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Abstract

Recent findings demonstrate a bilingual advantage for voice processing in children, but the
mechanism supporting this advantage is unknown. Here we examined whether a bilingual
advantage for voice processing is observed in adults and, if so, if it reflects enhanced pitch
perception or inhibitory control. Voice processing was assessed for monolingual and bilingual
adults using an associative learning identification task and a discrimination task in English
(a familiar language) and French (an unfamiliar language). Participants also completed
pitch perception, flanker, and auditory Stroop tasks. Voice processing was improved for the
familiar compared to the unfamiliar language and reflected individual differences in pitch
perception (both tasks) and inhibitory control (identification task). However, no bilingual
advantage was observed for either voice task, suggesting that the bilingual advantage for
voice processing becomes attenuated during maturation, with performance in adulthood
reflecting knowledge of linguistic structure in addition to general auditory and inhibitory
control abilities.

Introduction

The acoustic speech signal simultaneously cues a talker’s communicative intent and the talker’s
identity. That is, from the same acoustic stream, listeners have access to both WHO is speaking
and WHAT the talker is saying. There is now a large body of literature documenting an exquisite
interplay between these two aspects of speech acoustics. For example, listeners show improved
comprehension for familiar compared to unfamiliar talkers, especially in degraded listening
environments (e.g., Nygaard & Pisoni, 1998). Talker-specificity effects for language compre-
hension emerge early in the processing stream, during the stage in which the acoustic signal
is mapped to representations for individual speech sounds (Clayards, Tanenhaus, Aslin &
Jacobs, 2008; Drouin, Theodore & Myers, 2016; Theodore, Myers & Lomibao, 2015). In add-
ition, listeners show better voice recognition for speakers of a native compared to a nonnative
language (Goggin, Thompson, Strube & Simental, 1991). The ability to learn to identify novel
talkers is facilitated when the talkers are speaking a known language (e.g., Orena, Theodore &
Polka, 2015; Perrachione, Del Tufo & Gabrieli, 2011; Perrachione & Wong, 2007; Xie & Myers,
2015). The language familiarity benefit for voice recognition has also been elicited using dis-
crimination tasks. For example, the perceived acoustic similarity for voices speaking a known
language is greater than for voices speaking an unknown language (Fleming, Giordano,
Caldara & Belin, 2014). Results from some AX discrimination paradigms have shown higher
sensitivity for voices speaking a known language compared to an unknown language (Levi,
2018; Levi & Schwartz, 2013; Winters, Levi & Pisoni, 2008), though other studies have not
shown such a language familiarity effect in discrimination tasks, which may reflect methodo-
logical differences such as the use of word-length versus sentence-length stimuli (Fecher &
Johnson, 2018a; Wester, 2012).

Recent investigations of the native language benefit for voice recognition have sought to
identify the specific aspects of linguistic experience that drive this voice processing benefit,
with findings implicating a role for both higher-level linguistic knowledge, such as lexical
structure, and lower-level linguistic knowledge, including knowledge of the sound structure
(e.g., Bregman & Creel, 2014; Goggin et al., 1991; Johnson, Bruggeman & Cutler, 2018;
Johnson, Westrek, Nazzi & Cutler, 2011; Orena et al., 2015; Perrachione et al., 2011).
Converging evidence for this account comes from studies showing that the native language
benefit for voice recognition emerges very early in the developmental process, even before
vocabulary knowledge (Johnson et al., 2011; Fecher & Johnson, 2018b).

Other findings point to a role for global auditory processing abilities in facilitating voice
processing, independent of language familiarity (Köster & Schiller, 1997; Xie & Myers,
2015). Xie and Myers (2015) examined the relationship between pitch perception and voice
recognition by testing two populations that had experience-driven pitch expertise,
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monolingual English musicians and native speakers of Mandarin,
and comparing their performance to monolingual English speak-
ers with no musical experience. The Mandarin listeners were late
bilinguals who spoke English as a second language. Participants
were tested on a voice learning task for English, Mandarin, and
Spanish speakers; no listener was fluent in Spanish, though
most of the English monolinguals had previous exposure to
Spanish. The expected language familiarity effect was observed,
and overall the English musicians and Mandarin bilinguals had
higher accuracy compared to English non-musicians. In a
follow-up experiment, both native English and native Mandarin
listeners with and without musical training completed a talker
learning task for English and Mandarin voices in addition to dis-
crimination tasks that assessed local (i.e., absolute) and global
(i.e., relative) pitch processing ability. The results replicated the
first study to show that musicians performed better than non-
musicians and that Mandarin listeners performed better than
English listeners. A mediation analysis revealed that the effects
of native language and musical training were mediated by individ-
ual differences in pitch processing; the path by which having
musical training and speaking Mandarin influenced voice pro-
cessing was through their relationship to heightened pitch percep-
tion, though this mediating relationship was observed only for
nonnative voice recognition.

Relevant to the current investigation, the results of Xie and
Myers (2015) provided no evidence of a global bilingual benefit
for voice recognition. In contrast, recent findings have demon-
strated a bilingual advantage for voice recognition in children.
Levi (2018) used discrimination and associative learning identifi-
cation tasks to examine voice processing in monolingual and
bilingual children from two age cohorts, children ages 7–9 years
and children ages 10–12 years. The test languages for the discrim-
ination task were English voices and German voices; with only the
English voices used in the identification task. In contrast to Xie
and Myers (2015), the bilingual children in Levi (2018) repre-
sented a wide variety of language backgrounds, though no mono-
lingual or bilingual participant had experience with the nonnative
language (i.e., German). English was shared among all bilingual
children, but the second language spanned a wide range with
the constraints that it was not German or a tone language.
When voice processing was examined in the talker discrimination
task, bilingual children showed higher discrimination accuracy
compared to monolingual children for both the English and the
German voices, and all children showed higher discrimination
accuracy for the familiar compared to the unfamiliar language.
For the identification task, bilingual children outperformed their
monolingual peers with respect to the amount of training
required to meet learning criterion and overall accuracy. There
was no interaction between age and language status in either
task; the magnitude of the bilingual benefit was equivalent
between the two age cohorts.

A mechanistic account of the bilingual advantage for voice
recognition was not explicated in Levi (2018), though she
hypothesized that this may reflect increased cognitive control
(i.e., inhibition) or experience with accented speech among the
bilingual children. An additional possibility is that it may be
due to enhanced pitch processing in bilingual listeners. Recent
findings from Skoe and colleagues (Skoe, Burakiewicz,
Figueiredo & Hardin, 2017) demonstrated that the electrophysio-
logical response to fundamental frequency information is more
robust in bilingual compared to monolingual adults. They mea-
sured the frequency following response (FFR), which is a phase

locked response to sound that occurs in the central auditory ner-
vous system, for monolingual English speakers and a diverse
group of bilingual speakers (the second language varied across
bilingual speakers, as did age of acquisition for the second lan-
guage). Compared to monolinguals, bilinguals exhibited increased
amplitude of the FFR, even after controlling for musical experi-
ence and excluding bilingual speakers of tone languages from
the analysis. This finding raises the possibility that pitch percep-
tion may be enhanced in bilinguals, regardless of which two lan-
guages they speak. With respect to the findings of Levi (2018), the
results of Skoe et al. (2017) point to a specific mechanism that
may converge the bilingual advantage for voice recognition, that
being heightened sensitivity to pitch information. This account
is consistent with the role of pitch perception in mediating
voice recognition as identified in Xie and Myers (2015), though
as previously noted, a global bilingual advantage was not present
for voice recognition in their study. Levi notes a key difference
between the monolingual experience with the nonnative language
in previous studies. In Levi (2018), neither the monolingual nor
bilingual children had substantial experience with the nonnative
language used in the voice processing tasks (i.e., German), but
most of the monolingual listeners in Xie and Myers (2015) had
some experience with the nonnative language (i.e., Spanish),
which may have masked any bilingual advantage present in the
bilingual Mandarin listeners.

