam, “first name” vs. voorNAAM
(“respectable”). They then measured six acoustic cues that signal
lexical stress in Dutch, in stressed and unstressed syllables: mean
F0, duration, intensity, spectral tilt, F0 variation, and vowel quality.
The analyses involved Linear Discriminant Analyses, which trained
a model for each individual talker to predict whether each observa-
tion was a stressed or an unstressed syllable by finding the optimal
linear combination of the acoustic cues. This resulted in a set of coef-
ficients, for each talker, indicating how strongly each cue is weighted
in production (Schertz et al., 2015). Results from these analyses
illustrated that, on top of a general trend to use primarily F0, dura-
tion, and intensity, each talker used a unique set of cue weights to
signal lexical stress, illustrating large prosodic variability between
individual talkers. Moreover, classes of cue-weighting strategies
emerged from the data, differing in which cue was used as the pri-
mary cue. For words in an accented position, there was a group of
primarily F0-users and a group of intensity-users. For words in an
unaccented position, there was a group of intensity-users and a
group of duration users. These results illustrate the large challenge
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that listeners are faced with: listeners must be able to perceive the
correct stress pattern despite the immense amount of variability
that is present between individual talkers.
Nevertheless, an understudied question concerns how listeners

deal with talker variability in productions of lexical stress. To our
knowledge, only two studies have looked into this. First, Bosker
(2022) found evidence for perceptual learning in relation to supra-
segmental cues to lexical stress in Dutch. In these experiments, par-
ticipants heard ambiguous versions of minimal stress pairs (e.g.,
ambiguous between Dutch CAnon “canon” and kaNON “cannon”)
in an initial exposure phase. These words were differentially disam-
biguated for two participant groups by orthographic word forms on
the screen. Specifically, presenting the orthographic word form of
the Strong–Weak (SW) item (canon) induced an SW-bias while pre-
senting the orthographic word form of the Weak–Strong (WS) item
(kanon) induced a WS-bias. Results from a subsequent test where
participants categorized a CAnon-kaNON continuum showed that
participants in the SW-bias group indeed gave more SW responses
while the WS-bias group gave more WS responses. Interestingly,
this perceptual recalibration of lexical stress was also found across
segmentally differing words. That is, exposure to ambiguous ver-
sions of SERvisch “Serbian” versus serVIES “tableware,” which
were also disambiguated by orthography, led to similar recalibration
effects on CAnon versus kaNON test items. In sum, these experi-
ments illustrate that listeners are able to adapt to variability in supra-
segmental cues to lexical stress, and these adaptations are not tied to
the episodic experiences with those words but seem to generalize
across words, and thus imply that spoken-word recognition involves
abstract prosodic representations.
Second, Severijnen et al. (2021) investigated whether listeners can

also adapt to variability in lexical stress in a talker-specific manner.
In their electroencephalogram (EEG) experiment, consisting of mul-
tiple training phases and a final test phase (in which behavioral and
EEG data were recorded), native Dutch participants learned to asso-
ciate nonword minimal stress pairs to object referents (e.g., USklot
referring to a “lamp,” usKLOT referring to a “train”). The nonwords
were produced by two male talkers who, importantly, used only one
cue to signal lexical stress in the nonwords (e.g., Talker 1 used only
F0, while Talker 2 used only intensity). In a subsequent test phase,
participants heard semantically constraining carrier sentences (e.g.,
“The word for lamp is USklot”) containing either talker-congruent
versions of the nonwords (i.e., produced with the talker-consistent
cues; Talker 1 using F0) or talker-incongruent versions, produced
with mismatching prosodic cues (e.g., Talker 1 suddenly using
intensity). Behavioral results from a yes/no sentence verification
task showed that participants were slower to respond to the talker-
incongruent versions compared to the talker-congruent versions.
The authors concluded that the delayed processing was due to the
talker-incongruent prosodic cues, picked up through talker-specific
perceptual learning about which talker used which cues to signal lex-
ical stress in the training phase.
Even though Severijnen et al. (2021) provided evidence for talker-

specific learning of lexical stress, their results spark several novel
questions. First, does talker-specific learning of prosodic cues also
have consequences for the perception of the intended word, or
does it only slow processing down, as observed by Severijnen et
al. (2021)? That is, in Severijnen et al. (2021), the target word was
identical in both conditions, so the intended word would always
be perceived correctly regardless of the talker-cue mismatch.

Indeed, the accuracy data in Severijnen et al. (2021) showed no dif-
ference between the two conditions. While their critical result (lon-
ger response times to the talker-incongruent condition compared to
the talker-congruent condition) illustrated that listeners were slowed
down in perception when lexical stress was marked with a cue that
was not coherent with what was previously learned; it does not
inform us on how perceptual learning of talker-specific prosodic
cues affects perception of the intended word (i.e., which word is per-
ceived; instead of how it is perceived). While both consequences
(slowing down and incorrect perception) are problematic for com-
munication, the latter is more problematic.

Second, can we replicate the behavioral finding in Severijnen et al.
(2021), given that there was no modulation of the N200,
enterprise-related planning (ERP) related to acoustic–phonetic pro-
cessing (Connolly & Phillips, 1994)? Specifically, a modulation of
the N200 response would have provided electrophysiological evi-
dence for a mismatch between the predicted prosodic cue and the
perceived prosodic cue. The lack of an N200 modulation calls into
question the replicability of the obtained behavioral results.

Third, do listeners apply the same learning mechanisms when
acoustically richer test stimuli are used (i.e., stimuli involving mul-
tiple cues to lexical stress)? Specifically, the test stimuli in
Severijnen et al. (2021) always contained only one cue to lexical
stress. While this provided experimental control, it leaves open the
possibility that listeners could employ the talker-specific learning
mechanisms only because of the relative simplicity of the stimuli.
Examining whether acoustically more complex stimuli elicit similar
effects is crucial in examining speech perception closer to real-life
situations.

Fourth, and following the previous argumentation, are the same
learning mechanisms at work with existing words, compared to
the nonwords in Severijnen et al. (2021)? While using nonwords
as stimuli had the benefit of removing any episodic experiences
with the words prior to the experiment, this leads to the possibility
that since there was no previous experience with the nonwords,
the talker-specific effects could be easier to pick up on. In contrast,
previous experience with how existing words are normally produced
could interfere with the storage of how newly encountered talkers
produce those words. Using existing words as test stimuli could
thus shed light on whether listeners are still able to pick up on the
talker-specific cues despite previous potentially interfering episodic
experiences.

