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A B S T R A C T

Purpose: High-variability phonetic training (HVPT) has been found to be effec-
tive on adult second language (L2) learning, but results are mixed in regards to
the benefit of multiple talkers over single talker. This study provides a system-
atic review with meta-analysis to investigate the talker variability effect in
nonnative phonetic learning and the factors moderating the effect.
Method: We collected studies with keyword search in major academic data-
bases including EBSCO, ERIC, MEDLINE, ProQuest Dissertations & Theses,
Elsevier, Scopus, Wiley Online Library, and Web of Science. We identified po-
tential participant-, training-, and study-related moderators and conducted a
random-effects model meta-analysis for each individual variable.
Results: On the basis of 18 studies with a total of 549 participants, we obtained
a small-level summary effect size (Hedges’ g = 0.46, 95% confidence interval
[CI; 0.08, 0.84]) for the immediate training outcomes, which was greatly reduced
(g = −0.04, 95% CI [−0.46, 0.37]) after removal of outliers and correction for
publication bias, whereas the effect size for immediate perceptual gains was
nearly medium (g = 0.56, 95% CI [0.13, 1.00]) compared with the nonsignificant
production gains. Critically, the summary effect sizes for generalizations to new
talkers (g = 0.72, 95% CI [0.15, 1.29]) and for long-term retention (g = 1.09,
95% CI [0.39, 1.78]) were large. Moreover, the training program length and the
talker presentation format were found to potentially moderate the immediate
perceptual gains and generalization outcomes.
Conclusions: Our study presents the first meta-analysis on the role of talker
variability in nonnative phonetic training, which demonstrates the heterogeneity
and limitations of research on this topic. The results highlight the need for
further investigation of the influential factors and underlying mechanisms for the
presence or absence of talker variability effects.
Supplemental Material: https://doi.org/10.23641/asha.16959388
Theories and models of second language (L2) speech
learning all acknowledge the perception/production diffi-
culties and limited successes that adult L2 learners experience
(Wayland, 2021; Zhang & Wang, 2007). A great deal of re-
search attempts to address the L2 phonetic and phonological
barriers by developing various training techniques. Since the
pioneering work on training Japanese adults to distinguish the
English /r/ and /l/ sounds (Lively et al., 1993, 1994; Logan
u. Disclosure: The
nonfinancial inter-

g Research • 1–24 • Copy

ota, Minneapolis - Library
et al., 1991), high-variability phonetic training (HVPT) has
been established as an effective training technique. It empha-
sizes the use of natural speech stimuli in a variety of phonetic
contexts produced by multiple talkers (e.g., Cheng et al.,
2019; Iverson & Evans, 2009; Kingston, 2003; Lambacher
et al., 2005, for vowels; Bradlow et al., 1997; Iverson et al.,
2005; Lively et al., 1993; Logan et al., 1991; Zhang et al.,
2009, for liquids; Pruitt et al., 2006, for stops; Sadakata &
McQueen, 2013, for fricatives; and Wang et al., 1999, for su-
prasegmentals). The HVPT-induced perceptual improvement
has been found to generalize to untrained stimuli and trans-
fer to production (Bradlow et al., 1997, 1999; Lambacher
et al., 2005), and these positive effects can be retained for
right © 2021 American Speech-Language-Hearing Association 1
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several months (Bradlow et al., 1999; Lively et al., 1994).
However, there is a legitimate concern that increased
variability conceivably adds input complexity and cognitive
processing challenges, which may cause more difficulty in
some learning contexts. This study aims to explore the litera-
ture concerning the role of talker variability with a meta-
analysis to gain insights on the relevant concepts, methodo-
logical issues, and influential factors.

Importance of Talker-Specific Information
and Variability in Speech Learning

Input variability is a key to successful speech catego-
rization and many other aspects of linguistic learning for
both first and L2 learners, and its benefits have been illus-
trated in clinical and computational modeling as well (de
Boer & Kuhl, 2003; Miller et al., 2016; Sinkeviciute et al.,
2019). As a defining feature of the HVPT protocol, stimu-
lus variability across training-irrelevant dimensions such
as talker and phonetic environment is assumed to facilitate
generalization in speech categorization. The concept of
using variable practice to promote generalization and re-
tention can be traced back to the domain of motor learn-
ing studies (see Schmidt & Bjork, 1992 for a review), and
its positive effects have been found across motor, percep-
tual, and language tasks including learning regional dia-
lects, words, reading, and artificial grammar (Adwan-
Mansour & Bitan, 2017; Clopper & Pisoni, 2004; Perry
et al., 2010; von Koss Torkildsen et al., 2013). Despite the
established efficacy of HVPT, little is known about what
and how specific sources of acoustic-phonetic variability
in HVPT inputs lead to learning and generalization out-
comes. In the seminal work to verify the importance of
talker variability, Lively et al. (1993) contrasted multiple-
talker (MT) and single-talker (ST) training to demonstrate
that only the MT group successfully generalized their
learning to new phonetic environments and stimuli pro-
duced by a new talker, although both groups improved
after training. The researchers thus suggested that ST
training can only lead to stimulus-specific learning, whereas
MT training aids in robust and abstract categorical
learning.