The literature reviewed thus far converges to provide strong
evidence that linguistic knowledge influences voice recognition,
resulting in a language familiarity benefit for voice recognition.
Pitch perception as a general auditory ability also influences
voice recognition, with its role heightened for nonnative com-
pared to native voices (Xie & Myers, 2015). Though bilinguals
show enhanced encoding of fundamental frequency in the central
auditory nervous system compared to monolinguals (Skoe et al.,
2017), the evidence of that sensitivity leading a global bilingual
advantage for voice recognition is mixed. Indeed, the inconsistent
evidence of a bilingual advantage for voice recognition is not
unique given the broader literature on bilingual advantages for
cognitive processing (e.g., Paap & Greenberg, 2013). The goal of
the current work is to provide an additional test of the bilingual
advantage for talker processing and, in doing so, test mechanistic
explanations of such an advantage if it is observed. Two research
questions were examined in the current work: Do bilingual adults
show a bilingual advantage for talker processing? If so, does the
bilingual advantage reflect enhanced pitch perception and/or
inhibitory control?

In experiment 1, we assessed talker processing for English
monolinguals and English bilinguals using an associative learning
identification task. Talker processing was assessed for English (a
familiar language) and French (an unfamiliar language) voices.
As in Levi (2018) and Skoe et al. (2017), bilingual participants
represented diverse language backgrounds. In addition to the
identification task, participants completed a pitch perception
task (Xie & Myers, 2015), and auditory Stroop (Sommers &
Danielson, 1999) and flanker (Eriksen & Eriksen, 1974) tasks to
assess inhibition in the auditory and visual domains, respectively.
Participants in experiment 2 completed the same individual dif-
ferences tasks (i.e., pitch perception and inhibition), but talker
processing was assessed using a discrimination task. We used
two different ways of measuring talker processing following Levi
(2018). As reviewed above, studies examining the language famil-
iarity effect for voice recognition have reported mixed results
regarding its emergence using discrimination tasks (e.g., Fecher
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& Johnson, 2018a). One key distinction between the identification
and discrimination tasks is a learning component in that the iden-
tification task requires listeners to learn to associate a voice with
an identifier (e.g., a cartoon avatar). The bilingual advantage
observed in Levi (2018) was observed in both tasks, and thus
we had no a priori prediction that a bilingual advantage would
be task-dependent in the current study.

We selected the pitch processing task as a potential predictor
of talker processing in light of the findings of Xie and Myers
(2015); in addition, assessing performance on this task between
the monolinguals and bilinguals will allow us to examine whether
the bilingual advantage of pitch processing as measured by the
FFR (Skoe et al., 2017) is also observed in a behavioral task that
can exploit sensitivity to pitch information. We selected the audi-
tory Stroop and flanker tasks as measures of cognitive inhibition
for two reasons. First, as outlined in Levi (2018), the tasks used to
examine talker processing may be considered ones of inhibitory
control given that performing the task (i.e., identifying voice)
may require inhibiting irrelevant information (i.e., the semantic
content of the stimulus). Second, though the evidence is not with-
out debate (e.g., Bialystok & Grundy, 2018; Paap, Myuz, Anders,
Bockelman, Mikulinsky & Sawi, 2017; Paap & Greenberg, 2013),
some studies have reported a bilingual advantage in cognitive
inhibition measures (e.g., Ye, Mo & Wu, 2017). Thus, the in-
clusion of the inhibition measures allows us to test whether a
bilingual advantage in voice processing (if observed) reflects dif-
ferences in cognitive control, in addition to testing whether
voice recognition ability is related to performance on these inhib-
ition measures more generally. Two measures for assessing cogni-
tive control (i.e., flanker task with visual stimuli, auditory Stroop
task with auditory stimuli) were selected in order to examine
whether any observed effects of inhibition on voice processing
were limited to the specific modality in which it was assessed.

The bilingual advantage for voice recognition that was
observed in Levi (2018) will be replicated if performance on the
talker identification and discrimination tasks is improved for
bilinguals compared to monolinguals for both test languages
(English and French). If this advantage is due to enhanced
pitch perception, then we would expect to observe better perform-
ance on the pitch perception task for bilinguals compared to
monolinguals in addition to a reliable relationship between
pitch perception and performance on the talker tasks. Similar pat-
terns for the auditory Stroop and flanker tasks would suggest that
the bilingual advantage for voice processing reflects improved
inhibitory control. We first present results for the talker identifi-
cation and discrimination tasks, which examined (1) performance
between monolingual and bilingual participants and (2) the
degree to which performance on the individual difference mea-
sures predicted voice processing. We then present results that
compared performance between the monolingual and bilingual
participants for the three individual difference measures (i.e.,
pitch perception, flanker, and auditory Stroop tasks), pooling
participants across the two experiments.

Experiment 1

Method: Participants

Forty adults (15 males, 25 females) between the ages of 18 and 28
years (mean = 21, SD = 3) were recruited from the University of
Connecticut community for participation in the experiment.
Three additional participants were tested but excluded due to

high error rates on the flanker task (n = 2) or acquiring the second
language past the age of 5 (n = 1). No participant had a history of
speech, language, or hearing disorders according to self-report.
All participants passed a pure tone hearing screen on the day of
testing administered at 20 dB for octave frequencies between
500 and 4000 Hz. Participants received either monetary compen-
sation or partial course credit for participation. All testing proce-
dures and informed consent acquisition followed protocols
approved by the University of Connecticut Institutional Review
Board.

Twenty participants were monolingual speakers of English and
20 participants were bilingual speakers of English and various
second languages. The second languages included Arabic (n = 1),
Cantonese (n = 2), German (n = 3), Gujarati (n = 1), Hindi
(n = 2), Japanese (n = 1), Nepali (n = 1), Polish (n = 1),
Portuguese (n = 1), Russian (n = 2), Spanish (n = 3), Tagalog
(n = 1), and Urdu (n = 1). All of the bilingual participants
reported acquiring both languages prior to age 5, and thus are
considered to be native speakers of English and their second
language. None of the monolingual participants reported know-
ing a language other than English.