The present study tried to answer these questions, thus aiming to
provide further evidence for talker-specific perceptual learning of
lexical stress in Dutch. Here we first outline how each question
will be addressed. First, we measured categorization responses
instead of RTs, which is a more direct measure to assess how talker-
specific perceptual learning of lexical stress can affect which word is
perceived. Second, we aimed at providing converging evidence,
using a different measure, for the behavioral result in Severijnen et
al. (2021). Third, the test stimuli in the present study contained mul-
tiple cues to lexical stress instead of only one cue in Severijnen et al.
(2021). This allowed us to examine whether similar results as in
Severijnen et al. (2021) could be observed with multidimensional
stimuli that more closely resemble real-life speech. Fourth, the pre-
sent study used existing words instead of nonwords. This allowed us
to examine these talker-specific learning effects in stimuli for which
listeners already have preexisting knowledge about and experience
with how those words are normally produced.
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We ran an online experiment consisting of a training phase and a
test phase. In the training phase, participants heard Dutch minimal
stress pairs (e.g., VOORnaam vs. voorNAAM, “first name” vs.
“respectable”; SW and WS, respectively), produced by two male
talkers. Similar to Severijnen et al. (2021), the stimuli were acousti-
cally manipulated such that each talker cued lexical stress using only
one acoustic cue. For instance, Talker 1 used only F0 (with intensity
and duration set to ambiguous values) while Talker 2 used only
intensity (talker-cue mappings were counterbalanced across partici-
pants). In a two-alternative forced-choice (2AFC) task, participants
were instructed to identify the correct member of the minimal pair,
after which they received feedback on their responses. Based on
the feedback, we expected participants to learn which cue was
used by each talker (note that no explicit feedback was given regard-
ing the cues; we expected participants to learn them implicitly).
After the training phase, participants were tested on the same word
pairs in another 2AFC task. This test included, next to perceptually
“clear” (i.e., unambiguous) control items with the talker-matching
cue, also “mixed items’ in a different condition. These mixed
items contained two conflicting cues to lexical stress, with F0 signal-
ing one stress pattern, while intensity cued another. The crucial com-
parison then was how the perception of these mixed items was
influenced by the talker-cue mappings learned in the training phase.
We predicted that participants would interpret the conflicting

stress cues in the mixed items at the test based on the learned infor-
mation about which cue each talker tended to use. For example, if
participants had learned that Talker 1 used F0 in training and then
heard a mixed item produced by Talker 1 at the test (e.g., F0 signal-
ing SWand intensity signalingWS), they should prioritize in percep-
tion of the stress pattern being signaled by F0 (e.g., SW). In contrast,
if participants learned that Talker 1 used intensity, they should—
when presented with the exact same test word—prioritize the stress
pattern signaled by intensity (e.g., WS).

Method

Participants

We recruited 85 native speakers of Dutch from the Radboud
University participant pool. All participants gave informed consent
and were paid or received course credits for their participation. Five
participants were excluded because they responded before the target
word onset in 75% of the trials. We excluded these participants
because responses before the target word onset could not reflect
any perceptual processes related to the targets. The remaining 80
participants did not report having any hearing and/or reading prob-
lems (71 female, 9 male, age range:Mage= 21.81, SDage= 3.76). We
estimated the sample size through a power analysis Kumle et al.
(2021) by which we estimated a power of 0.858 (95% CI [0.836
0.879]) with 80 participants (see the “Power analysis” section in
the online supplemental material). The study was approved by the
Ethical Committee of the Faculty of Social Sciences of Radboud
University Nijmegen (Project Code ECSW2016-1403-391).

Stimuli

The stimulus set consisted of Dutch minimal stress pairs that were
segmentally identical but differed in the stress pattern. The set con-
sisted of four disyllabics (e.g., VOORnaam vs. voorNAAM, “first
name” vs. “respectable”; capitalization indicates lexical stress) and

four trisyllabic word pairs (e.g., VOORkomen vs. voorKOmen, “to
appear” vs. “to prevent”). In all eight pairs, lexical stress lay on either
the first syllable (i.e., SW words) or the second syllable (i.e., WS
words). The words were identified through the CELEX database
(Baayen et al., 1996) with matched word frequency between SW
and WS words, t(14)=−0.69, p= 0.49. See Table S2 in the online
supplemental material for the complete stimulus set.

Recordings

The stimuli were recorded by two male native talkers of Dutch,
naïve about the experiment’s purpose. By selecting two same-
gender talkers, we reduced acoustic variability in the stimuli.
Moreover, this promoted the formation of talker-specific instead of
gender-specific representations. The talkers were instructed to pro-
duce each member of each minimal pair twice, once with stress on
the first syllable, and once with stress on the second syllable.
Considering that the words would be presented in short carrier sen-
tences in the experiment, the talkers were further instructed to pro-
duce each word as if it occurred at the end of a sentence (i.e.,
covertly producing the carrier sentence Het woord is… “The word
is…” in one’s mind followed by overt production of the target
word). This was meant to induce sentence-final prosodic properties
in the recordings, such as F0-declination, intensity drop, and
sentence-final lengthening. The talkers were allowed to practice car-
rying out this instruction and were successful in so doing after a few
attempts. By recording the words separately from the carrier sen-
tences, we avoided coarticulation with the material in the carriers,
which facilitated speech editing.

In addition to, and separately from, thesewords, we recorded three
carrier sentences from both speakers. More specifically, we recorded
one semantically neutral sentence (Het woord is…, “Theword is…”)
and two feedback sentences (Goed, het woord is…, “Correct, the
word is…”; Fout, het woord is…, “Wrong, the word is…”).

Stimulus Manipulations

We required two types of stimuli. First, we needed clearly-stressed
“control items” in which only one cue signaled lexical stress (e.g.,
only F0 or intensity while the other cues were set to ambiguous val-
ues). These items were used in the training phase to allow partici-
pants to learn the talker-cue mapping (i.e., which talker used
which cue to signal lexical stress). Second, we needed ambiguous
“mixed items” that contained two conflicting cues to lexical stress.
In these stimuli, the cues appeared in opposing directions such
that one cue (e.g., F0) signaled an SW pattern while the second
cue (e.g., intensity) signaled a WS pattern. These items were used
in the test phase to test whether participants learned the talker-cue
mapping during the previous training phase, and used it to categorize
these ambiguously stressed words. In other words, if listeners
learned that for instance Talker 1 always used F0 in the training
phase and heard a word uttered from Talker 1 with F0 signaling
an SW pattern and Intensity signaling a WS pattern in the test
phase, they should be more likely to categorize such words as having
an SW pattern. Note that, in the test phase, the control items were
also presented together with mixed items to reinforce the previously
learned talker-cue mapping and to test that that mapping was still in
operation. The duration was always kept at an ambiguous value in all
stimuli. The original recordings were automatically forced aligned
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using theWEBMaus Basic Tool (Kisler et al., 2017) and all stimulus
manipulations were performed in Praat (Boersma & Weenink,
2019).
Control Items. In control items, only one cuewas set to its opti-

