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Abstract
In the real world, listeners seem to implicitly learn talkers’ vocal identities during interactions that prioritize attending to the
content of talkers’ speech. In contrast, most laboratory experiments of talker identification employ training paradigms that require
listeners to explicitly practice identifying voices. Here, we investigated whether listeners become familiar with talkers’ vocal
identities during initial exposures that do not involve explicit talker identification. Participants were assigned to one of three
exposure tasks, in which they heard identical stimuli but were differentially required to attend to the talkers’ vocal identity or to
the verbal content of their speech: (1) matching the talker to a concurrent visual cue (talker-matching); (2) discriminating whether
the talker was the same as the prior trial (talker 1-back); or (3) discriminating whether speech content matched the previous trial
(verbal 1-back). All participants were then tested on their ability to learn to identify talkers from novel speech content. Critically,
we manipulated whether the talkers during this post-test differed from those heard during training. Compared to learning to
identify novel talkers, listeners were significantly more accurate learning to identify the talkers they had previously been exposed
to in the talker-matching and verbal 1-back tasks, but not the talker 1-back task. The correlation between talker identification test
performance and exposure task performance was also greater when the talkers were the same in both tasks. These results suggest
that listeners learn talkers’ vocal identity implicitly during speech perception, even if they are not explicitly attending to the
talkers’ identity.
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During speech perception, listeners encode not only the mean-
ing of the words they hear but also cues about the speaker’s
identity from their voice. Deconvolving the verbal and index-
ical information in the speech signal is an essential part of
linguistic and social communication. The voice conveys a
host of indexical information such as the speaker’s sex, age,
native language status, and social or regional dialect (Bent &
Holt, 2017) and is often characterized as an embodiment of the
speaker’s personhood (Lavan et al., 2019). The ability to dis-
tinguish voices from one another is influenced by a variety of
factors, including the cognitive, perceptual, and linguistic abil-
ities of the listener (Best, Ahlstrom, et al., 2018a; Garrido
et al., 2009), the acoustic properties of the talker (Kreiman
& Sidtis, 2011; Latinus & Belin, 2011; Perrachione et al.,
2019) and their interaction (Bregman & Creel, 2014;
Perrachione, 2019; Sumner et al., 2014). Many phenomena
have been discovered that demonstrate the extent to which

processing the linguistic and indexical features of speech are
bidirectionally intertwined (Scott, 2019). For example, in the
familiar talker advantage, speech comprehension is better
when hearing familiar compared to unfamiliar talkers
(Kreitewolf et al., 2017; Levi et al., 2011; Nygaard &
Pisoni, 1998; Palmeri et al., 1993; Schweinberger et al.,
2014; Souza et al., 2013) while in the language-familiarity
effect, listeners are better able to recognize voices in their
native language compared to a non-native one (Hollien
et al., 1982; Goggin et al., 1991; Perrachione & Wong,
2007; Thompson, 1987). However, little is known about
how listeners develop representations of voice identity when
their primary communication goal is to understand the content
of talkers’ speech. In this study, we investigate the extent to
which listeners learn talkers’ identities from exposure tasks
that vary whether listeners’ attention is directed to talkers’
voices vs. the content of their speech.

An abundance of research has pushed our understanding of
the synergistic relationship between linguistic processing and
talker identification using various types of speech stimuli
(Fleming et al., 2014; Johnsrude et al., 2013; Levi, 2019;
Nygaard & Pisoni, 1998; Souza et al., 2013). Recent studies
of talker identification have attempted to ascertain how this
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higher-level cognitive ability is supported by encoding vari-
ous low-level acoustic or linguistic features. As a conse-
quence, such studies have often employed slates of voices that
vary in controlled ways (e.g., Latinus et al., 2013; Latinus &
Belin, 2011), and are therefore frequently limited to para-
digms where listeners are explicitly trained on the identity of
the slate of talker stimuli during the experiment (e.g.,
Bregman & Creel, 2014; Levi et al., 2011; McLaughlin
et al., 2019; Nygaard et al., 1994; Orena et al., 2015). Fewer
studies have looked into the more ecological aspects of talker
identification, wherein listeners are assessed for their ability to
learn or recognize talker identities outside of the laboratory
(cf. Lavan et al., 2018; Schweinberger et al., 1997). In real
world communicative interactions, a talker’s identity is not
learned through short, scaffolded attempts at explicit talker
identification analogous to prior laboratory training tasks.
Instead, listeners implicitly accumulate talker identity knowl-
edge over time while engaging in ecological communicative
activities, such as conversations, during which attention is
directed not at determining the identity of a talker, but at
understanding the content of their speech (Sidtis & Kreiman,
2012). The paradigmatic divide between how talker identifi-
cation abilities have been trained and assessed in the labora-
tory versus how they tend to be learned in real life motivates
the need for laboratory research directed at understanding the
implicit learning of talker identity.

Conventional talker identification experiments have often
followed a structured training paradigm of first explicitly fa-
miliarizing participants with a set of voices and subsequently
testing their ability to recognize those trained voices (e.g.,
Goldstein et al., 1981; Hollien et al., 1982; Levi et al., 2011;
McLaughlin et al., 2019; Nygaard & Pisoni, 1998; Orena
et al., 2015; Zarate et al., 2015). Listeners may be introduced
to each talker one by one, as each voice is presented speaking
in turn and paired with some corresponding visual depiction
of the talker’s identity (e.g., a number, name, face, cartoon,
etc.; Senior et al., 2018), while explicitly identifying one talker
after another on many consecutive trials of the same task.
Laboratory training usually provides feedback immediately
after each trial indicating the correct answer, as listeners are
tested later on their ability to maintain and recall the talker
representations. While the nature of the speech stimuli varies
from study to study (e.g., isolated vowels, words, sentences,
or longer recordings; Cook & Wilding, 1997; Nygaard &
Pisoni, 1998; Yarmey, 1995), the framework of explicitly
training listeners on the identity of the voices used in each
study predominates (reviewed in Perrachione, 2019, and
Levi, 2019).