Experience with French was assessed using a questionnaire
that asked listeners to report current exposure to French, past
exposure to French, and level of proficiency in speaking, under-
standing, and reading French. Proficiency was assessed using an
11-point scale that ranged from 0 to 10 as follows: 0 = none,
1 = very low, 2 = low, 3 = fair, 4 = slightly less than adequate, 5 =
adequate, 6 = slightly more than adequate, 7 = good, 8 = very
good, 9 = excellent, 10 = perfect. No participant reported current
exposure to French. Sixteen monolinguals and 14 bilinguals
reported no past exposure to French. For the four monolinguals
who did report past exposure to French, this ranged from instruc-
tion in elementary school (n = 2), high school (n = 1), and college
(n = 1). For the six bilinguals who reported past exposure to
French, this ranged from instruction in middle school (n = 3),
high school (n = 2), and college (n = 1). With respect to profi-
ciency in French, two monolinguals indicated 1 (very low) on
the 11-point scale, with all other monolingual participants indi-
cating 0 (none). For the bilingual participants, three participants
indicated 2 (low) and four participants indicated 1 (very low),
with all other bilinguals indicating 0 (none) as their level of
proficiency in French.

According to self-report, six monolinguals and nine bilinguals
indicated no past musical experience and no current engagement
in musical activities. For the 14 monolinguals with past musical
experience, current engagement in musical activities ranged
from daily (n = 1), weekly (n = 4), rarely (n = 3), and never (n = 6).
For the 11 bilinguals with past musical experience, current engage-
ment in musical activities ranged from daily (n = 1), weekly (n = 2),
rarely (n = 6), and never (n = 2).

Method: Stimuli

Talker identification
The stimuli for the talker identification task were used in Valji
(2004) and Orena et al. (2015). They consisted of auditory record-
ings of 12 English sentences produced by four female native
English speakers and 12 French sentences produced by four
female native French speakers, for a total of 96 auditory tokens.
Each sentence contained between 15 and 21 syllables. The
English sentences were those used in Nazzi, Jusczyk and
Johnson (2000) and the French sentences were created to match
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the English sentences in number of syllables (Valji, 2004). All sen-
tences were equated for root-mean-square amplitude using the
Praat software (Boersma & Weenink, 2012). For each sentence,
the “quantify Source” script from GSU Praat Tools (Owren,
2008) was used to calculate sentence duration, mean fundamental
frequency (F0), and the standard deviation of F0 (which reflects F0
variation within each sentence). Table 1 shows the mean and
standard deviation of these parameters for each of the eight talk-
ers. Pretesting of the stimuli (reported in Orena et al., 2015) con-
firmed that the two sets of sentences were equally easy to learn for
native speakers of each language: that is, the number of trials to
reach training criterion (85% correct) was equivalent between
native English listeners tested on the English sentences and native
French listeners tested on the French sentences. Visual stimuli
consisted of a unique cartoon avatar (i.e., colored shape with sche-
matized eyes, nose, and mouth) for each voice.

Pitch perception
The stimuli for the pitch perception task were provided by Xie
and Myers (2015). The task consisted of two blocks, one to assess
absolute pitch perception and one to assess relative pitch percep-
tion (referred to as the local and global blocks, respectively, in Xie
& Myers, 2015). Stimuli for the absolute block consisted of tone
sequences presented in pairs. Each sequence consisted of five
tones. There were 20 “same” trials where the two members of
the pair consisted of identical tone sequences and 20 “different”
trials where the two members of the pair consisted of different
tone sequences. Sequences of a given pair were separated by
1000 ms of silence. For the different trials, the tone sequences dif-
fered by only one tone in the sequence. Stimuli for the relative
block also consisted of 40 pairs of five-tone sequences separated
by 1000 ms of silence, half of which formed same trials and
half of which formed different trials. For same trials, the two
members of the pair shared the same tone contour but differed
in absolute frequency, similar to hearing the same melody but
presented in a different key. For different trials, the two members
of the pair differed in both absolute frequency and tone contour.

Flanker
Stimuli for the flanker test (Eriksen & Eriksen, 1974) consisted of
six linear arrays of a medial character, (>) or (<), flanked by two
characters on both sides. Two arrangements represented congru-
ent trials, (< < < < <) and (> > > > >), two represented incongru-
ent trials, (< < > < <) and (> > < > >), and two represented neutral
trials, (+ + > + +) and (+ + < + +). On each trial, the linear array
was presented in the center of the computer screen and was
approximately 0.6 cm in height and 3.8 cm in width.

Auditory Stroop
Stimuli for the auditory Stroop task are those used in Johns
(2016) and were created following the methods outlined in
Sommers and Danielson (1999) and Sommers and Huff (2003).
Stimuli were 72 auditory tokens consisting of single word utter-
ances produced by two male talkers and two female talkers.
Each talker produced the words male, female, and person six
times. Accordingly, 24 tokens showed semantic congruence with
talker gender (e.g., male talker producing male, female talker pro-
ducing female), 24 tokens showed incongruence (e.g., male talker
producing female, female talker producing male), and 24 tokens
were neutral with respect to the talker’s gender and semantic con-
tent (i.e., male talker producing person, female talker producing
person).

Method: Procedure

After providing informed consent, participants completed the
talker identification, pitch perception, flanker, and auditory
Stroop tasks in this fixed order. Testing was completed in a
sound-attenuated booth. Auditory stimuli were presented over
headphones (Sony MDR-7506) and visual stimuli were presented
on a computer monitor. Experimental presentation and response
collection were controlled by the SuperLab software (version 4.5)
running on a Mac operating system (OS X). Procedural details
unique to each task are described below. Participants were given
a brief break in between each task and the entire procedure lasted
approximately one hour.

Talker identification
The talker identification task was completed in two blocks, one
for English voices and one for French voices, with order of the
two languages counterbalanced within the listener groups. For
each language, participants completed a familiarization phase, a
training phase, and a test phase. The familiarization phase con-
sisted of eight trials, two for each talker. On each familiarization
trial, an auditory sentence was presented with the corresponding
cartoon avatar. Participants were directed to learn which avatar
was paired with each voice; no responses were collected during
familiarization. During training, a unique randomization of the
48 sentences (4 talkers X 12 sentences) was presented. On each
trial, participants were asked to identify the voice by selecting
the appropriate cartoon avatar from a fixed visual array. Visual
feedback was provided following each response in the form of
“YES” for correct responses and “NO” for incorrect responses.
The interstimulus interval (ISI) was 2000 ms, measured from
the offset of the visual feedback to the onset of the next auditory
stimulus. During test, a unique randomization of the 48 sentences
was presented for each participant. All responses were collected
via a button box. The procedure was identical to that used during
training save that no feedback was provided at test.

Flanker
During the flanker task, 10 repetitions of the six linear arrange-
ments were presented in a unique randomized order for each par-
ticipant, resulting in 20 incongruent trials, 20 congruent trials,
and 20 neutral trials. Each trial began with a fixation point con-
sisting of a red circle presented in the center of the screen. The
fixation point remained on the screen for 1000 ms and was imme-
diately followed by the linear arrangement. Participants were

Table 1. Mean duration (seconds), fundamental frequency (F0, in Hz) and

standard deviation (SD) of F0 (in Hz) for the English and French talkers.

Values in parentheses indicate standard deviation.