mal value to mark lexical stress (e.g., F0) while the remaining cues
(e.g., intensity and duration) were set to ambiguous values. For the
manipulation of control items, we followed the procedure in
Severijnen et al. (2021) while also performing an extensive piloting
stage (see the online supplemental material for all the details). The
results of the pilot studies informed us about which acoustic values
were required for control items to be identified as clear SW or WS
words. After a careful selection, the SW tokens were correctly iden-
tified as SWwith a mean proportion of SW responses of 0.83 (SD=
0.10), and the WS tokens were correctly identified as WS with a
mean proportion of SW responses of 0.25 (SD= 0.14) in the pilot
studies. From each word pair (N= 8), eight control items were gen-
erated, one for each combination of talkers (1, 2), cues (intensity,
F0), and Pattern (SW, WS). The final number of control items was
64. The acoustic properties of the control items are summarized in
Table 1. See Figure 1 for the spectrograms of the control items for
one of the words in the stimulus set and Figure 2a for a schematic
representation of the control stimuli.
Mixed Items. In mixed items, Intensity and F0 marked two

conflicting stress patterns while duration was put to ambiguous val-
ues. For instance, the word voornaam could have F0 pointing toward
an SWword (i.e., VOORnaam) while intensity pointed toward aWS
word (i.e., voorNAAM). In this example, the pattern is defined as
“F0-Intensity” because F0 is the strong cue on the first syllable
while Intensity is the strong one on the second. For the
“Intensity-F0” pattern the reverse applies. All the manipulation pro-
cedures are described in the online supplemental material. Final
stimuli were selected after extensive pilot testing to verify that
these mixed items were ambiguous with respect to stress.
However, pilot results demonstrated that the manipulations did not
result in perfectly ambiguous words (i.e., falling precisely around
a mean proportion of 0.5 SW responses). Instead, we found that
F0 was weighed slightly more heavily than intensity, with
“F0-Intensity” patterns receiving an average proportion of 0.66
SW responses, and “Intensity-F0” patterns receiving on average of
0.48 SW responses (for details on the acoustic manipulations and
the pilot studies, see Section 1.2 in the online supplemental mate-
rial). Nonetheless, the selected mixed items were perceptually con-
siderably more ambiguous compared to the control items (i.e.,
falling roughly in between the clear SW and WS control patterns),
indicating that the two cues to lexical stress were indeed conflicting
with each other. From each word pair (N= 8), two mixed items were
generated, one for each combination of Talker (1, 2) and Mixed
Pattern (F0-Intensity: in which F0 signaled an SW pattern and inten-
sity a WS pattern; Intensity-F0: vice versa) for a total of 32 mixed
items. The acoustic properties of the mixed items are summarized
in Table 2. See Figure 1 for the spectrograms of the mixed items
for one of the words in the stimulus set and Figure 2b for a schematic
representation of the mixed stimuli.

Procedure

The experiment was built and hosted on the Gorilla Experiment
Builder (www.gorilla.sc). Participants first performed a headphone
screening (Woods et al., 2017), in which participants heard three T
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dichotically presented pure tones, with one of the dichotic tones pre-
sented 180° out of phase across the two stereo channels, and were
instructed to identify the quietest one. This task is intended to be
easy over headphones but difficult over loudspeakers due to phase-
cancellation. In previous work, this task achieved 80% accuracy in

detecting headphone users versus speaker users (Milne et al.,
2021). Thus while this task is not perfect at detecting headphone
users, it still ensured that the majority of participants were likely
to have been wearing headphones. These participants could continue
with the experiment properly, which consisted of familiarization,

Figure 1
SpectrogramsWith F0 (Red Line) and Intensity Contours (Blue Line) of One Exemplary Stimulus (the Item Voornaam) in the Control (1st and
2nd row) and Mixed Versions (3rd row) Produced by Talker 1

Note. Vertical black dashed line indicates a syllable boundary. The first row shows a control item in which F0 clearly marks lexical stress in an SWword (left
column) or a WS word (right column) while intensity is put to fixed ambiguous values. The second row shows the opposite: here it is Intensity that clearly cues
lexical stress while F0 is set to fixed ambiguous values. The third row shows the spectrograms of one exemplary mixed item in which F0 and Intensity eachmark
two conflicting stress patterns at the same time: the left pane shows the F0-Intensity mixed pattern in which F0 signals an SWword while Intensity signals aWS
word, while the right pane shows the opposite mixed pattern Intensity-F0. SW=Strong–Weak; WS=Weak–Strong. See the online article for the color version
of this figure.
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training, and a test phase. The brief familiarization phase ensured
that participants were familiar with the pronunciations of the
words and their meanings. The aim of the training phase was for par-
ticipants to learn, implicitly, which talker used which cue to signal
lexical stress in the control items. After the training phase, partici-
pants were tested on the mixed items in a final test phase, which
would allow us to observe how perception of the mixed items was
affected by the training phase. Participants were randomly assigned
to one of the talker-cue mappings (e.g., half of the participants heard
Talker 1 use F0 and Talker 2 use intensity; and vice versa for the
other half) and response position (e.g., SW response items always
appeared on the left side, WS response items on the right side;
and vice versa), with all possible combinations counterbalanced
across participants.

Familiarization Phase

In the familiarization phase, participants were visually presented
with orthographic word forms representing each member of a minimal
pair, their definitions, example sentences with the words, and auditory
presentations of the control items of the corresponding words, spoken
by both talkers. The auditory presentations followed the talker-cue
mappings of the training and test phases. For example, if a participant
heard Talker 1 using F0 and Talker 2 using intensity in the training and
test phases, this was also the case during familiarization. This ensured
that participants were familiar with the stimuli before the training phase
started. The trial structure was as follows. First, we visually presented
the SW member of a minimal pair (e.g., VOORnaam) on the top left
corner of the screen and auditorily presented its corresponding control

Figure 2
(a) Schematic Representation of the Manipulation of Control Stimuli Divided by Mapping, Talker, and Pattern. (b) Schematic Representation
of the Manipulation of Mixed Stimuli Divided by Mixed Pattern and Talker