However, these approaches tend to gloss over a fundamen-
tal distinction between how listeners deploy selective attention
to talker identity during laboratory familiarization of talkers
versus how they appear to learn to associate voices with indi-
viduals in the real world. In ecological communication,

listeners are primarily attending to the content of their inter-
locutors’ speech. The structure of real-world conversations
appears to limit the need to explicitly attend to vocal identity
cues during communication (at least for sighted listeners) who
know the identity of their interlocutor by seeing their face. An
unresolved question, then, is how listeners learn a talker’s
identity when they are not required to actively or explicitly
attend to the distinctive indexical features of a talker’s voice
during speech perception. Conversely, this also raises the
question of the extent to which laboratory experiments of
talker identification actually inform our understanding of
how voices are encoded and recognized in real-world commu-
nication settings. Devising the training structure for perceptual
learning tasks is critically important to shed light on these
questions and to the carryover of the result from training-
induced performance, the robustness of learning, and the like-
lihood of generalizing to novel speakers (Ahissar &
Hochstein, 1997; Goldstone, 1998; Karni & Sagi, 1993;
Ortiz & Wright, 2010; Tzeng et al., 2016).

Studies on perceptual learning have demonstrated that
learning does not solely depend on explicit training but can
also occur from unattended exposure to stimuli when the
exposure phase has incorporated a sufficient number of trials
to drive neural response to stimulation (Seitz et al., 2010;
Seitz & Watanabe, 2009; Watanabe & Sasaki, 2015).
Converging evidence in audition and vision suggests that
extensive exposure to a stimulus can lead to learning, even
in the absence of focused attention on the relevant feature of
the stimulus, known as task-irrelevant learning (Ahissar &
Hochstein, 1993; Watanabe et al., 2001). In this framework,
perceptual learning can occur in situations of unattended and
passive sensory stimulation as long as a threshold for learn-
ing is reached by a stimulus-related activity (Seitz & Dinse,
2007; Seitz &Watanabe, 2005). The process of learning can
be distilled into two distinct phases: acquisition (the training
period) and consolidation (the transfer of the learned infor-
mation from a fragile neural state to a stable state); many
studies have been performed to track this progression, in-
cluding in the auditory and speech learning realm (Banai
et al., 2010; Wright et al., 2010a, b; Wright & Zhang,
2009). Neural experiments have provided further evidence
substantiating this learning model: rapid neural plasticity in
sensory cortices occurs under task-irrelevant learning condi-
tions, and additional sensory stimulation without the added
benefit of trained performance also leads to neural changes
(Ahissar et al., 2009; Banai et al., 2010; Desimone, 1996;
Karni, 1996; Law & Gold, 2008).

Task-irrelevant learning can be incorporated into training
paradigms to reduce the cognitive demands of perceptual
learning. Perceptual skills in both audition and vision have
been shown to improve even when reducing lengthy sessions
of continuous practice of a specific task and interleaving prac-
tice with periods of mere exposure to the stimuli (e.g., Banai
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et al., 2010; Wright et al., 2015). The effect was still present
when exposure periods included performing an orthogonal
task to the skill being learned, leading to testing various train-
ing paradigms seeking the model for optimal accuracy results.
For example, interleaving periods of solely active practice on
a task with additional stimulus exposure yielded the highest
accuracy in performance of speech tasks like acquisition of a
novel phonetic category and adaptation to foreign-accented
speech (Wright et al., 2015). Implicit training has also been
found to result in superior learning to explicit training in ac-
quisition of nonnative phonetic contrasts (Luthra et al., 2019;
Vlahou et al., 2012). However, such models have not yet been
considered in the context of how listeners learn to identify
talkers. It is currently unknown to what extent conventional
laboratory paradigms that explicitly train listeners to identify a
slate of talkers by the sound of their voice adequately reflect
the cognitive, perceptual, and mnemonic processes that under-
lie talker identity learning during real life social interactions.

The present study makes a first step towards understanding
implicit talker identification learning during communication
by investigating how the principles of task-irrelevant learning
apply to talker identification abilities. We examined to what
extent exposing listeners to talkers’ voices, without explicitly
directing their attention to those talkers’ identities, could lead
to developing perceptual representations of talker identity. We
tested this effect by comparing listeners’ ability to learn the
identities of the exposed versus novel talkers in a subsequent
explicit talker identification task. In a mixed between/within-
subjects design, we assigned participants to one of three fa-
miliarization task conditions, in which the amount of selective
attention allocated to processing talker identity was paramet-
rically manipulated. The three familiarization tasks in this ex-
periment modulated the level of selective attention that lis-
teners had to pay to the indexical features of the talkers’
voices: (1) a talker matching task, in which listeners actively
practiced assigning identities to voices; (2) a talker 1-back
task, in which listeners decided whether the talker was the
same as in the previous trial, but without needing to distin-
guish the talkers as individuals; and (3) a verbal 1-back task,
in which listeners decided whether a portion of the speech
content was the same as in the previous trial, but without
needing to attend to talker characteristics at all. Thus, the
talker matching task required the most focused attention on
the vocal identity of the talkers in order to perform the famil-
iarization task, while the verbal 1-back task required the least.

To assess the effect of exposure, we compared performance
between two versions of each task: one in which the voices
heard during the familiarization phase were the same as those
during a subsequent talker identification test, and one in which
listeners heard different voices during the test than those they
had been familiarized with. Perceptual learning frameworks
have described how learning one stimulus feature can occur
while attending to a different feature during training (Seitz

et al., 2010; Watanabe et al., 2001; Watanabe & Sasaki,
2015). Correspondingly, we hypothesized that talker identifi-
cation performance would always be better for familiarized vs.
unfamiliarized voices, regardless of the task during the famil-
iarization phase. However, we also hypothesized that, when
comparing across the task groups, there would be a marked
difference in talker identification accuracy between familiar
and unfamiliar talkers depending on which exposure task the
participant had performed: The talker matching task most re-
sembles explicit talker identification and, therefore, should
directly lead to the greatest effect of familiarity in the subse-
quent talker identification test; the effect of familiarity should
then be correspondingly smaller for the talker 1-back and then
verbal 1-back tasks, respectively. Overall, we aimed to under-
stand how the amount of attention listeners paid to talkers’
voices during a familiarization task affected their ability to
later identify those voices.