Language Talker Duration (s) F0 (Hz) SD F0 (Hz)

English En01 3.036 (0.331) 198 (11) 54 (16)

En02 2.960 (0.482) 208 (9) 42 (6)

En03 3.389 (0.504) 207 (6) 45 (11)

En04 2.989 (0.480) 159 (12) 35 (11)

French Fr01 3.596 (0.219) 250 (8) 47 (9)

Fr02 3.561 (0.308) 259 (12) 54 (8)

Fr03 3.390 (0.175) 219 (9) 58 (11)

Fr04 2.964 (0.311) 224 (14) 50 (17)
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directed to identify the direction of the medial arrow by pressing
the appropriate arrow on the keyboard and were instructed to
respond as quickly as possible without sacrificing accuracy. The
ISI was 2000 ms, timed from the participant’s response to the
onset of the next fixation point.

Auditory Stroop
During the auditory Stroop task, a unique randomization of the
72 auditory tokens was presented for each participant. On each
trial, participants were instructed to identify the gender of the
talker’s voice by pressing an appropriately labeled button on the
response box. Each trial began with a 100 ms warning tone
(1000 Hz) that was followed by 500 ms of silence prior to the
presentation of the auditory token. Participants were directed to
respond as quickly as possible without sacrificing accuracy. The
ISI was 2000 ms, timed from the participant’s response to the
onset of the next warning tone.

Pitch perception
The pitch perception task consisted of two blocks, the absolute
block and the relative block. In each block, a unique randomiza-
tion of the 40 pairs of stimuli appropriate for each block was pre-
sented for each participant. All participants completed the
absolute block followed by the relative block. On each trial, parti-
cipants were instructed to press an appropriately labeled button to
indicate whether the two members of the pair were the same tone
sequence or were different tone sequences. Four practice trials
(that included feedback) were presented prior to each block in
order to ensure that the participant understood the instructions
for completing the absolute and relative pitch perception tasks;
feedback was not provided during the pitch perception task
proper. The interstimulus interval was 2000 ms, timed from the
participant’s response to the onset of the next stimulus.

Results

Talker identification
All data and analysis scripts can be retrieved from https://osf.io/
9dhqk/. Figure 1, panel A shows mean percent correct

identification for the training and test blocks for the monolingual
and bilingual listeners separately for the English and French
voices. Figure 1, panels B and C show individual participants’
performance so that performance for the within-subjects manipu-
lation of language can be viewed for each participant. One-sample
t-tests (reported in Table 2) confirmed that mean performance for
the eight cells shown in Figure 1, panel A were all significantly
above chance level. Visual inspection of Figure 1, panel A reveals
a robust language familiarity effect, but no robust differences
between the monolingual and bilingual groups are visually
observed.

To analyze these patterns statistically, individual trial re-
sponses (0 = incorrect, 1 = correct) were fit to a generalized linear
mixed-effects model (GLMM) using the glmer() function with the
binomial response family from the lme4 package in R; all reported
test statistics and p-values represent calculations from the glmer()
function. Trials for which no response was given were excluded
from the analysis (112 of 7680 trials, representing 1.5% of the
data). The fixed effects were contrast-coded and included group
(monolingual = −0.5, bilingual = 0.5), language (English =−0.5,
French = 0.5), block (training = −0.5, test = 0.5), and all interac-
tions. The model included random intercepts for subjects and
items, and random slopes for language and block by subject.
The full model results can be viewed in Table 3. The model
revealed a significant effect of language (β =−1.696, SE = 0.219,
z = −7.737, p < 0.001), a significant effect of block (β = 0.314,
SE = 0.064, z = 4.899, p < 0.001), and a significant interaction
between language and block (β = −0.805, SE = 0.112, z =−7.157,
p < 0.001). No other main effect or interaction was reliable
( p≥ 0.326 in all cases).

To explicate the nature of the interaction, two additional
mixed-effects models were constructed, one for the English voices
and one for the French voices. The fixed and random effects
structure was identical to the full model save that language was
removed as a fixed effect. For the English voices, the model
showed a significant effect of block (β = 1.018, SE = 0.171,
z = 5.953, p < 0.001), and neither the effect of group (β =−0.204,
SE = 0.406, z = −0.503, p = 0.615) nor the block by group inter-
action (β =−0.222, SE = 0.318, z =−0.700, p = 0.484) was reliable.

Fig. 1. Talker identification accuracy (proportion correct) for

experiment 1. Panel A shows violin plots (with mean and stand-

ard error) for the monolingual and bilingual participants during

training and test for the English and French voices. Panels B and

C show performance for individual participants in the monolin-

gual and bilingual groups, respectively.
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For the French voices, there was no effect of group (β = 0.189,
SE = 0.180, z = 1.052, p = 0.293), block (β =−0.087, SE = 0.081,
z = −1.084, p = 0.279), nor an interaction between the two
(β = 0.062, SE = 0.161, z = 0.386, p = 0.700). These analyses indi-
cate that both groups of listeners showed better voice recognition
for the English compared to the French voices, and that for the
English voices, identification accuracy improved at test compared
to training. There is no evidence indicating that identification accur-
acy differed between the monolingual and bilingual participants.

Predictors of talker identification
As shown in Figure 1, there was wide individual variability in per-
formance for the talker identification task. The analyses reported
above found no evidence to indicate that this variability can be
attributed to the group manipulation. Because we did not observe
a bilingual advantage for voice processing, the individual differ-
ence measures cannot be used as intended, and for that reason

the following analysis should be considered exploratory in nature.
In order to examine whether talker identification was linked to
pitch perception or cognitive control, GLMMs were constructed
with performance on the three individual difference measures
serving as predictors of talker identification accuracy.

Performance on the pitch perception task was calculated as
outlined in Xie and Myers (2015). Trials in which no response
was provided (8 of 3200 trials) were removed from the analysis.
Sensitivity (d’) was calculated for each participant separately for
the absolute and relative blocks using hit (H) and false alarm
(FA) rates [d’ = z(H) – z(FA)], applying a correction for partici-
pants with perfect accuracy to avoid an infinite d’ (hit rate of
1.00 was corrected to 0.99; false alarm rate of 0.00 was corrected
to 0.01). As in Xie and Myers (2015), performance on the pitch
perception task was then quantified as the average d’ across
the absolute and relative blocks, which were highly correlated
(r = 0.559, p < 0.001).

Table 2. Mean, standard error of the mean (SE), t and p for one-sample t-tests that examined whether performance for the eight cells shown in Figure 1, panel A

(experiment 1) and Figure 2, panel A (experiment 2) were significantly above chance performance. Chance was defined as proportion correct equivalent to 0.25 in

experiment 1 and 0.50 in experiment 2. Degrees of freedom for the t-tests is 19 for experiment 1 and 17 for experiment 2.