Note. (a) Continuous lines indicate a clear cue to lexical stress while dashed lines indicate an ambiguous cue to lexical stress. Green lines indicate the F0
contour while orange lines indicate the Intensity contour across the first and the second syllable. The upper panel shows the talker-cue mapping in which
Talker 1 always used F0 to signal lexical stress (green solid line) while Intensity was put to average values (orange dashed line) and Talker 2 always used
Intensity to signal lexical stress (orange solid line) while F0 was put to average values (green dashed lines). The lower panel shows the reverse talker-cue map-
ping. (b) Continuous lines indicate a clear cue to lexical stress. Green lines indicate the F0 contour while orange lines indicate the Intensity contour. In mixed
stimuli, both talkers used both cues within each word at the same time. The two cues always indicated conflicting lexical stress patterns (e.g., while F0 could
signal a Strong–Weak pattern, Intensity signaled a Weak–Strong pattern). Icons from “MultiPic: A standardized set of 750 drawings with norms for six
European languages.,” by J. A. Duñabeitia, D. Crepaldi, A. S. Meyer, B. New, C. Pliatsikas, E. Smolka, M. Brysbaert, 2018, Quarterly Journal of
Experimental Psychology, 71, 808–816 (https://doi.org/10.1080/17470218.2017.1310261). Copyright 2018 by the Experimental Psychology Society.
See the online article for the color version of this figure.
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stimulus (see Figure 3a for the trial structure). After 1,500 ms, we pre-
sented the WS member in the top right corner with its corresponding
control stimulus. Afterward, we visually presented their definitions
below the orthographic depictions of the words, and below that two
example sentences. Participants indicated using button presses whether
they did or did not know either of the two words.

Training Phase

In the training phase, two groups of participants were exposed to
the control items embedded in carrier sentences (e.g., Het woord is
VOORnaam, “The word is first name”), produced by both talkers
(see Figure 3b for the trial structure). Furthermore, a cartoon image
(see Figure 3) of the respective talker producing that sentence was
visually presented, appearing 700 ms before sentence onset. This
was done to strengthen the acquisition of talker-specific cue usage
while also reducing the risk of potentially considering that the two
talkers were the same person. Two response options (i.e., the two
members of the minimal pair; VOORnaam and voorNAAM) were
orthographically presented on the lower left and right corners of
the screen 200 ms before sentence onset. Talker images and response
options remained on the screen until a response was given.
Participants were instructed to respond with button presses ([Z] or
[M] responding to the left or right response options, respectively)
after target word onset. If no response was given after 5 s from the
target word onset, the trial was recorded as a missing data point.
After the response, we presented a feedback sentence (e.g., Goed,
het woord is VOORnaam, “Correct, the word is first name,” or
Fout, het woord is VOORnaam, “Wrong, the word is first name”).
Participants were then visually instructed to press the correct button
again based on the feedback. After their second response, they
heard the target word one final time in isolation. Participants thus
heard the same target word three times in each trial. The next trial
started 1 s after the final auditory presentation of the target word in
the previous trial. Each group of participants listened to different con-
trol items on the basis of the assigned talker-cue mapping. One group
heard Talker 1 using only F0 to signal stress (intensity and duration
were ambiguous), while Talker 2 used only intensity (F0 and duration
were ambiguous). The other group heard the reverse talker-cue map-
ping. In this way, we counterbalanced the assignment of cues to each
talker to prevent possible confounds related to cues or talkers alone.
Each group listened to 32 control items: 8 target words (e.g., voor-
naam), with 2 stress patterns (SW or WS) uttered by 2 talkers
(Talker 1 and Talker 2). Each item was repeated 6 times for a total
of 192 experimental trials. The experimental trials were preceded
by 8 practice trials in which the same stimuli from the experimental
trials were presented to familiarize participants with the task before
starting the actual experiment. Practice trials were then excluded
for statistical analyses. The trials were presented in
pseudo-randomized order in 4 different counterbalanced lists and
no word pairs were ever repeated in two consecutive trials.

Test Phase

The test phase was similar to the training phase but differed in two
aspects (see Figure 3c for the trial structure). First, participants did not
receive feedback on their responses. Instead, the next trial began 1 s
after participants gave their responses. Second, next to control items
(played on 50% of the test trials), the target words in the test phaseT
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also included mixed items (on the other 50% of the test trials). Note
that we still included control items in this test phase to provide solid
anchors of unambiguous items with congruent talker-cue mappings
to participants. That is, each group of participants heard the same con-
trol items they heard in the training phase, following the same talker-
cue mapping. Again, these were 32 control items which were repeated
3 times each for a total of 96 trials. In addition, both groups, regardless
of the talker-cue mapping, listened to the same 32 mixed items: 8 tar-
get words (e.g., voornaam) with 2 stress patterns (F0-Intensity,
Intensity-F0), uttered by 2 talkers (Talker 1, Talker 2) which were
repeated 3 times each for a total of 96 trials. The test phase thus con-
sisted of 192 experimental trials in total and was not preceded by prac-
tice trials. The trials were presented in a pseudo-randomized order,
without repeating word pairs in consecutive trials.

Data Analysis

Prior to data analysis, we calculated the percentage of timed-out tri-
als (0.7%) and we further excluded any trials with RTs below 100 ms
relative to target word onset (0.5% of the trials), reaching 1.2% of
removed trials overall. The latter was done for two reasons. First,
due to an error in theway the experiment was programmed, it was pos-
sible for participants to respond before the target word onset (i.e.,
before they heard the word). Since such responses do not represent
any perceptual processes related to the target words, we decided to
exclude them. Second, RTs below 100 ms also include trials on
which the majority of the first syllable had not yet been heard in its
entirety (the shortest first syllable duration was 171 ms). As a result
of these exclusions, the final number of analyzed trials was 30,329
(22,775 trials for control items and 7,554 trials for mixed items).
Furthermore, we analyzed the familiarization data in order to check
whether participants knew all the word stimuli they were presented
with during the experiment. This analysis showed that 93% of partic-
ipants knew at least 14 of the 16words (41.3% knew all words, 33.8%
knew 15 of the 16 words and 18.8% knew 14 of the 16 words) while
only 7% of participants knew fewer than 13 of the 16 words. Given
these results, we ran the analyses of the behavioral data on the com-
plete dataset and a dataset in which the unknownwords were excluded

(see Tables S9–S12 in the online supplemental material). Since the
results from the two analyses were comparable, we base our conclu-
sions on the complete dataset.

We ran two separate models, one for the mixed items and one for
the control items. The model for the mixed items tested our primary
research question, namely whether the talker-cue mapping (e.g.,
Talker 1 using F0, Talker 2 using intensity) affected responses
depending on the Mixed Item Pattern (e.g., F0-Intensity,
Intensity-F0) and who produced the mixed items (e.g., Talker 1 or
Talker 2). The model for the control items verified whether the
intended stress pattern (SW or WS) was correctly perceived across
both the training and test phase. In both models, we analyzed the
binomial categorization responses (SW coded as 1; WS as 0)
using a Generalized Linear Mixed model with a logistic linking
function with the lmerTest package (Kuznetsova et al., 2017) in R
(R Core Team, 2020). When needed, posthoc tests were performed
via the emmeans R package (Lenth et al., 2018).