Methods

Participants

Native speakers of American English (N = 96; 74 female, 22
male, ages 18–31; mean = 20.5 years) who reported no history
of speech, hearing, or language disorder completed this study.
All participants provided informed, written consent prior to
undertaking this experiment. Additional participants were re-
cruited, but those who declined to complete the hour-long
study or who responded to fewer than 80% of the trials in
the exposure phase were excluded from analysis (n = 31).
The study was approved and overseen by the Internal
Review Board at Boston University.

Stimuli

Ten spoken digits (“zero” through “nine”) were recorded by 20
adult native speakers of American English (10 male, 10 female).
Stimuli were recorded in a sound attenuated chamber with a
MX153microphone andRolandQuad Capture sound card sam-
pling at 44.1 kHz and 16 bits. Recordings of each digit were
isolated and normalized to 70 dB SPL RMS amplitude in Praat
(Boersma, 2001). On each trial, participants heard a sequence of
five unique digits, all spoken by the same talker. Recordings of
the digits 1, 3, 4, 7, and 8were used as stimuli exclusively during
the exposure phase, and recordings of the digits 2, 5, 6, 9, and 0
were used exclusively during the test phase. These groupings
were chosen tomaximize the phonetic diversity from each talker
during exposure and test, and to ensure that listeners’ perfor-
mance at test was based on a generalizable knowledge about
the talkers’ voices, not specific memories for the speech tokens
during familiarization. Although stimuli based on concatenated
recordings lack some of the coarticulatory or prosodic qualities
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of natural, connected speech, the phonetic and indexical vari-
ability in such stimuli have nonetheless been shown to be effec-
tive for studying talker-specific effects in speech perception
(e.g., Bolia et al., 2000; Bressler et al., 2014; Kidd et al., 2008;
Lim et al., 2019, 2021).

Talkers were organized into four groups of five (two
groups of five male talkers each, two groups of five female
talkers each). Gross acoustic features of the talkers’ record-
ings are shown in Table 1. The assignment of talkers to
groups was extensively piloted to obtain roughly equal
talker identification performance by listeners for each
group of talkers. Each talker was associated with a distinct
cartoon avatar.

Design

Each run of the experiment comprised an exposure phase and
a test phase. During the exposure phase, participants perform-
ed one of three exposure tasks (talker matching, talker 1-back,
verbal 1-back) designed to focus their attention on the audio
stimuli in different ways. Participants were randomly assigned
to each exposure task in a between-subjects design (see be-
low). During the test phase, all participants performed an iden-
tical explicit talker identification test. Each participant com-
pleted two runs of the experiment (Fig. 1a), with the same
exposure task in both runs. Recordings from different talkers

were used during each run of the experiment, and the partic-
ular talkers that listeners heard during the exposure and test
phases formed the basis of our within-subjects familiarity
conditionmanipulation. In the exposed condition, participants
heard the same voices during the exposure and test phases; in
the novel condition, participants heard recordings from one
group of talkers during the exposure phase and from a new
group of talkers during the test phase. The order of conditions
and the talkers assigned to each condit ion were
counterbalanced across participants.

For this mixed 2 (familiarity condition; within-subjects) ×
3 (exposure task; between-subjects) factorial design, the stim-
ulus structure of the exposure phase was identical for all par-
ticipants. This ensured that all participants, regardless of their
exposure task, had exactly the same amount of exposure to the
talkers during the exposure phase. That is, the trial-by-trial
composition of stimuli (both audio recordings and visual
graphics) was identical for all participants regardless of which
task they were performing or which talkers they were hearing
(see Fig. 1b).

Procedure

Participants performed an assigned task on every trial during
the exposure phase (200 trials/run), in which participants were
either explicitly or implicitly familiarized with talkers’ voices.
In the talker matching task, participants decided on every trial
whether the talker they heard on that trial matched a simulta-
neously presented cartoon avatar. In the talker 1-back task,
participants decided on every trial whether the talker they
heard on that trial was the same as the talker they heard on
the preceding trial. In the verbal 1-back task, participants de-
cided whether a portion of the speech content they heard on
that trial was the same as the preceding trial. The structure of
each task is described in detail below. After completing the
assigned exposure task, all participants performed an identical
explicit talker identification test (50 trials).

Every trial of the experiment consisted of a single talker
speaking a five-digit sequence, along with five avatars pre-
sented on screen uniquely representing the group of talkers
in that phase. Participants were given feedback after every trial
indicating whether their response was “correct” or “incorrect”
according to the assigned task, as depicted in Fig. 1b–c. On
each trial, the ordinal position of the five avatars seen on the
screen and the sequence of five digits heard spoken by the
taker was randomized. The order of stimuli was such that
one out of every five trials was a “hit” in each task, but which
trials were hits was orthogonal across tasks.

Exposure tasks

Talker matching In this task, participants learned to match
each talker to their corresponding cartoon avatar. One talker

Table 1 Global acoustic characteristics of talkers

Group Talker Mean f0 Mean HNR Est. VTL (cm)