If generalization effects induced by talker variability
are reliable and robust, it has great implications for imple-
menting this training method as a pedagogical tool for
L2 teaching. In reality, however, there has been a well-
acknowledged gap between L2 research and classroom
teaching (Levis, 2016). One major hurdle to the translational
efforts lies in the existence of counter evidence concerning
the positive role of talker variability. Cumulative evidence
shows that the structure in talker variability appears to help
establish talker-specific exemplars in long-term memory that
may help listeners from exploiting the covariations between
linguistic variation and socio-indexical speaker identity
2 Journal of Speech, Language, and Hearing Research • 1–24
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information (Kleinschmidt & Jaeger, 2015; Pajak et al.,
2016; Pisoni, 1993). Conversely, the same acoustic cues to
phoneme identification can also be useful for specifying
talker identity. For example, voice onset time is helpful
to identify stop consonants and talkers’ idiolects; formant
patterns are useful for both vowels and vocal tract length;
and fundamental frequency can be used for identifying
both lexical tones and vocal fold mass (Remez et al., 1997;
Theodore et al., 2015). The data suggest that at least some
phonetically relevant cues are predictable based on socio-
indexical information such as talker identity, gender, dia-
lect, and accent. For instance, female talkers tend to
produce both English fricatives /s/ and /ʃ/ with relatively
high-frication frequencies, whereas males tend to produce
them with relatively low frequencies (McMurray & Jongman,
2011; Newman et al., 2001). Therefore, listeners (including
nonnative listeners who are able to attend to the acoustic cues
and their statistical properties in learning new phonetic
categories) can benefit by identifying talker gender and making
use of this predictable, structured covariation between acoustic
signals and gender information for more efficient cue-
to-category mapping (Niedzielski, 1999; Strand & Johnson,
1996; Wanrooij et al., 2013; Wiener et al., 2018). There is
further evidence that the indexical information cannot be
ignored even when only phonetic classifications are re-
quired, suggesting that there is a contingent binding rela-
tionship between phonetic and indexical information
(Eimas et al., 1978; Mullennix & Pisoni, 1990; Myers &
Theodore, 2017; Tremblay et al., 2021).

However, research on nonnative phonetic training
has demonstrated rather mixed results regarding the role
of talker variability. Specifically, some studies indicated
the advantage of MT training over ST training by stressing
that only exposure to MT speech led to generalization
effects (e.g., Kartushina & Martin, 2019; Lively et al.,
1993). In other cases, however, both MT and ST training
resulted in generalization outcomes while MT training
engendered greater generalization effects relative to those
induced by ST training (e.g., Perrachione et al., 2011;
Wong, 2014). To further complicate matters, there were
also reports that ST training could produce equivalent
amounts of generalization effects compared with MT
training, although the researchers were cautious about
the interpretation, noting that these intriguing results
might be due to learner differences or program settings
such as other sources of variability in ST inputs or talker
presentation format in MT training (e.g., Dong et al., 2019;
Giannakopoulou et al., 2017; Hardison, 2003).

It has been suggested that the benefit of MT speech
might disappear under certain circumstances. In particular,
MT speech is known to incur additional processing costs
relative to ST speech. This additional processing cost is
generally reflected in detrimental effects on phoneme iden-
tification and word recognition and recall (i.e., less accurate
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responses and delayed response time) in normal-hearing in-
dividuals (e.g., Goldinger et al., 1991; Martin et al., 1989;
Mullennix et al., 1989; Nusbaum & Morin, 1992; Tremblay
et al., 2021; Wong et al., 2004) as well as in people with
hearing loss or cochlear implants (Y. P. Chang & Fu, 2006;
Kirk et al., 1997). This detrimental effect of talker variability
persists even when listeners are instructed to ignore talkers
and to focus on the phonetic content (Tremblay et al., 2021).
Notably, the talker variability effect on speech processing
may be exacerbated in nonnative listeners (Antoniou et al.,
2015; Tamati & Pisoni, 2014). Therefore, it may not be sur-
prising to see in some studies that increased variability im-
pairs learning of unfamiliar or difficult nonnative contrasts.
For example, native Chinese speakers who have experience
of tonal languages benefited from variability but native
English speakers did not when learning to distinguish a novel
tonal contrast (Wayland & Guion, 2004). Similarly, Wade
et al. (2007) showed that enhanced variability could diminish
learning effects for highly confusable vowels (i.e., vowels that
overlap more in the acoustic space) compared with those
less overlapping vowels. Furthermore, talker variability is
likely to impose a processing burden on perceptually weak
or immature learners and novice learners with low percep-
tual aptitudes (Antoniou & Wong, 2015; C. B. Chang &
Bowles, 2015; Giannakopoulou et al., 2017; Kingston, 2003;
Perrachione et al., 2011; Sadakata & McQueen, 2014).