Experiment 1 Experiment 2

Group Mean SE t p Mean SE t p

Monolinguals

English – Training 0.711 0.038 12.324 <0.001 0.969 0.005 101.83 <0.001

English – Test 0.810 0.041 13.791 <0.001 0.978 0.005 87.701 <0.001

French – Training 0.455 0.031 6.687 <0.001 0.885 0.027 14.408 <0.001

French – Test 0.429 0.031 5.859 <0.001 0.885 0.021 18.731 <0.001

Bilinguals

English – Training 0.703 0.031 14.497 <0.001 0.943 0.012 35.552 <0.001

English – Test 0.796 0.047 14.663 <0.001 0.966 0.008 61.711 <0.001

French – Training 0.491 0.032 7.589 <0.001 0.870 0.012 31.888 <0.001

French – Test 0.477 0.038 5.944 <0.001 0.885 0.017 22.823 <0.001

Table 3. Test statistics for the generalized linear mixed-effects models of accuracy as predicted by Group, Language, Block, and their interactions for the talker

processing tasks in experiment 1 (talker identification) and experiment 2 (talker discrimination). As described in the main text, fixed effects were contrast
coded (−0.5 vs. 0.5). Reference levels (in parentheses) indicate the level associated with the −0.5 contrast.

Experiment 1 Experiment 2

ß SE z p ß SE z p

Intercept 0.689 0.128 5.368 <0.001 3.244 0.234 13.863 <0.001

Group (Monolingual) 0.019 0.221 0.084 0.933 −0.375 0.225 −1.662 0.097

Language (English) −1.696 0.219 −7.737 <0.001 −1.581 0.432 −3.660 <0.001

Block (Training) 0.314 0.064 4.899 <0.001 0.296 0.119 2.487 0.013

Group X Language 0.346 0.352 0.983 0.326 0.401 0.288 1.394 0.163

Group X Block −0.019 0.126 −0.150 0.881 0.196 0.226 0.868 0.386

Language X Block −0.805 0.112 −7.157 <0.001 −0.419 0.227 −1.842 0.065

Group X Language X Block 0.156 0.220 0.711 0.477 −0.046 0.448 −0.103 0.918

Observations 7568 6907

Subjects 40 36

Items 96 32
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Performance for the congruent and incongruent trials of the
flanker and auditory Stroop tasks was quantified separately for
each participant as follows. First, missed and incorrect trials
were removed from the analysis, representing 1.0% of the flanker
data and 2.8% of the auditory Stroop data. Second, trials for
which log RT deviated by more than 2.5 SDs of each participant’s
mean log RT were removed, representing 3.1% of the flanker data
and 1.7% of the auditory Stroop data. Finally, an inhibition score
was calculated as the difference in log RT between the incongru-
ent and congruent trials; with this metric, higher values indicate
decreased inhibitory control.

Separate GLMMs were performed, one for the English voices
and one for the French voices, in light of previous results showing
that pitch perception influences talker processing for a nonnative
language, but not the native language (Xie & Myers, 2015). The
structure of both models was identical. The dependent measure
was accuracy at the trial level (0 = incorrect, 1 = correct). The
fixed effects were block, pitch perception (average d’), flanker
inhibition score (logRT incongruent – logRT congruent), auditory
Stroop inhibition score (log RT incongruent – logRT congruent),
and the interactions between block and each individual difference
measure. Block was contrast coded (training =−0.5, test = 0.5).
The three individual difference measures were each entered as a
continuous variable, scaled and centered around the mean. The
model also included random intercepts by subject and by item.

The results of the two models are shown in Table 4. For the
English voices, neither pitch perception nor inhibition on the
auditory Stroop task predicted accuracy on the talker identifica-
tion task ( p≥ 0.126 in both cases). However, the model showed
a main effect of flanker inhibition score (β = −0.384, SE = 0.180,
z = −2.133, p = 0.033), and an interaction between flanker score
and block (β = −0.247, SE = 0.094, z = −2.621, p = 0.009). Results
from follow-up models performed separately for each block
showed that better cognitive control (i.e., a smaller flanker
inhibition score) was associated with increased talker identifica-
tion accuracy during test (β = −0.577, SE = 0.257, z =−2.242,
p = 0.025), but not during training (β =−0.236, SE = 0.149,
z = −1.587, p = 0.112). For the French voices, higher sensitivity
on the pitch perception task was associated with increased talker
identification accuracy (β = 0.247, SE = 0.082, z = 3.021, p = 0.003),
as was better cognitive control for the flanker task (β =−0.180,
SE = 0.083, z = −2.170, p = 0.030). No other main effects or
interactions were observed ( p≥ 0.147 in all cases).

The results of experiment 1 showed heightened talker process-
ing for the native compared to the nonnative language, but did
not reveal a bilingual advantage for either language. For the non-
native language, individual differences in talker identification
accuracy were predicted by pitch perception, replicating previous
findings (Xie & Myers, 2015). For both languages, enhanced
cognitive control as measured by the inhibition score on the
flanker task was associated with more accurate talker identifi-
cation, though this relationship was limited to the test phase
for the English voices. There was no relationship between audi-
tory Stroop performance and talker identification in either lan-
guage. In experiment 2 we provide an additional test of the
bilingual advantage for voice recognition, using a discrimin-
ation task instead of an identification task. This experiment
also provides an additional test of the relationships between
pitch perception and cognitive control that were observed in
experiment 1 in order to determine whether they will also
be observed when talker processing is assessed in terms of
discrimination.

Experiment 2

Method

Participants
Thirty-six adults (8 males, 28 females) between the ages of 18 and
31 years (mean = 21, SD = 3) who did not participate in experi-
ment 1 were recruited from the University of Connecticut for par-
ticipation in the experiment. Seven additional participants were
tested but excluded from the study due to the button box becom-
ing disconnected during the talker identification task (n = 1),
experiment error (the participant was run twice in the English
task instead of one for each of the English and French tasks,
n = 1), acquiring the second language after the age of 5 (n = 4),
or reporting proficiency in French above the level of 2 on the
11-point scale described for experiment 1 (n = 1). No participant
had a history of speech, language, or hearing disorders according
to self-report. All participants passed a pure tone hearing screen
on the day of participation administered at 20 dB for octave fre-
quencies between 500 and 4000 Hz. Participants received either
monetary compensation or partial course credit for their partici-
pation. All testing procedures and informed consent acquisition
followed protocols approved by the University of Connecticut
Institutional Review Board.

Of the 36 adults, 18 participants were monolingual speakers of
English and 18 participants were bilingual speakers of English
and various second languages. The second languages included
Bengali (n = 2), Bosnian (n = 1), Dutch (n = 1), German (n = 1),
Hindi (n = 1), Kannada (n = 1), Mandarin (n = 1), Spanish (n = 5),
Tagalog (n = 1), Taishanese (n = 1), Telugu (n = 1), and Ukrainian
(n = 2). All bilinguals reported acquiring both languages prior
to age 5; no monolingual reported proficiency in any language
other than English.

Experience and proficiency with French was assessed using the
questionnaire described for experiment 1. No participant reported
current exposure to French. Fifteen monolinguals and 12 bilin-
guals reported no past exposure to French. The three monolin-
guals who did report past exposure to French indicated
instruction in middle school. For the six bilinguals who reported
past exposure to French, this ranged from instruction in elemen-
tary school (n = 1), middle school (n = 2), high school (n = 1), and
college (n = 2). With respect to proficiency in French, two mono-
linguals indicated a 2 (low) on the 11-point scale, one indicated a
1 (very low), and all other monolinguals indicated 0 (none). For
the bilingual participants, four participants indicated a 1 (very
low) with all other bilinguals indicating a 0 (none) as their level
of proficiency in French.