Male-1 M0 109.98 14.17 17.15

M1 97.84 12.96 16.20

M2 99.73 9.32 15.28

M3 109.53 11.39 15.33

M4 102.87 9.52 14.82

Male-2 M5 116.96 12.95 16.63

M6 83.07 8.26 17.10

M7 110.69 11.22 15.81

M8 116.72 9.38 16.17

M9 97.26 10.91 16.10

Female-1 F0 156.82 10.42 15.70

F1 232.34 18.93 14.44

F2 186.31 14.68 15.65

F3 181.76 14.28 14.45

F4 216.37 18.91 14.74

Female-2 F5 196.53 16.55 14.82

F6 200.22 15.50 15.78

F7 219.2 17.75 14.51

F8 191.06 17.12 14.91

F9 190.46 16.26 15.06

HNR harmonics-to-noise ratio, Est. VTL estimated vocal tract length
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would speak a single five-digit string (e.g., “3-7-1-8-4”) and
the participant would indicate whether the target talker was
designated by the middle avatar displayed on screen by press-
ing the corresponding button (i.e., “Is the middle person
speaking? Press 1 for yes, 2 for no.”). After providing their
response, participants received corrective feedback: If they
correctly indicated that the middle avatar corresponded to
the talker they heard (hits, 20% of trials)—or if they correctly
indicated that the middle avatar did not match the talker they

heard (correct rejections, 80% of trials)—the feedback would
state, “Correct!” However, if participants responded with an
incorrect association (misses or false alarms), the feedback
would state, “Incorrect.” Participants were provided with no
a priori knowledge about the voice-avatar pairs and learned
these associations via feedback during the task. This taskmax-
imized listeners’ attention to talkers’ vocal identity and was
most similar to the explicit talker identification training used
in many laboratory tasks of talker identification (e.g., Fecher

Fig. 1 Task design and procedure. a Participants completed two runs,
each comprised of an exposure phase and test phase. The order of
familiarity conditions (exposed vs. novel) and the talkers heard during
each phase were counterbalanced across participants. b Participants were
assigned to one of three task conditions during the exposure phase. The
visual and audio stimuli on each trial were the same across all tasks, but
the response demands differed. For each trial, the target (correct) response
for each task is shown. In the talker matching task (shown in orange),
participants were to indicate “yes” when the heard voice matched the
central avatar (as shown in Trials 1 and 4), and “no” when they did not
match (as in Trials 2, 3, and 5). In the talker 1-back task (shown in blue),
participants were to indicate “yes” when the talker was the same as the

previous trial (as in Trial 3) and “no”when the talker was not the same (as
in Trials 1, 2, 4, and 5). In the verbal 1-back task (shown in green),
participants were to indicate “yes” when the middle digit of the audio
stimulus was the same as the previous trial (as in Trials 2 and 4) and “no”
when the digits differed (as in Trials 1, 3, and 5). Response trials were
orthogonal across conditions. c In the explicit talker identification test,
participants matched the identity of the voice they heard on that trial to the
corresponding avatar. During the exposed familiarity condition the talkers
were the same as those heard during the exposure phase; during the novel
familiarity condition (shown), new talkers were heard during the test.
Participants received corrective feedback on every trial during both the
exposure and test phases. (Color figure online)
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& Johnson, 2018; Levi, 2015; Perea et al., 2014; Winters
et al., 2008; Xie & Myers, 2015).

Talker 1-back In this task, participants performed a 1-
back working memory recognition task in which they
indicated whether the talker they were hearing on the
present trial was the same as the talker they had heard
on the immediately preceding trial (i.e., “Is this voice
the same as the one before? Press 1 for yes and 2 for
no.”) This task required participants to attend to the
talkers’ voice characteristics, but without explicitly
needing to learn the individual talkers’ identities. Thus,
the structure of this task is roughly similar to how
talkers are familiarized during laboratory tasks of talker
discrimination (e.g., Fecher & Johnson, 2018; Latinus &
Belin, 2011; Wester, 2012). As before, participants re-
ceived corrective feedback on every trial, indicating
whether they had correctly determined that the present
talker was the same as (or different from) the one from
the preceding trial (“Correct!”) or had made a miss or
false alarm response (“Incorrect.”). As before, on 20%
of the trials the talker was the same as the preceding
trials (hits), and on 80% of the trials the two talkers
differed. Importantly, whether the talker repeated on
each trial was fully orthogonal to the order of the ava-
tars or the content of the talkers’ speech, so listeners
could not use a correlated cue for performing the task
or learning the talkers’ identities. Listeners were not
told how many voices there were or given any other
individuating information about the voices.

Verbal 1-back In this task, participants also performed a 1-
back working memory recognition task in which they in-
dicated whether the middle digit of the sequence they were
hearing in the present trial was the same as the middle digit
of the sequence in the previous trial (i.e., “Is the middle
digit the same as the one before? Press 1 for yes and 2 for
no.”). A hit was a correct response in indicating the middle
digit was a repeat at a rate of 20% as in the other two tasks,
and participants were provided the same feedback of
“Correct!” for hits and correct rejections and “Incorrect”
for misses and false alarms. This task directed participants’
attention to focus on the content of speech rather than any
distinguishing acoustic properties of the talkers’ voices,
and listeners were not told about the number of talkers or
given any other information about their identity. As before,
the relationship between the target dimension (speech con-
tent) and other dimensions (talker’s voice, avatar) were
orthogonal, so listeners could not use a correlated cue to
perform the task or discern the talkers’ identities. This task
is most similar to real-world speech processing demands,
where listeners’ attention is primarily focused on under-
standing the verbal content.

Postexposure explicit talker identification phase

After completing their assigned exposure task, all participants
undertook an identically structured talker identification task
(Fig. 1c). This task consisted of 50 trials in which listeners
heard new recordings of five-digit sequences and selected
which of the five new cartoon avatars on screen depicted
who was speaking. Participants indicated the identity of the
current talker by pressing the number designating that talker’s
avatar. All of the digit stimuli in the test phase were different
from those used in the exposure phase (Fig. 1b vs. 1c). This
ensured that the test phase measured listeners’ generalized
knowledge of the talkers’ voices, not their specific memories
for the speech content from the exposure phase. Furthermore,
all of the avatars used during the test phase were different than
those seen during the exposure phase. This manipulation en-
sured that all participants started with an equal knowledge
(i.e., none) of the talker-avatar correspondences during the test
phase. Feedback was given immediately after each trial to
indicate whether participants had identified the talker correct-
ly, including showing the correct avatar for the talker on that
trial.