The present meta-analysis was intrigued by the po-
tential trade-off between the demand for additional cogni-
tive resources and the benefit that MT speech may have
for generalization and retention. Our study specifically
aimed to examine under what circumstances talker vari-
ability may have a positive impact on L2 phonetic learn-
ing and how talker variability should be introduced to L2
learners in order to optimize learning outcomes.

Factors That Influence Effects of Talker
Variability in Speech Learning

The extant literature has suggested several potential
factors that may influence L2 speech training outcomes.
One critical consideration is the target phonetic categories.
While most studies targeted only two easily confusable
speech sounds (e.g., the English /l/−/r/ contrast for native
Japanese speakers), studies that trained a larger set of
phonemes employing the same procedure for the same co-
hort of L2 learners demonstrated disparate degrees of suc-
cess with different phonemes (Aliaga-García & Mora,
2009; Cebrian & Carlet, 2014; Kingston, 2003; Wade et al.,
2007). For example, Wade et al. (2007) found that the ben-
efit of high variability appears to decrease for the more dif-
ficult, confusable categories of speech sounds. Another me-
diating factor is tasks used for training and testing. Al-
though the discrimination task is found to be effective to
improve learners’ performance (Flege, 1995b; Shinohara &
loaded from: https://pubs.asha.org University of Minnesota, Minneapolis - Library
Iverson, 2018; Wayland & Li, 2008), researchers have ar-
gued that the identification and discrimination tasks may
tap into different aspects or stages of speech perception
(Gerrits & Schouten, 2004; Jamieson & Morosan, 1986,
1989; Logan et al., 1991; Sjerps et al., 2013), leading to the
conjecture that identification training may not be as effec-
tive in improving trainees’ discrimination abilities as it does
to speech categorization (Giannakopoulou et al., 2017;
Iverson et al., 2012; Sadakata & McQueen, 2013). Further-
more, researchers have also investigated training effects
with additional considerations regarding the status of train-
ing stimuli as words or nonwords (e.g., Thomson &
Derwing, 2016) or as speech or nonspeech stimuli (e.g.,
Banai & Amitay, 2015), audiovisual versus audio-only
training (Hardison, 2003; Inceoglu, 2015), the use of computer
speech synthesis to enhance critical acoustic cues to identifica-
tion (e.g., Jamieson & Morosan, 1986, 1989; Zhang et al.,
2009), and talker-intermixed versus talker-blocked training
(e.g., Perrachione et al., 2011).

In addition to materials and tasks, the disparate out-
comes also directly stem from learner characteristics. High
variability may come at a cost for some learners. For ex-
ample, researchers found that high variability is likely to
diminish learning effects for cognitively weak learners
(Antoniou & Wong, 2015; Fuhrmeister & Myers, 2017;
Perrachione et al., 2011; Sadakata & McQueen, 2014).
Learners’ first language (L1) backgrounds (Best, 1995;
Flege, 1995a; Iverson & Evans, 2007, 2009) and L2 profi-
ciency (Davis, 2015) may also play a role in training effi-
cacy. Although Flege (1999) proposes that adults retain
the capability to develop new categories for L2 speech
sounds, age differences in the degree of improvement have
been witnessed in training research (e.g., Giannakopoulou
et al., 2013). Taken together, these findings suggest the
importance of taking into consideration of individual dif-
ferences when assessing training effects.