For the mixed items, we obtained an initial model through forward
modeling (tested using likelihood-ratio tests, factors were entered in
the order in which they are described below) containing the following
fixed factors: Mapping (categorical predictor with two levels, deviance
coded with Talker 1 using F0 and Talker 2 using intensity coded as
−0.5; Talker 1 using intensity and Talker 2 using F0 coded as 0.5),
Mixed Pattern (categorical predictor with two levels, deviance coded
with F0-Intensity coded as −0.5 and Intensity-F0 coded as 0.5), and
Talker (categorical predictor with two levels, deviance coded with
Talker 1 coded as−0.5 and Talker 2 coded as 0.5). Themodel also con-
tained random intercepts for Participant and Item. This model showed a
significant three-way interaction between Mapping, Pattern, and Talker
(β=−1.74, SE= 0.20, z=−8.85, p, .001). While this very broadly
illustrates that the categorization responses are indeed dependent on
the exact combination of the Mapping, Mixed Pattern, and Talker,
the exact interpretation of this interaction is not as straightforward.
Moreover, testing for further interactions with other factors would
require four-way interactions, which are evenmore difficult to interpret.
Therefore, to simplify the analyses, we created a new categorical vari-
able with two levels (Predicted Response: Predicted SW or Predicted
WS) that coded for this three-way interaction. Specifically, the

Figure 3
Trial Structure of the (a) Familiarization Phase, (b) Training Phase, and (c) Test Phase

Note. Icons from “MultiPic: A standardized set of 750 drawings with norms for six European languages.,” by J. A. Duñabeitia, D. Crepaldi, A. S. Meyer,
B. New, C. Pliatsikas, E. Smolka, M. Brysbaert, 2018, Quarterly Journal of Experimental Psychology, 71, 808–816 (https://doi.org/10.1080/17470218
.2017.1310261). Copyright 2018 by the Experimental Psychology Society. See the online article for the color version of this figure.
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Predicted Response coded for what we expected the predicted response
to be (Predicted SW or Predicted WS), depending on the three factors
Mapping, Mixed Pattern, and Talker. For example, for the Mixed
Pattern F0-Intensity produced by Talker 1, our hypothesis was that par-
ticipants who had learned that Talker 1 used F0 during the training
phase should perceive this item as SW. In contrast, participants who
had learned that Talker 1 used intensity should perceive the exact
same item asWS.We continuedmodel selection through forwardmod-
eling using this new categorical variable.
The final model with the best fit to the data included the following

factors: Predicted Response (categorical predictor with two levels,
deviance coded with Predicted SW coded as −0.5 and Predicted
WS coded as 0.5), Talker (categorical predictor with two levels, devi-
ance coded with Talker 1 coded as −0.5 and Talker 2 coded as 0.5),
Mixed Pattern (categorical predictor with two levels, deviance coded
with F0-Intensity coded as −0.5 and Intensity-F0 coded as 0.5), and
Trial Number (continuous predictor). This last predictor was obtained
by normalizing the original trial number for mixed items ranging from
1 to 96, obtaining a measure of the overall proportion of trials ranging
from 0 to 1 within each individual participant. Furthermore, we
included interactions between Predicted Response and Talker and
Predicted Response and Trial Number. We also included random
intercepts for Participant and Item, by-Participant random slopes for
all the fixed factors, and by-Item random slopes for Predicted
Response and Talker. Following the procedure of Bates et al.
(2015), we optimized the random structure using Principal
Component Analysis on the models to obtain the structure that con-
tained the minimally required factors to explain the largest variance.
This avoided overfitting problems. The full model syntax was
Response� Predicted Response * Talker +Mixed Pattern +
Predicted Response * Trial Number + (1 + Predicted Response +
Talker|Participant) + (1 + Predicted Response + Talker|Item).
For the control items, the model with the best fit to the data

(obtained through forward modeling, tested using likelihood-ratio
tests, factors were entered in the order in which they are described
below) included the following fixed factors: Pattern (categorical pre-
dictor with two levels, deviance coded with SW coded as −0.5 and
WS coded as 0.5), Phase (categorical predictor with two levels, devi-
ance coded with training phase coded as−0.5 and test phase coded as
0.5), Talker (categorical predictor with two levels, deviance coded
with Talker 1 coded as −0.5 and Talker 2 coded as 0.5) and Trial
Number (continuous predictor). Trial Number was normalized with
the same method applied to mixed items but separately within each
phase (Training, Test) containing 192 trials and 96 trials, respectively.
Furthermore, we included interactions between Pattern and Phase,
Pattern and Trial Number, Phase and Trial Number, Pattern and
Talker, and a three-way interaction between Pattern, Phase, and
Trial Number. We also included random intercepts for Participant
and Item with by-Participant random slopes for the factors Pattern,
Talker, and Phase and by-Item random slopes for Pattern and
Talker. The random structure was optimized using the same approach
as used for the mixed items. The full model syntax was Response�
Pattern * Phase + Talker + Pattern * Phase * Trial Number + (1|
Participant) + (1 + Pattern + Talker + Phase|Item).

Transparency and Openness

We report how we determined our sample size (see the “Power
Analysis” section in the online supplemental material), all data

exclusions (see sections “Participants” and “Data Analysis”), all
manipulations (see sections “Stimulus Manipulations” and
“Procedure”), and all measures in the study (see section “Data
Analysis”) and we followed JARS (Kazak, 2018). Across the
“Method” section, all the employed software and packages are
reported. All data, analysis code, and research materials are available
at https://osf.io/dczx9/?view_only=44f227db3c134685ad1db9cf46e3
17f7. This study’s design and its analysis were not preregistered.

Results

Mixed Items

The analysis of mixed items crucially tested whether participants
applied their learning about how the two talkers signaled lexical
stress to perceive spoken words with conflicting stress cues.
Results for Mixed items are summarized in Figure 4(e, f, and g).
Qualitative plots showing the results for Mixed items divided by
Talker, Pattern/Predicted Response, and Mapping are depicted in
Figure 4b. The complete model output is given in Table S12 in
the online supplemental material. The main effect of the Predicted
Response (β=−0.74, SE= 0.14, z=−5.20, p, .001) revealed a
significant difference between Predicted SW and Predicted WS tri-
als. As depicted in Figure 4f, participants showed a higher propor-
tion of SW responses (light red bar) for the Predicted SW trials
(Mean proportion of SW, respectively= 0.59; SE= 0.01) and a
lower proportion of SW responses (light blue bar) for the
Predicted WS trials (Mean proportion of SW, respectively= .49;
SE= 0.01). This result illustrates that the perception of identical
Mixed items was affected by the learned information about which
talker used which cue to signal lexical stress.