Participants performed the explicit talker identification test
two times—once following the exposure task for the exposed
familiarity condition, in which the voices at test were the same
as those in the immediately preceding exposure phase, and
once following the exposure task for the novel familiarity
condition, in which a new set of voices were used during the
test phase. During the test phase of the novel condition, the
new voices were of the opposite sex to those that had been
trained (e.g., if male voices were heard during the exposure
phase, female voices were heard at test) to make the change in
talkers obvious. This was done so that the exposure-test ma-
nipulation was not obvious to participants: Those who under-
went the novel condition first would not expect that the voices
during familiarization were relevant to those at test, and those
who underwent the exposed condition first could not draw
upon their expectations about the task to improve their perfor-
mance during the second test phase when new voices were
encountered. In effect, the novel condition served as an unbi-
ased, within-subject baseline for talker identification learning
ability during the test phase across tasks and exposure
conditions.

Data analysis

The primary outcome variable for this study was talker iden-
tification accuracy. Accuracy was calculated in two ways ac-
cording to the different response demands of the two phases of
the study: (1) task accuracy during the exposure phase was
identified by the sensitivity index (d′), and (2) talker identifi-
cation accuracy during the test phase was calculated as the
number of trials on which participants correctly identified

Atten Percept Psychophys (2022) 84:2002–2015 2007



the talker out of the total number of trials. We chose to eval-
uate accuracy for the exposure tasks in terms of d′ because this
measure more effectively captures the dual match/mismatch
contingency between participants’ responses and the stimuli
presented. Furthermore, to measure change in task perfor-
mance over time, each phase was subdivided into five blocks
of equal length, and the corresponding accuracy measurement
was calculated separately for each block. Blocks in the expo-
sure phase comprised 40 trials each, while those in the test
phase comprised 10 trials each. Participants performed both
tasks continuously and were unaware of the blocking struc-
ture, which was pertinent only to data analysis.

All data were analyzed in R (Version 4.0.3) using
(generalized) linear mixed-effects models implemented in
the package lme4 (Version 1.1.26). A Type-III analysis of
variance (ANOVA) using Wald chi-squared tests was used
to analyze significance of fixed factors with the packages
lmerTest (Version 3.1.3) and car (Version 3.0.10).
Significance was determined based on α = 0.05, utilizing the
Satterthwaite approximation of the degrees of freedom.

Results

Exposure phase

Performance during the exposure tasks is illustrated in
Fig. 2. We submitted participants’ d′ scores on each
block of the exposure phase to a linear mixed-effects
model with categorical fixed factors of exposure task
(talker matching vs. talker 1-back vs. verbal 1-back)
and familiarity condition (exposed vs. novel talkers), as
well as block (1–5) as a de-meaned, continuous fixed
factor. Random factors included by-participant intercepts
and slopes for the within-subject fixed factors of famil-
iarity condition and block. Contrasts on the categorical
fixed factors in the model design matrix were coded for
successive differences (exposure task) or deviation (fa-
miliarity condition).

The ANOVA on this model revealed significant main effects
of exposure task [χ2(2) = 124.70, p ≪ .0001], with highest per-
formance on the talker 1-back task, then the verbal 1-back, and
lowest performance on the talker matching task. There was also a
main effect of block [χ2(1) = 52.39, p ≪ 0.0001], though its
interpretation varies by condition (see below). Therewas nomain
effect of familiarity condition [χ2(1) = 0.07, p = .79], confirming
that participants’ performance during the exposure phase did not
differ in a systematic way that might confound measuring the
effect of the familiarity condition manipulation during the subse-
quent talker identification test.

The exposure task × block interaction was significant
[χ2(2) = 81.68, p ≪ .0001]. All other two- and three-way
interactions were not significant [exposure task × familiarity
condition: χ2(2) = 1.86, p = .39; familiarity condition × block:
χ2(1) = 0.18, p = .68; exposure task × familiarity condition ×
block: χ2(2) = 1.96, p = .38].

To understand the exposure task × block interaction, we
conducted a series of reduced models separately for each task,
with only the continuous fixed factor of block. (The absence of
any interactions involving the fixed factor familiarity
condition did not motivate its inclusion in these models.)
Random factors included by-participant intercepts and slopes
for the within-subject fixed factor block. For the talker
matching task, there was a significant improvement in partic-
ipants’ accuracy across blocks [χ2(1) = 65.16, p ≪ .0001].
However, performance did not increase as a function of block
in either the talker 1-back task [χ2(1) = 0.0062, p = .94] or the
verbal 1-back task [χ2(1) = 1.56, p = .21].

Test phase

Performance during the talker identification test is illustrated
in Fig. 3. We submitted participants’ accuracy (0 for incorrect,
1 for correct trials) to a generalized linear mixed-effects model
for binomial data, with categorical fixed factors of exposure
task (talker matching vs. talker 1-back vs. verbal 1-back) and
familiarity condition (exposed vs. novel talkers) and a contin-
uous, de-meaned covariate of block (1–5). Random factors

Fig. 2 Mean d′ across participants for the five blocks (40 trials each) of
the exposure phase for the two familiarity conditions (exposed: solid
lines; novel: dashed lines) for each of the three exposure tasks a talker-

matching, b talker 1-back, and c verbal 1-back. Error bars show ± 1
standard error of the mean (SEM) across participants
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included by-participant intercepts and slopes for the within-
subject fixed factors of familiarity condition and block, and
random intercepts for each talker. Contrasts on the categorical
factors in the model design matrix were coded for successive
differences (exposure task) or deviation (familiarity
condition).

The ANOVA on this model revealed significant main effects
of familiarity condition [χ2(1) = 28.75, p ≪ .0001] and block
[χ2(1) = 377.21, p ≪ .0001]. The main effect of exposure task
was not significant for test accuracy [χ2(2) = 3.78, p = .15].

The exposure task × familiarity condition interaction was
also significant [χ2(2) = 9.97, p = .007]. All other two- and
three-way interactions were not significant [exposure task ×
block: χ2(2) = 2.27, p = .32; familiarity condition × block:
χ2(1) = 0.34, p = .56; exposure task × familiarity condition ×
block: χ2(2) = 2.57, p = .28].

To explore the exposure task × familiarity condition inter-
action, we conducted a series of reduced models separately for
each task, with the categorical fixed factor of familiarity
condition. (The absence of any interactions involving the
fixed factor block did not motivate its inclusion in these
models.) Random factors included by-participant intercepts
and slopes for familiarity condition, and random intercepts
for each talker. Contrast on the categorical factor familiarity
condition in the model design matrix was deviation coded.