Two monolinguals and five bilinguals indicated no past
musical experience and no current engagement in musical activ-
ities. For the 16 monolinguals with past musical experience, cur-
rent engagement in musical activities ranged from daily (n = 1),
weekly (n = 1), monthly (n = 2), rarely (n = 3), and never (n = 9).
For the 13 bilinguals with past musical experience, current engage-
ment in musical activities ranged from daily (n = 1), weekly (n = 1),
monthly (n = 2), rarely (n = 4), and never (n = 5).

Stimuli
Stimuli for Experiment 2 were identical to those for Experiment
1. However, the auditory sentences used for the talker identifica-
tion task in Experiment 1 were arranged into pairs for the talker
discrimination task. For each language (i.e., English and French),
48 pairs of stimuli were created using the 48 auditory sentences
described for Experiment 1 (4 talkers X 12 auditory sentences
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for each language). For each talker, six “same” pairs were created
that held talker voice constant. Also for each talker, six “different”
pairs were created such that the talker voice differed across
the members of the pair; each talker was paired with the
other three talkers twice, with order of the two voices reversed
(i.e., first vs. second member of the pair) for the respective talker
pairing. Lexical content always varied between the two members
of a given pair, and each of the 48 sentences was presented exactly
twice. Thus, there was no systematic relationship between the lin-
guistic content of an utterance and a given speaker. This proced-
ure resulted in 24 same pairs and 24 different pairs for the talker
discrimination task; specific pair members for each language can
be retrieved at https://osf.io/9dhqk/.

Procedure
The procedure followed that outlined for Experiment 1 except
that listeners completed a talker discrimination task instead of
an identification task. The stimuli for the voice discrimination
task consisted of the 48 pairs of stimuli described above. Each
of the language blocks (English vs. French) began with a familiar-
ization phase, as described for experiment 1, which was followed
by training and test phases. During training, a unique randomiza-
tion of the 48 pairs was presented for each participant; on each
trial, listeners were instructed to identify whether the two mem-
bers of the pair were spoken by the same speaker or by different
speakers. Feedback was provided during the training phase as out-
lined for Experiment 1. During test, a unique randomization of
the 48 stimulus pairs was presented for each participant.
Participants were again asked to indicate whether the two mem-
bers of the pair were spoken by the same voice or by different
voices, but no feedback was provided.

Results

Talker discrimination
All data and analysis scripts can be retrieved https://osf.io/9dhqk/.
Figure 2, panel A shows mean proportion correct discrimination

for the training and test blocks across the monolingual and bilin-
gual listeners separately for the English and French voices.
Figure 2, panels B and C show individual participants’ perform-
ance. One-sample t-tests (shown in Table 2) confirmed that per-
formance for each cell shown in Figure 2, panel A was
significantly above chance. Visual inspection of Figure 2 shows
a language familiarity effect, but no robust differences between
the monolingual and bilingual groups are visually observed.

To analyze these patterns statistically, individual trial
responses (0 = incorrect, 1 = correct) were fit to a generalized lin-
ear mixed-effects model using the glmer() function with the bino-
mial response family from the lme4 package (Bates et al., 2014) in
R; all test statistics and p-values represent the calculations from
the glmer() function. Trials in which no response was given (6
of 6912 trials) were excluded. The fixed effects were
contrast-coded and included group (monolingual =−0.5, bilin-
gual = 0.5), language (English =−0.5, French = 0.5), block (train-
ing =−0.5, test = 0.5), and all interactions. The model included
random intercepts for subjects and items, and random slopes
for language by subject and block by subject. Item was coded as
the talker pairing on each trial, preserving order (e.g., a pairing
consisting of Talker 1 followed by Talker 2 was a different item
than the pairing of Talker 2 followed by Talker 1). The full
model results are shown in Table 3. The model revealed a signifi-
cant effect of language (β =−1.581, SE = 0.432, z =−3.660, p <
0.001), with accuracy lower for the French compared to the
English voices, and a significant effect of block (β = 0.296, SE =
0.119, z = 2.487, p = 0.013), indicating improved accuracy at test
compared to training. No other main effect or interaction was
reliable ( p≥ 0.065 in all cases).

Predictors of talker discrimination
A set of GLMMs were performed to examine whether perform-
ance on the individual difference measures predicted talker dis-
crimination accuracy, one for the English voices and one for the
French voices. Performance on the individual difference measures
was quantified as outlined for experiment 1. Pitch perception was

Table 4. Test statistics for the generalized linear mixed-effects models of English and French talker identification accuracy as predicted by performance on the

individual difference measures in experiment 1. Pitch perception was quantified by average d’ for the absolute and relative pitch processing tasks. Inhibition

on the flanker and auditory Stroop tasks was quantified as the difference in log reaction time for incongruent and congruent trials. As described in the main

text, the individual difference measures were entered as continuous variables, each scaled and centered around the mean. Block was contrasted coded
(training =−0.5, test = 0.5).

English voices French voices

ß SE z p ß SE z p

Intercept 1.604 0.224 7.168 <0.001 −0.156 0.089 −1.757 0.079

Block (Training) 0.708 0.087 8.095 <0.001 −0.087 0.068 −1.275 0.202

Pitch perception 0.268 0.175 1.531 0.126 0.247 0.082 3.021 0.003

Flanker −0.384 0.180 −2.133 0.033 −0.180 0.083 −2.170 0.030

Auditory Stroop −0.066 0.172 −0.383 0.701 −0.117 0.081 −1.450 0.147

Block X Pitch perception 0.077 0.090 0.855 0.393 −0.068 0.070 −0.962 0.336

Block X Flanker −0.247 0.094 −2.621 0.009 −0.086 0.072 1.196 0.232

Block X Auditory Stroop 0.094 0.080 1.174 0.241 −0.004 0.070 −0.055 0.956

Observations 3800 3768

Subjects 40 40

Items 48 48
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measured as the average d’ for the absolute and relative blocks of
the pitch perception task, which were highly correlated (r = 0.666,
p < 0.001). Error rates for the flanker and auditory Stroop tasks
were very low (0.7% and 2.0%, respectively). For the flanker
task, 34 of 1430 correct responses were removed as RT outliers
(i.e., trials for which log RT exceeded 2.5 SDs of the participant’s
mean log RT), representing 2.4% of the data. For the auditory
Stroop task, 37 of 1694 correct responses were removed as RT
outliers (representing 2.2% of the data). For each participant, an
inhibition score for each of the flanker and auditory Stroop
tasks was calculated as the difference in log RT for the incongru-
ent and congruent trials.