Further, a significant main effect of the Pattern was found (β=
1.42, SE= 0.27, z= 5.34, p, .001), showing that the F0-Intensity
pattern (left bar in Figure 4e) was perceived as being more
SW-biased compared to the Intensity-F0 pattern (right bar in
Figure 4e). This demonstrates that participants weighed F0 as a
cue to lexical stress more heavily than intensity, corroborating out-
comes from pilot study 3 (see Table S8 in the online supplemental
material). Importantly, our main effect of interest (i.e., the effect
of Predicted Response) was still present regardless of the effect of
the Pattern. The model also revealed a main effect of Talker (β=
0.44, SE= 0.18, z= 2.47, p= .014), showing that Talker 2 was per-
ceived as being more SW-biased than Talker 1.

Lastly, a marginally significant interaction effect between
Predicted Response and Trial Number (β= 0.36, SE= 0.19, z=
1.92, p= .055) was found. As shown in Figure 4e, while the
Predicted SW responses were characterized by a negative tendency
towards fewer SW-biased responses in later trials (Mean
Slope=−0.14, SE= 0.14; descending light red line in Figure 4e),
the Predicted WS responses showed the opposite trend (Mean
Slope= 0.22, SE= 0.14; ascending light blue line in Figure 4e).
This indicates that the effect of the talker-cue mappings learned dur-
ing the training phase was shrinking as the test phase went on, as the
Predicted SW and the Predicted WS responses became less SW- and
WS-biased, respectively.

No further effect reached significance. The results of this analysis
were replicated also when the trials with words that participants
reported not to know prior to the experiment were excluded (see
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Figure 4
Qualitative Plots (First row) and Plots of the Significant Effects (Second row) of the
Proportion of SW Responses (y-Axis) Split by Different Factors (x-Axis)

Note. (a) Qualitative plots for control items averaged across participants, words, and phases, separately
for each Pattern (SW in red, WS in blue), Talker (1, 2), and Mapping (solid line indicates Talker 1: F0,
Talker 2: Intensity; dashed line indicates Talker 1: Intensity, Talker 2: F0). Points indicate individual
participants and error bars represent the Standard Error. (b) Qualitative plots for Mixed items averaged
across participants and words divided by Pattern (F0-Intensity, Intensity-F0), Talker (1, 2), Mapping
(solid line indicates Talker 1: F0, Talker 2: Intensity; dashed line indicates Talker 1: Intensity, Talker
2: F0) and Predicted Response (Predicted SW in light red, Predicted WS in light blue). Points represent
individual participants and error bars represent the Standard Error. (c) Interaction effect between Pattern,
Task, and Trial Number for Control items. The proportion of SW responses is split by Task (Training,
Test) and Pattern (SW in red,WS in blue). Individual points represent proportions of SW responses aver-
aged across trials separately within each word and each participant. Superimposed lines represent the
slope predicted by the model with hued 95% confidence intervals. (d) Interaction effect between

(Continued on next page)
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Table S12 in the online supplementary material for complete model
outputs).

Control Items

The analysis of control items tested whether participants could
categorize words with one clear cue to stress with acceptable accu-
racy in both the training and test phase. Results for control items
are summarized in Figure 4(a, c, and d). Qualitative plots showing
the results for Control items divided by Talker, Pattern, and
Mapping are depicted in Figure 4a. Complete model output and
results from posthoc tests are given in Tables S9–S11 in the online
supplemental material. The model revealed a significant effect of
Pattern (β=−3.14, SE= 0.21, z=−15.00, p, .001), showing
that participants could correctly perceive the stress cues for SW
(Mean proportion of SW, respectively= 0.80, SE= 0.009; red bar
in the right plot of Figure 4d) and WS (Mean proportion of SW,
respectively= 0.22, SE= 0.01; blue bar in the right plot of
Figure 4d) patterns.
A small interaction effect between Pattern and Phase (β=−0.44,

SE= 0.15, z=−2.95, p= 0.003) was also found, suggesting a
slightly reduced Pattern effect in the test phase compared to the train-
ing phase (see the left plot in Figure 4d). Posthoc tests confirmed the
presence of a strong difference between the SW and the WS pattern
both in the training (β= 3.18, SE= 0.20, z= 15.91, p, .001) and in
the test phase (β= 3.15, SE= 0.20, z= 15.37, p, .001). Moreover,
in the training phase, participants gave slightly more SW-biased
responses for both the SW pattern (β=−0.17, SE= 0.06, z= 2.64,
p= .011) and the WS pattern (β=−0.13, SE= 0.06, z= 2.11, p
= .035). Another interaction effect between Phase and Trial
Number (β=−0.64, SE= 0.13, z=−4.95, p, .001) was found as
well as a main effect of Phase (β= 0.47, SE= 0.08, z= 5.70,
p, .001).
The model of control items further showed a significant interac-

tion effect between Pattern, Phase, and Trial Number (β=−0.95,
SE= 0.26, z= 3.68, p, .001) represented in Figure 4c. Posthoc
comparisons were performed on the slope of Trial Number compar-
ing the levels of Pattern (SW, WS) at each level of Phase (Training,
Test) and comparing the levels of Phase within each level of Pattern.
These tests revealed a significant difference in the slope of Trial
Number between the SW and WS patterns in the Training (β=
0.52, SE= 0.15, z= 3.52, p, .001) but the same test was only mar-
ginally significant during the Test phase (β= =−0.38, SE= 0.21,
z=−2.00, p= .06). During Training, while the SW pattern was sta-
ble throughout the phase (Mean slope=−0.06, SE= 0.10; red line

in the left plot of Figure 4c), the WS pattern showed a negative
slope (Mean slope=−0.58, SE= 0.10; descending blue line in the
left plot of Figure 4c). This revealed that as the training phase
went on, participants gave more WS responses to the items with a
WS pattern. Conversely, in the test phase, the opposite tendency
was found: while the SW pattern was still stable (Mean slope=
0.10, SE= 0.15; red line in the right plot of Figure 4c), showing
no differences between training and test (β= 0.16, SE= 0.18,
z=−0.90, p= .368), the WS pattern showed a positive slope
(Mean= 0.53, SE= 0.15; ascending blue line in the right plot of
Figure 4c) revealing that participants gave fewer WS responses as
the test phase went on, differently from the training phase (β=−
1.11, SE= 0.18, z= - 6.07, p, .001). No further effect reached sig-
nificance. The results of this analysis were replicated when the trials
including words that participants reported not to know prior to the
experiment were excluded (see Tables S9–S11 in the online supple-
mental material for complete model outputs and posthoc tests).