The results of these models revealed that exposure to the
talkers during the exposure phase facilitated talker identifica-
tion accuracy during the test phase for two of the three tasks.
For the talker-matching task, there was a significant effect of
familiarity condition [χ2(1) = 29.30, p ≪ .0001]. For the talker
1-back task, the effect of familiarity condition was not signif-
icant [χ2(1) = 2.88, p = .09). However, this factor was signif-
icant in the verbal 1-back task [χ2(1) = 4.06, p < .05].

Correlations between exposure and test

To determine whether performance during the different expo-
sure tasks was related to participants’ subsequent ability to

learn to identify the talkers—and whether this relationship
was contingent on the consistency in talkers between exposure
and test—we correlated participants’ d′ scores in the exposure
phase to their mean talker identification accuracy in the test
phase (Fig. 4). A rationalized arcsine transformation was ap-
plied to test accuracy data (proportion of correct trials by par-
ticipant by exposure condition) prior to analysis (Studebaker,
1985). Analysis of the correlations between participants’ d′
scores from the exposure phase and talker identification accu-
racy during the test phase showed there was a significant re-
lationship following the talker-matching task, but not for the
talker 1-back or verbal 1-back tasks (Table 2).

To determine whether there were differences in the rela-
tionship between exposure phase performance and test phase
performance across exposure tasks or familiarity conditions,
we analyzed these data using a linear mixed effects model
with arcsine-transformed test accuracy as the dependent var-
iable. This model included d′ scores from the exposure phase
as a continuous fixed factor, and the exposure task (talker
matching, talker 1-back, verbal 1-back) and familiarity
condition (exposed, novel) as categorical fixed factors.
Random factors included by-participant intercepts. (With only
one value of the dependent variable per participant per level of
the categorical fixed factors, this model cannot accommodate
random slopes or item effects). Contrasts on the categorical
factors in the model design matrix were coded for successive

Fig. 3 Mean test accuracy overall (boxplots) and by block (10 trials each)
for the test phase for the two familiarity conditions (exposed: filled / solid
lines; novel: open / dashed lines) for each of the three exposure tasks a
talker-matching, b talker 1-back, and c verbal 1-back. Error bars show ± 1
standard error of the mean (SEM) across participants. Participants were

more accurate when learning to identify the voices that they had heard
during the exposure phase than the novel voices, but the magnitude of this
effect differed across exposure tasks; the greatest effect of exposure came
from talker matching, followed by the verbal 1-back task, though the
effect of exposure was not significant for the talker 1-back task

Table 2 Correlations between exposure phase performance and talker
identification accuracy

Familiarity condition

Exposure task Exposed talkers Novel talkers

Talker matching r30 = 0.603, p < .0003 * r30 = 0.492, p < .005 *

Talker 1-back r30 = 0.166, p = .37 r30 = -0.051, p = .78

Verbal 1-back r30 = 0.296, p = .10 r30 = 0.162, p = .38

*Significant after Holm-Bonferroni correction for multiple comparisons
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differences (exposure task) or deviation (familiarity
condition).

The ANOVA on this model revealed a significant effect of
d′ score [χ2(1) = 14.72, p < .0002], such that better perfor-
mance during the exposure phase was associated with better
performance on the talker identification test. There were no
significant effects of familiarity [χ2(1) = 0.15, p = .70] or
exposure task [χ2(2) = 0.38, p = .83]. The d′ score × famil-
iarity condition interaction was significant [χ2(1) = 4.54, p =
.03], indicating that the relationship between exposure task
performance and talker identification task performance dif-
fered depending on whether the talkers at test were familiar
or novel. As illustrated by the greater slope for the solid vs.
dashed lines in Fig. 4, talker identification performance during
the test phase was more positively related to performance
during the exposure phase when the same talkers were heard
during both phases. Likewise, the d′ score × exposure task
interaction was significant [χ2(2) = 7.63, p = .02]. As reflected
in the slopes of the trend lines across panels in Fig. 4, the
relationship between exposure task performance (d′) and talk-
er identification (test phase accuracy) was greatest when lis-
teners’ attention was directed to talkers’ identities during ex-
posure (Fig. 4a), less positive when their attention was direct-
ed to the verbal content (Fig. 4c), and weakest when they were
discriminating talkers’ voices (Fig. 4b). The familiarity con-
dition × exposure task [χ2(2) = 1.39, p = .50] and three-way
interactions [χ2(2) = 0.45, p = .80] were not significant.

Discussion

In real-world settings, listeners appear to ascertain talkers’
vocal identities through quotidian communicative interactions
that prioritize extracting linguistic information, rather than ex-
plicitly practicing to identify who is speaking. In this study,
we used a carefully controlled laboratory setting to examine
how attention to talkers’ voices versus the verbal content of
their utterances affected listeners’ subsequent ability to

explicitly identify those talkers. Listeners were familiarized
with the sound of talkers’ voices through tasks that required
varying degrees of explicit attention to talkers’ vocal charac-
teristics: an explicit talker matching task, a 1-back voice work-
ing memory task, or a 1-back verbal working memory task.

The major finding of this study is that exposure to
talkers’ voices improves the subsequent ability to learn
to identify those voices, even when listeners’ initial expo-
sure to the talkers did not explicitly focus their attention
on talkers’ vocal identities. Perhaps unsurprisingly, this
effect is strongest when listeners’ initial exposure to the
talkers directed their attention to their unique vocal iden-
tity (as in the talker matching task). However, while com-
paratively weaker, this effect was nonetheless still evident
when listeners’ attention during the exposure phase was
directed to the verbal content of the talkers’ speech and
not their vocal identity (as in the verbal 1-back task).