The results of the two models are shown in Table 5. There was
a significant relationship between pitch perception and talker
discrimination such that higher sensitivity on the pitch perception
task was associated with increased accuracy on the talker dis-
crimination task for the English voices (β = 0.289, SE = 0.140,
z = 2.063, p = 0.039) and the French voices (β = 0.284, SE = 0.117,
z = 2.429, p = 0.015). No other main effects or interactions were
observed for either the English or French voices ( p≥ 0.066 in all
cases).1

Comparisons between monolingual and bilingual listeners for
individual difference measures
As stated in the introduction, performance on the pitch percep-
tion, flanker, and auditory Stroop tasks was measured in order
to identify potential mechanisms in support of a bilingual advan-
tage for voice processing. Because no bilingual advantage for voice
processing was observed in the current work, these measures can-
not be used as intended. Nonetheless, we pooled data across
experiments in order to examine whether a bilingual advantage

would be observed in any of the individual difference measures,
explicitly noting that these are not planned analyses.

Performance for the monolingual and bilingual participants
on the three individual difference measures is shown in
Figure 3. The top row of Figure 3, panel A shows sensitivity on
the pitch perception task in terms of average d’ across the absolute
and relative blocks; the bottom panel shows sensitivity in each
block for each participant. There was no difference between the
two groups regarding average d’ in the pitch perception task
[t(74) =−0.502, p = 0.617]. This pattern also held for sensitivity
within the absolute [t(74) = 0.137, p = 0.892] and relative [t(74)
=−1.159, p = 0.250] blocks.

The top row of Figure 3, panel B shows the inhibition score for
the flanker task, measured in terms of the difference in RT
between the incongruent and congruent trials, with the bottom
panel showing RT for each trial type for each participant.
Analysis of the flanker inhibition score (expressed in terms of
log RT) showed a significant difference between the two groups
[t(74) =−3.000, p = 0.004], with monolinguals (mean = 80 ms,
SE = 11 ms) showing a smaller inhibition effect compared to
bilinguals (mean = 139 ms, SE = 18 ms). Figure 3, panel C shows
the inhibition score for the auditory Stroop task (top panel)
and mean RT to incongruent and congruent trials for each par-
ticipant (bottom panel). Analysis of the auditory Stroop inhib-
ition score (in terms of log RT) showed no difference between
monolingual and bilingual participants [t(74) = 0.368, p = 0.714].2

Table 5. Test statistics for the generalized linear mixed-effects models of English and French talker discrimination accuracy as predicted by performance on the

individual difference measures in experiment 2. Pitch perception was quantified by average d’ for the absolute and relative pitch processing tasks. Inhibition

on the flanker and auditory Stroop tasks was quantified as the difference in log reaction time for incongruent and congruent trials. As described in the main

text, the individual difference measures were entered as continuous variables, each scaled and centered around the mean. Block was contrasted coded
(training =−0.5, test = 0.5).

English voices French voices

ß SE z p ß SE z p

Intercept 4.040 0.330 12.239 <0.001 2.458 0.301 8.171 <0.001

Block (Training) 0.509 0.198 2.573 0.010 0.122 0.118 1.031 0.302

Pitch perception 0.289 0.140 2.063 0.039 0.284 0.117 2.429 0.015

Flanker −0.199 0.124 −1.605 0.108 −0.205 0.112 −1.834 0.066

Auditory Stroop −0.112 0.122 −0.923 0.356 −0.112 0.112 −0.994 0.320

Block X Pitch perception 0.025 0.210 0.118 0.906 −0.070 0.127 −0.533 0.580

Block X Flanker −0.060 0.174 −0.347 0.729 −0.199 0.110 −1.816 0.069

Block X Auditory Stroop 0.245 0.173 1.415 0.157 −0.146 0.117 −1.247 0.212

Observations 3455 3452

Subjects 36 36

Items 16 16

1Parallel models were constructed including Group (Monolingual vs. Bilingual) as an

additional fixed effect for the analysis of the individual difference measures as predictors

of talker identification (experiment 1) and talker discrimination (experiment 2). In all

cases, the results converged with the models presented in the main text. These analyses

can be viewed on the OSF repository associated with this manuscript.

2Performance for the flanker and auditory Stroop tasks was also analyzed using linear-

mixed effects models of trial-level data in order to explicitly model subject-level variation.

The results converged with the approach presented in the main text, which can be viewed

on the OSF repository. In addition, visual inspection of the individual subject variation in

Figure 3 reveals three participants who showed extreme deviation in their inhibition

scores relative to other participants. The group comparisons were performed for the

flanker and auditory Stroop tasks removing these participants, and the results patterned

as those performed with all participants. For the flanker task, the inhibition score was smal-

ler for the monolinguals (mean = 80 ms, SE = 11 ms) compared to the bilinguals [mean =

122 ms, SE = 13 ms; t(71) = -2.678, p = 0.009]. For the auditory Stroop task, there was no

difference in the inhibition score between the two groups [t(71) = -0.423, p = 0.674].
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Discussion

It is well established that voice recognition is heightened when lis-
teners have familiarity with the linguistic structure of a talker’s
message (Goggin et al., 1991; Johnson et al., 2018b, 2011;
Orena et al., 2015; Perrachione et al., 2011). Other investigations
have implicated a role for language-independent mechanisms to
support voice recognition, including pitch perception (Xie &

Myers, 2015). Furthermore, a bilingual advantage for voice recog-
nition has been observed in children for voices speaking a familiar
language and for voices speaking an unfamiliar language (Levi,
2018). Here we examined whether a bilingual advantage for
voice recognition would be observed in adults, and if so, whether
it was linked to advantages in pitch perception or cognitive
control. The results of the two experiments converged to provide
no evidence of a bilingual advantage for voice processing, though

Fig. 2. Talker discrimination performance (proportion correct) for

experiment 2. Panel A shows violin plots (with mean and standard

error) for the monolingual and bilingual participants during train-

ing and test for the English and French voices. Panels B and C

show performance for individual participants in the monolingual

and bilingual groups, respectively.

Fig. 3. Comparisons between monolingual and bilingual listeners for the pitch perception task (A), the flanker task (B), and the auditory Stroop task (C). Panel A

shows performance in terms of average sensitivity (d’) for the two blocks of the pitch perception task (top row) and sensitivity (d’) in each block for each participant

(bottom row). The top row of panels B and C show performance in terms of the inhibition score (INC – CON, in ms). The bottom row of panels B and C shows mean

reaction time (ms) for each item type for each participant. In all panels, the top row shows violin plots (with mean and standard error). To ease interpretation,

performance for the flanker and auditory Stroop tasks is shown in terms of reaction time; note that log-transformed reaction time was used for all statistical

analyses.
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both groups showed improved voice processing for the familiar
compared to an unfamiliar language. The lack of a bilingual
advantage for voice processing observed here is consistent with
results of Xie and Myers (2015), but contrasts with results from
Levi (2018).