Discussion

We investigated whether listeners could adapt to between-talker
variability in lexical stress by learning to associate specific stress
cues with specific talkers. Our study showed that this was the
case: through perceptual learning, participants mapped different
cues to lexical stress to two specific talkers and used this information
to differentially categorize words with conflicting stress cues (i.e.,
mixed items) depending on this talker-cue mapping. This was
shown in our statistical model by a main effect of Predicted
Response, indicating that participants gave responses biased toward
the stress pattern category consistent with the talker-contingent cue.

Our findings are in line with previous studies showing talker-
specific perceptual learning of segmental (Eisner & McQueen,
2005; Theodore &Miller, 2010; Zhang & Holt, 2018) and supraseg-
mental information (Severijnen et al., 2021; Xie et al., 2021). The
use of only one clear cue to lexical stress by different talkers in
the training phase, which is a pattern that differs from the usual ten-
dency in Dutch, where F0 and intensity co-occur as stress cues
(Rietveld & van Heuven, 2009), pushed participants to recalibrate
the perceptual weights of suprasegmental cues in a talker-contingent
way. It is worth mentioning that these speech production patterns, in
which a given talker prioritizes one main cue (either F0, intensity, or
duration) to produce lexical stress have been found in an experiment
examining individual differences in the acoustic correlates of lexical
stress in Dutch (Severijnen et al. 2022a). That is, in Severijnen et al.
(2022a), it was shown that some talkers indeed have a strong

Pattern and Task (left plot) showing the proportion of SW responses split by Phase (Training, Test) and
Pattern (SW in red andWS in blue). The main effect of Pattern (right plot) showing the proportion of SW
responses averaged across phases and split by Pattern. (e) Interaction effect between Predicted Response
and Trial Number for Mixed items. The proportion of SW responses is split by Predicted Response
(Predicted SW in light red, Predicted WS in light blue). Individual points represent proportions of
SW responses averaged across trials separately within each word and each participant. Superimposed
lines represent the slope predicted by the model with hued 95% Confidence Intervals. (f) The main
effect of Predicted Response. The proportion of SW responses is divided by Predicted Response
(Predicted SW in light red, Predicted WS in light blue). (g) The main effect of Pattern. The proportion
of SW responses is divided by Predicted Response (F0-Intensity, Intensity-F0). SW=Strong–Weak;
WS=Weak–Strong. See the online article for the color version of this figure.

Figure 4 (Continued)
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preference for primarily using one cue among others (e.g., F0), while
other talkers may prefer using another cue (e.g., intensity). The pre-
sent study showed that listeners are able to exploit these talker-
specific patterns. More specifically, after participants learned that
Talker 1 used only intensity as a cue to stress, they increased the
weight of this cue in subsequent perception, while down-weighting
F0. This interpretation is consistent with the dimension-based statis-
tical learning account (Idemaru & Holt, 2011, 2014; Lehet & Holt,
2017; Liu & Holt, 2015; Zhang & Holt, 2018) which states that lis-
teners exploit short-term acoustic regularities to adjust the efficiency
of specific physical dimensions in signaling speech categories.
Importantly, this interpretation extends the domain of the account
to suprasegmental cues. As seen in Zhang & Holt (2018) and Xie
et al. (2021), despite acoustic cues (i.e., intensity and F0) being
equally distributed at the global level of the experiment (i.e., the
number of trials in which intensity or F0 was the main cue to stress
was identical), participants managed to track the regularities of both
cues at the same time in a talker-contingent way, separating them
into distinct distributions. In our experiment, this talker-contingent
cue tracking may have been supported by other acoustic talker differ-
ences (e.g., segmental pronunciation idiosyncrasies) in the carrier
sentences and/or target words themselves, the visual talker cues (dif-
ferent cartoon images), or both (cf., Zhang & Holt, 2018).
In linewith the dimension-based learning approach, it appears that

listeners built talker-contingent weight sets based on the cue distri-
butions picked up in the training phase, in which unambiguous
words were presented. However, as illustrated by the results in the
test phase, these cue weights did not remain fixed after the training
phase, but were readjusted during the test phase. That is, even though
the interaction between Predicted Response and Trial was only mar-
ginally significant, the difference between Predicted SW and
Predicted WS responses seemed to be gradually attenuated, at least
numerically, as the test phase went on (see Figure 4e). It is possible
that the presence of mixed items weakly altered the talker-specific
cue distributions as they provided two conflicting cues to stress.
Previous studies have shown significant and more robust “unlearn-
ing” effects for talker-specific segmental information (Kraljic &
Samuel, 2005), prosodic information (Kurumada et al., 2014), and
most importantly for lexical stress (Severijnen et al., 2021). All
these studies showed that providing new talker-specific information
at test, which may have been fully or partially incompatible with that
presented during the training phase, encouraged further updating of
previously acquired talker-specific perceptual weights.
It is important to mention that, despite extensive piloting, the

mixed stimuli were still characterized by a perceptual imbalance.
Specifically, the effect of Pattern in the mixed stimuli analysis
showed that when F0 and Intensity appear as conflicting cues to lex-
ical stress in mixed items, F0 seems to have more weight in general
than Intensity in driving categorization responses. This result is also
in line with one of the pilot studies. On the one hand, this effect is
consistent with the cue hierarchy in Dutch (Rietveld & van
Heuven, 2009) for which, in words in an accented position, F0 is
thought to be a stronger cue to lexical stress than intensity. On the
other hand, the presence of this effect highlights the difficulty to
obtain completely balanced multidimensional stimuli. Either way,
the presence of this imbalance does not invalidate the effect of the
Predicted Response. That is, during the test phase, participants in
both groups responded to acoustically identical mixed items, so
any imbalance in the stimuli was present for both groups. The

only difference between the two groups was the talker-cue mapping
that they learned during training.

Another important consideration concerns the variability between
items in the stimulus pilots. That is, while we managed to select an
SW-token and a WS-token for all items, there was considerable var-
iability in the quality of the continua (i.e., some items showed a clear
perceptual switch while others were less so). Moreover, the pilots
were conducted on a different participant sample than the main
experiment, which might raise the question of whether a new partic-
ipant samplewould perceive the items in a similar manner. However,
responses on the control items in training and test confirmed that the
new participant sample correctly perceived the intended stress pat-
tern in those items. Nevertheless, the fact that we observed the talker-
specific learning effect regardless of the between-item variability
(which we took into account with by-Item random intercepts and
slopes in our models), speaks to the robustness of the learning effect.
More specifically, it illustrates that it is not just a learningmechanism
that listeners can use in an experimental setting with perfectly
balanced stimuli, but that listeners can abstract away from the vari-
ability and extract the information that is important in dealing with
the between-talker variability in the experiment.