The finding of a familiarization effect in the verbal 1-back
task is important, as this exposure task most closely approxi-
mated real-world listening demands by requiring listeners to
attend to the verbal content of the speech in each trial. Here,
listeners were significantly better at the subsequent talker
identification test when those talkers were the same as the
ones that they had heard during the exposure task, even
though they had not previously needed to explicitly attend to
these talkers’ vocal identities. This demonstrates that listening
to talkers’ speech, despite not intentionally attempting to learn
what they sound like, nonetheless leads listeners to learn and
retain information about those voices for future talker identi-
fication. It is possible that these talker-specific representations
emerge as a result of talker normalization processes that are
engaged automatically during speech perception when lis-
teners deploy additional computational resources to accom-
modate the potential for ambiguity in the acoustic-phonetic
mappings across talkers (e.g., Choi et al. , 2018;
Kleinschmidt & Jaeger, 2015; Magnuson et al., 2021). In the
case of the present experiment, most trials of the exposure
phase involved a change in talker from the previous trial,

Fig. 4 Correlations between talker identification accuracy during the test phase and d′ score from the exposure phase for the three exposure tasks
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obligatorily triggering the cognitive processes involved in
talker normalization (Choi et al., 2022). As listeners adapted
their mapping between the talker-specific stimulus acoustics
on each trial and the linguistic representations those acoustics
encode, it is likely that they also begin to develop an emergent,
generalizable representation of the vocal characteristics of
each individual talker, which could then be accessed for the
purpose of talker identification.

The idea that internal representations of talker identity are,
perhaps in part, derived from normalizing processes during
speech perception may also help explain a related
phenomenon—the language-familiarity effect in talker identi-
fication (Goggin et al., 1991). Listeners may be less able to
learn to identify speakers of a foreign-language in part because
they are unable to build the talker-specific acoustic-phonetic
mappings during speech perception that help contribute to
native language talker identification (McLaughlin et al.,
2019; Perrachione et al., 2011; Perrachione & Wong, 2007).
Moreover, this idea—that when listeners develop talker-
specific representations in speech perception they simulta-
neously form nascent representations of talker identity—also
provides new insight into how voice learning can be incorpo-
rated into prominent existing models of voice processing
(Belin et al., 2004). Such models have primarily attempted
to explain the computations and representations involved in
a mature, intact voice processing faculty, but without consid-
ering how these levels of representation emerge, nor how they
can incorporate new information over time. Taking the present
results in the context of this model, we note that, during “vocal
speech analysis”, feedback to lower levels of “voice structure
analysis” (i.e., the talker normalization process in speech) may
induce simultaneous, feedforward percolation of this informa-
tion up to a parallel level where the listeners’ “voice recogni-
tion units” are being tuned to both the vocal and phonetic
idiosyncrasies of a particular talker. An open question re-
mains, though, whether this learning requires feedback
through a lower level of representation, or whether there
may be concurrent connections between higher-order speech
and voice processing levels (Perrachione et al., 2010;
Perrachione & Wong, 2007).

It is important to note that these representations of
talker identity cannot be strictly episodic memories for
the words spoken by each talker (cf. Goldinger, 1998),
as the stimuli used in the talker identification test were
wholly different from those used during the exposure
tasks. Instead, it is likely that the perceptual experience
of talker identity emerges as an abstraction over multiple
levels of representation (Goldinger & Azuma, 2003;
Samuel, 2020), leading to effective generalization of
voice perception across diverse utterances (Kreiman &
Sidtis, 2011). This parallels the phenomenon of talker-
specific learning (i.e., the “familiar talker advantage”) in
speech perception, wherein listeners are effective at

generalizing talker-specific representations to novel pho-
nemes and words (Case et al., 2018; Nygaard et al.,
1994). Ultimately, this condition provides a laboratory
demonstration validating our intuitions about how talkers’
vocal identities are learned in real life: as an abstraction
over the collective utterances we have heard a person say
when listening to their speech (McLaughlin et al., 2015;
Perrachione et al., 2011; Scott, 2019).

In contrast, it is perhaps surprising to note that the
faciliatory effect of prior exposure to voices on talker identi-
fication accuracy appears to have been the smallest when that
exposure came from the talker 1-back task (Fig. 3b). One
might initially have expected this exposure task to produce
an effect intermediate between the talker matching and verbal
1-back tasks because, while it does not ask listeners to learn to
individuate the talkers, it does ask them to explicitly attend
to—and even briefly remember—the talkers’ vocal character-
istics. Furthermore, listeners’ performance during the talker 1-
back task was the best across all exposure tasks (Fig. 2b),
suggesting they were particularly sensitive to the acoustic dif-
ferences among talkers. Why, then, did this task fail to gener-
ate a robust familiarization effect? First, the talker 1-back task
was effectively a voice discrimination task, in which listeners
had to decide whether the talker on the present trial was the
same as (or different from) the preceding trial. When applied
to voice perception, discrimination tasks may prioritize per-
ceptual decisions based on low-level acoustic features that are
stimulus-specific, and which may not generalize well to more
abstract representations of talker identity that are generalizable
across multiple utterances (Fecher & Johnson, 2018; Lavan
et al., 2019; Levi, 2019; Perrachione et al., 2014, 2019; Van
Lancker & Kreiman, 1987). Thus, while requiring listeners to
attend explicitly to the talkers’ voices, this task may have led
them to do so in a way that did not lead to generalizable
learning of the talkers as distinct auditory objects. Second,
because the talker 1-back task was the easiest (i.e., had the
highest performance) across the familiarization tasks, it may
have been less attentionally demanding, leading listeners to
learn less about the talkers, and thus subsequently having the
smallest benefit of prior exposure. (Although it is worth noting
that lower performance on the talker matching task cannot be
disentangled from either its more complex response demands
relative to the other two tasks [i.e., 5AFC vs. 2AFC] or from
its unique requirement for learning paired associations be-
tween visual and auditory stimuli that were consistent across
trials, whereas no explicit learning was required for the other
two tasks, which were performed strictly in the auditory do-
main.) It is possible that using more similar-sounding voices
in this condition could have, counterintuitively, led to better
implicit learning of talker identity, as listeners would have
needed to pay attention to more generalizable, as opposed to
superficial, vocal features of the talker’s utterances. Overall,
the relatively weak talker-specific learning induced by this
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task further underscores the importance of avoiding tasks that
prioritize superficial processing, such as talker discrimination,
when making theoretical inferences about how listeners learn
to recognize individuals by the sound of their voice in ecolog-
ical communicative interactions.