Here we consider four possibilities that may account for the
discrepant results between the current study and Levi (2018).
First, the discrepancy may reflect the different methodology of
the two studies, including the length of the stimuli used to assess
talker processing. The stimuli in Levi (2018) were individual
words whereas the current study used sentence-length stimuli;
stimuli in Xie and Myers (2015) were also of sentence length.
Previous research has shown that talker identification is facilitated
by stimuli with longer duration (e.g., Goggin et al., 1991).
Accordingly, it may be the case that a bilingual advantage was
masked in the current results due to an overall easier task than
was used in Levi (2018). It could also be the case that the bilingual
advantage reflects an enhancement in the use of cues to voice
identification that are dominant in the limited temporal timescale
of individual words. Second, the lack of a bilingual advantage in
the current work may reflect the lack of novel stimuli presented
at test. Levi (2018) tested generalization of learning to novel stim-
uli, whereas the current work tested stability of learning for
trained stimuli. In some studies where performance at test for
trained versus novel stimuli was directly examined, no robust dif-
ferences in accuracy were observed for the two types of stimuli
(e.g., Orena et al., 2015; Kadam, Orena, Theodore & Polka,
2016), but these studies did not examine how generalization
may differ between monolinguals and bilinguals. Future work is
needed in order to examine whether the bilingual advantage
will emerge for generalization of learning when tested in adult
listeners.3

A third explanation is that the adult monolinguals may have
had previous exposure to other languages, as the monolingual
children tested in Levi (2018) had no exposure to a nonnative lan-
guage. Past research shows that CURRENT exposure to a nonnative
language improves talker processing in that language (Orena
et al., 2015) and that formal instruction in a nonnative language
improves talker processing in THAT language (Sullivan &
Schlichting, 2000). What is not yet known is whether exposure
to any nonnative language promotes a talker processing benefit
for either the NATIVE language or for OTHER nonnative languages.
Future research that specifically examines voice processing
between adults with and without past exposure to any nonnative
language is needed to test this account.

A fourth possibility is that the disparate results of the current
work and Levi (2018) may indicate that the bilingual advantage is
present during childhood but not in adulthood, consistent with
findings showing that bilingual advantages in other domains are
more robust in children and older adults compared to
college-aged populations (e.g., Bialystok, 2017). As for language
acquisition in general, the emergence of voice recognition abilities
occurs through a protracted period of development. Previous
research has demonstrated increased voice processing abilities

for adults compared to children (Fecher & Johnson, 2018a; Levi
& Schwartz, 2013) and for older children compared to younger
children (Levi, 2018; Levi & Schwartz, 2013). The developmental
trajectory of the language familiarity effect for talker processing is
complex in that it is observed in infancy but grows stronger dur-
ing early childhood (Fecher & Johnson, 2018a; Johnson et al.,
2011). Fecher and Johnson (2018a) found that 6-year-old chil-
dren, but not 5-year-old children, exhibited a language familiarity
effect, which they hypothesize reflects an increased awareness in
the 6-year-olds of the linguistic sound structure that occurs con-
comitantly with the onset of literacy instruction. As elegantly out-
lined in Fecher and Johnson (2018a), a critical consideration for
developmental accounts of the linguistic influences on voice rec-
ognition is to determine whether the strengthening of the lan-
guage familiarity effect that occurs during childhood necessarily
entails a trade-off in performance for native versus nonnative
voices. That is, do the factors that support the development of
voice recognition in the native language simultaneously diminish
voice recognition in nonnative languages? If the native language
benefit for voice recognition is indeed the consequence of “tuning
in” to native language sound patterns at the expense of dimin-
ished sensitivity to nonnative sound patterns, then one possible
explanation for the presence of a bilingual advantage in voice pro-
cessing in children but not adults may be that the window of time
before voice processing dominantly relies upon knowledge of the
native language sound structure is extended in bilingual children.

As was observed in Xie and Myers (2015), better performance
on the pitch perception task was linked to better voice processing
for the nonnative voices for both the talker identification and dis-
crimination tasks. For discrimination, this relationship was also
observed for the English voices. Inhibition as assessed using the
flanker task was a limited predictor of voice processing, with bet-
ter cognitive control (i.e., lower inhibition scores) associated with
increased talker identification at test for the English voices, and
increased talker identification at both training and test for the
French voices. Performance on the flanker task did not predict
voice processing when measured using the talker discrimination
task. Future research is needed in order to explicate the mechan-
isms by which inhibitory control influences talker identification
but not talker discrimination. One possibility is that it may reflect
the ability to ignore the irrelevant visual information provided in
the avatars used for the talker identification task. Though there
was no difference between monolingual and bilingual listeners
in terms of talker processing, the monolingual participants did
show enhanced cognitive control on the flanker task in terms of
a smaller inhibition effect, which is perhaps not surprising
given evidence that the bilingual advantage for cognitive control
is minimally observed in college-aged populations (e.g.,
Bialystok, 2017) and other reports of a bilingual disadvantage
for cognitive control in college-aged populations (e.g., Paap &
Greenberg, 2013).

No reliable relationships were observed between voice process-
ing and inhibition as assessed using the auditory Stroop task,
which suggests that a model of auditory inhibition may not best
characterize the voice recognition process. On the surface, the
auditory Stroop task is very similar to the voice identification
task used in the present work. In the auditory Stroop task, parti-
cipants were asked to identify the gender of the talker while expli-
citly ignoring the semantic content, which in some cases was
incongruent with the talker’s gender. In the talker identification
task, participants were asked to identify the talker, with semantic
content being an irrelevant dimension for making this decision.

3A pilot study (n = 10 monolinguals, n = 10 bilinguals) was conducted following the

procedures of the talker identification task used in experiment 1 except that novel sen-

tences were included at test to assess generalization of learning. The results of this

pilot test did not reveal any bilingual advantage for either the trained or novel items at

test, though these results should be interpreted with caution given the small sample

size. The raw data and analysis script for this pilot study are available in the OSF

repository.
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Despite the similarity between the two tasks, individuals who were
better on one were not better on the other, which raises the pos-
sibility that performance on the two tasks reflects disassociated
processes. Indeed, given the rich literature demonstrating that
talkers systematically differ in how they implement individual
speech sounds (Chodroff & Wilson, 2017; Hillenbrand, Getty,
Clark & Wheeler, 1995; Newman, Clouse & Burnham, 2001;
Theodore, Miller & DeSteno, 2009), attending to the linguistic
stream – instead of inhibiting the linguistic content – provides
access to a rich set of information that can facilitate identification
and discrimination of voices beyond those cues available in the
absence of talker-specific phonetic variation (e.g., vocal source
characteristics such as fundamental frequency).

To conclude, the results of the current experiments contribute
to the body of literature that demonstrates an exquisite interplay
between the processing of talker and linguistic information.
Indeed, the primary determinant of voice processing in the cur-
rent work was the degree to which listeners were familiar with
the linguistic content of the talker’s message; both groups of lis-
teners showed better voice processing for English compared to
French voices, and being fluent in more than one language did
not lead to improved processing for either language. Pitch percep-
tion was further identified as a determinant of voice processing,
showing a facilitative effect for identification and discrimination
of nonnative voices, and discrimination of native voices.
Cognitive control as assessed via inhibition on the flanker and
auditory Stroop tasks showed limited and null influences on
voice processing ability, respectively, suggesting that language-
specific linguistic knowledge and general auditory processing
are the primary determinants among those evaluated here. In
moving forward, theories that can account for the role of bilingual
experience on voice processing will be advanced though further
examination of how bilingual experience shapes voice processing
across the developmental trajectory in order to specify the factors
that underlie its influence during childhood but not in the mature
perceiver.
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