The results of the present study are well explained by speech per-
ception models that include a belief-updating mechanism
(Kleinschmidt & Jaeger, 2015; Norris et al., 2016; Norris &
McQueen, 2008) that allows listeners to recalibrate perception in a
talker-specific way. These kinds of models address the variability
problem by describing speech perception as a probabilistic process.
In these models, listeners behave not only as optimal recognizers
(Norris &McQueen, 2008) that use all their prior and present knowl-
edge to understand speech, but also as ideal adapters (Kleinschmidt
& Jaeger, 2015), able to recalibrate their prior knowledge to opti-
mize recognition in future situations. Considering these two notions,
listeners appear to have prior beliefs about the statistical distributions
of phonetic cues in speech built through a lifetime’s experience. In
our specific case, we can think about prior experience as pertaining
to the canonical distribution of stress cues in Dutch. Listeners can
then learn the talker-specific cue distributions of novel talkers they
have not encountered before and update their prior beliefs about
the general distribution of cues by exploiting the structured variabil-
ity (e.g., the consistent use of one or more cues to stress) in the utter-
ances these novel talkers produce. The belief-updating feature of
these frameworks relies on the need of listeners to update their
prior knowledge. In other words, if the encountered lexical
stress pattern differs from listeners’ prior beliefs (e.g., containing
noncanonical cue distributions), they should be pushed to change
their knowledge about stress cues by recalibrating perceptual
weights toward more optimal word recognition. Interestingly,
belief-updating models were developed to explain results from stud-
ies exploring adaptation to segmental information. Our results indi-
cate that these models are also appropriate to explain how listeners
adapt to suprasegmental information and hence deal with supraseg-
mental variability in a talker-specific way.

Note that the talker-specific perceptual learning in the present
study occurred in the absence of any particular perceptual need
imposed by the experimental design of the training phase. That is,
the present study did not employ particularly ambiguous items in
training that, unlike in the classical perceptual learning paradigm
(Norris et al. 2003), guide recalibration. This might suggest that it
is not necessary to have ambiguous items in the training phase for

SEVERIJNEN, DI DONA, BOSKER, AND MCQUEEN562

T
hi
s
do
cu
m
en
ti
s
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al
A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le
is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al
us
e
of

th
e
in
di
vi
du
al
us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.



listeners to adapt. Instead, the mismatch between the cue distribu-
tions of the talkers in the experiment and participants’ expectations
about those distributions (picked up through previous experience
with Dutch male talkers) is enough to guide recalibration. This is
in line with the Ideal Adapter Framework (Kleinschmidt & Jaeger,
2015), which predicts that listeners need to adapt when new situa-
tions deviate from previous experiences.
The present study extends the findings of a similar study

(Severijnen et al., 2021), and answers four open questions. First,
does talker-specific learning of prosodic cues also have conse-
quences for perception of the intended word, or does it only slow
down perception, as observed by Severijnen et al. (2021)? The pre-
sent study illustrated that talker-specific learning of prosodic cues
indeed affects which word is perceived. This has important implica-
tions for speech perception, as it shows that perceptual learning can
be used to reduce the risk of miscommunication by helping listeners
to navigate their way through different prosodic realizations across
talkers. Second, can the behavioral finding in Severijnen et al.
(2021) be replicated, given that even though the behavioral results
illustrated perceptual learning of prosodic cues, there was no modu-
lation of the N200, an ERP related to acoustic–phonetic processing
(Connolly & Phillips, 1994)? The present study provided converg-
ing behavioral evidence, using a different behavioral measure, for
talker-specific perceptual learning of lexical stress, strengthening
the robustness of the effect found in Severijnen et al. (2021).
Third, do listeners apply the same learning mechanisms when acous-
tically richer test stimuli are used? Results illustrated that talker-
specific learning was not impeded by the use of stimuli with two
acoustic cues in opposing directions, suggesting that listeners can
apply talker-specific learning to richer, more complex stimuli.
Fourth, are the same learning mechanisms at work with existing
words, compared to nonwords in Severijnen et al. (2021)? The pre-
sent study showed that talker-specific learning can also be applied to
existing words, illustrating that talker-specific learning is a mecha-
nism that can exploit short-term regularities and supersede long-term
information about previously known words.
It would be interesting to know whether talker-specific perceptual

learning of suprasegmental cues generalizes to previously unheard
words (i.e., test words that are not included in the training stimuli)
as seen in previous work on segmental information (McQueen et
al., 2006). This kind of generalization is considered an index of a
prelexical abstraction process through which adjustments of percep-
tual weights based on training to ambiguous words can then be used
to recognize other words (McQueen et al., 2006). It is incompatible
with strictly episodic accounts of word recognition which postulate
that listeners store only detailed acoustic instances of heard words
(Goldinger, 1998). Sulpizio and McQueen (2012) showed that lis-
teners form abstract representations of lexical stress and recently
Bosker (2022) provided evidence for generalization of perceptual
learning of lexical stress cues to new words. Our design, however,
did not test for generalization because the same lexical items were
used in the training and test phases. Nevertheless, our results do pro-
vide some indications of generalization of the learning process
across word episodes, as mixed stimuli were not encountered during
training. In this regard, it is important to recall that there were phys-
ical differences between the control and mixed items. Mixed items
were not synthesized by directly splicing syllables of control items
together (e.g., one intensity-driven strong syllable and one pitch-
driven weak syllable). In fact, physical levels of intensity and

pitch in control items were drawn from different steps of the pilot-
tested continua with respect to the mixed items. This was done to
raise the level of ambiguity of mixed items for which less-extreme
steps (i.e., less SW or WS) were used relative to those used to
make the control items. Second, while control items had one clear
cue to stress (e.g., intensity or F0) and two other cues set to ambig-
uous levels (e.g., F0 and duration or intensity and duration), mixed
items had two conflicting cues to stress and only one ambiguous
cue (i.e., duration). Thus, at the test, participants were presented
with words that were physically different from the ones they heard
in training in which additional conflicting cues were present. If par-
ticipants were to learn episodic instances of stressed words in the
training phase without extracting talker-specific cue weights, they
would not have shown differences between the Predicted SW and
the Predicted WS patterns. Further research is required to explicitly
test for generalization across words, but if the hints of its occurrence
in the present study were to hold up, it would suggest that the
observed learning effects reflect the uptake of abstract information
about how talkers speak.

In sum, we showed that listeners can learn how two specific talk-
ers signal lexical stress and apply that learning in recognizing subse-
quent tokens spoken by the same talkers. These results fit well with
Bayesian models that predict that listeners can adjust their prior
beliefs about phonetic cues on the basis of short-term regularities.
Importantly, while such models have been developed to explain
how listeners deal with segmental variability, the present study sug-
gests that they can also account for the way in which listeners deal
with suprasegmental variability.
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