While real-world interactions may prioritize attention to the
linguistic content of speech, they do not do so exclusively, and
the particular behavioral demands on a listener to attend to the
content of an utterance vs. who said it may unfold dynamical-
ly during conversational interactions. Listeners may, intermit-
tently, find themselves needing to pay attention to talkers’
vocal characteristics, whether explicitly or not: For instance,
in conversations involving multiple partners, listeners may
need to attend to talkers’ indexical characteristics in order to
attribute the content of speech to the person who said it.
Similarly, when trying to listen to one talker in the presence
of competing speech, listeners may need to attend to talker-
specific indexical features in order to successfully isolate the
relevant acoustic information from the background “noise”
(Best, Swaminathan, et al., 2018b; Bressler et al., 2014;
Kreitewolf et al., 2018). Therefore, an important methodolog-
ical consideration in this study was to prevent listeners from
expecting the future need to identify the voices, so that they
would not adopt listening strategies during the exposure phase
that divided their attention between talker identity and the
target task. We made special effort to ensure that participants
could not anticipate the connection between the voices heard
during the familiarization tasks and those heard during the
explicit identification test in two ways: First, we
counterbalanced whether participants heard novel vs. exposed
voices during the test phase. We made the change in voices
highly salient by using talkers of different sexes during the
exposure and test phases for the novel condition. Thus, if
listeners were in the novel condition first, the disconnect be-
tween the exposure and test talkers during their first run would
not have led them to expect that they needed to pay attention
to the talkers’ voices during their second run (in the exposed
condition). Similarly, if listeners were in the exposed condi-
tion first, any expectations they had about needing to pay
attention to the talkers’ identities from the first run would be
violated when the talkers changed at test. In this way, chang-
ing their listening strategy during their second pass through
the exposure phase could not have affected their test perfor-
mance, making the test phase of the novel exposure condition
a reliable, unbiased baseline across all participants. Statistical
analysis of listeners’ performance during the exposure phase
also indicated no difference between the exposed vs. novel
runs (Fig. 2), suggesting that listeners’ strategies during this
task were not affected by anticipation of needing to know the
talkers’ identities for the upcoming test. As a second control,
we changed the talker-specific avatars at test. This ensured
that listeners in the exposed condition of the talker matching
task would still have to learn the correspondence between the

voices and the avatars at test, increasing the similarity of the
task demands between this condition and the other five
familiarity-by-task conditions.

Further evidence that exposure to talkers’ voices results in
implicit learning of talker identity comes from analyzing the
correlation between exposure task performance and perfor-
mance on the explicit talker identification test. Across all ex-
posure conditions, explicit talker identification performance
was more positively correlated with performance on the expo-
sure task when the talkers were the same in both phases of the
experiment. That is, when listeners had to perform two differ-
ent tasks with the same voice stimuli, good performance on
the exposure task was associated with better performance on
the talker identification task, even when participants’ perfor-
mance on the exposure task did not differ across conditions.
The lack of an interaction effect in this model suggested that
this effect of familiarity holds similarly across all exposure
tasks (difference in the slopes of the solid vs. dashed lines in
Fig. 4). However, the relationship between exposure perfor-
mance and test performance clearly differed across tasks, with
the strongest relationship observed, intuitively, between per-
formance on talker matching and talker identification.
Notably, the strength of the exposure/test performance corre-
lations follow the same pattern across tasks as the magnitude
of the effect of voice familiarity on talker identification test
performance: greatest for talker matching, less for verbal 1-
back, and least for talker 1-back. This result, in which talker
discrimination performance is so poorly correlated with the
ability to subsequently learn to identify the same talkers, fur-
ther suggests that performance on a talker discrimination task
may be a poor index of a listener’s talker identification
abilities.

The results of this study show that general findings from
the perceptual learning literature for basic stimulus features
(e.g., Ahissar & Hochstein, 1993; Banai et al., 2010;
Watanabe et al., 2001) also extend to the domain of voice
perception, where the convolution of acoustic features related
to talker identity and speech articulation is highly complex.
Consistent with task-irrelevant learning of various perceptual
skills in both vision and audition (e.g., Seitz & Watanabe,
2005; Wright et al., 2010b), we found that implicit learning
of the features that are important for talker identity occurs
even while listeners are focusing their attention on an orthog-
onal task. This demonstrates that fundamental psychological
principles derived from the perceptual learning literature are
likely meaningful in explaining complex, real-world phenom-
ena, such as implicit learning of talker identity during typical
communicative interactions that focus on exchanging linguis-
tic messages. Indeed, there is great utility in understanding
how general-purpose learning mechanisms can support simul-
taneous learning of the various, parallel linguistic and paralin-
guistic demands of speech communication, where generaliz-
ing across the complexity and diversity of speech signals may
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require a multitude of complementary learning processes act-
ing in parallel (Batterink et al., 2016; Choi et al., 2022;
McMurray, 2007; Pierrehumbert, 2003; Romberg & Saffran,
2010; Samuel & Kraljic, 2009).

The ultimate goal of this line of work is to understand how
listeners learn and remember talkers’ vocal identities as a re-
sult of ecological communicative interactions. The present
report makes an incremental but important step towards this
goal by demonstrating, in a series of carefully controlled lab-
oratory tasks that parametrically manipulated listeners’ explic-
it attention to talkers’ vocal characteristics, that exposure to
talkers’ voices improves listeners’ subsequent ability to iden-
tify those voices. In particular, listeners were more accurate at
subsequent talker identification even if they had previously
only been paying attention to the verbal content of the talkers’
speech during a cognitively-demanding speech working
memory task. By showing that learning of talker identity oc-
curs implicitly and in parallel with speech perception, this
study further demonstrates the bidirectional integration of lin-
guistic and indexical information during speech and voice
processing (Scott, 2019; Sidtis & Kreiman, 2012).
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