Objectives for the Systematic Review and
Meta-Analysis

Given the inconsistent training results and the influ-
ential factors indicated by previous research, we seek to fur-
ther investigate talker variability training effects on adult L2
phonetic learning and examine potential influential factors
by a systematic review with a meta-analytic method. Differ-
ent from traditional narrative reviews, which have assessed
training effects as discrete reports from a series of studies
(e.g., Barriuso & Hayes-Harb, 2018; Thomson, 2018), meta-
analysis that quantifies training effects in a statistical synthe-
sis allows researchers to aggregate individual effect size from
each included study and evaluate the statistical significance
of the summary effect across studies (Borenstein et al., 2009).
Another particular strength of meta-analysis lies in the pos-
sibility to examine factors that may moderate the estimated
Zhang et al.: Role of Talker Variability in L2 Learning 3
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effect size. Previous research has utilized meta-analysis to
investigate perceptual training effects on speech production
(Sakai & Moorman, 2018) and effects of L2 pronunciation
instruction (Lee et al., 2015; Saito & Plonsky, 2019). To
our knowledge, this meta-analysis is a first attempt to syn-
thesize the perceptual training studies that contrasted MT
and ST training and tested perception and/or production
gains for adult L2 learners. Specifically, we aimed to pro-
vide quantitative assessment across published studies on
talker variability effects on training adult L2 learners to (a)
investigate under what circumstances talker variability has
a positive impact on nonnative phonetic training and (b)
identify the potential factors that may contribute to the
mixed results.

In this meta-analysis, we also evaluated production
changes induced by perceptual training. The motor theory
(e.g., Liberman et al., 1952, 1967; Liberman & Mattingly,
1985, 1989) and the direct realist theory (e.g., Best, 1995;
Fowler, 1986) both posit common representations shared
between speech perception and production. Two dominant
models of L2 speech learning, the Perceptual Assimilation
Model (PAM) by Best (1995) and the Speech Learning
Model (SLM) by Flege (1995a), state that accurate per-
ception of L2 speech sounds is a prerequisite for accurate
production. Thus, perceptual training that has been proved
to change perceptual representations is assumed to provide
a crucial window for investigating how speech perception
and production are related, which hints at why some of
HVPT studies evaluated its effects on nonnative speech
production. Some perceptual training studies have reported
improvements in speech production for L2 learners (e.g.,
Bradlow et al., 1997; Kartushina & Martin, 2019;
Lambacher et al., 2005), whereas there is also evidence that
perceptual HVPT did not lead to improvements in production
and vice versa (e.g., Alshangiti & Evans, 2014; Baese-Berk &
Samuel, 2016). Given the inconsistent results, this meta-
analysis investigated the mediating effect of perceptual
training on nonnative production, adding to the literature
by further examining phonetic learning across modalities.
Method

This systematic review was conducted and reported
according to the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses statement (see Supplemental
Table S1; Moher et al., 2009). The original data are avail-
able at https://osf.io/e9bkf/

Search Strategy

We collected studies with a keyword search in major
academic databases and platforms (e.g., EBSCO, ERIC,
MEDLINE, ProQuest Dissertations & Theses, Elsevier,
4 Journal of Speech, Language, and Hearing Research • 1–24
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Scopus, Wiley Online Library, and Web of Science) using
the keyword combination: (“talker variability” or “speaker
variability”) and (“nonnative phonetic training” or “sec-
ond language phonetic training”) and (“adult”). Studies
published between May 1993 and May 2021 were
searched. The starting point was chosen because Lively
et al. (1993) is the seminal study to compare MT and ST
training effects for adult L2 learners. The chosen end
point reflects the time at which the search was completed.
Moreover, we further searched the relevant journals in or-
der to avoid possible omissions, targeting linguistics and
language journals (Language Learning; Journal of Phonetics;
Phonetica; The Journal of Acoustical Society of America;
Journal of Speech, Language, and Hearing Research; Jour-
nal of Second Language Studies; Linguistic Approaches to
Bilingualism; Journal of Second Language Pronunciation;
Brain and Language; Annual Review of Applied Linguistics;
Applied Psycholinguistics; Bilingualism: Language and Cog-
nition;Phonology; and Studies in Second Language Acquisi-
tion) and psychology journals [Journal of Experimental
Psychology series; Attention, Perception, and Psychophys-
ics]). Additionally, a manual review of reference lists of rele-
vant studies and review articles was conducted.

Inclusion and Exclusion Criteria

We identified a sum of 233 studies as potentially rel-
evant to the topic after the search (see Figure 1). Two re-
viewers (X.Z. and B.C., i.e., the first and second authors
of this study) screened the studies with the following inclu-
sion criteria:

(a) The study was an empirical investigation of auditory
perceptual training directly contrasting MT versus ST
conditions, including dissertations, theses, journal ar-
ticles, and conference proceedings. Reviews, edito-
rials, and meta-analyses with no original data were
not included.

(b) The participants are average postpubertal L2 learners
(i.e., the authors reported in the articles with mean
age or provided text descriptions such as “adults”). Par-
ticipants with any impaired speech, language or hearing
abilities, or auditory disorders were not included.

(c) The target of the perceptual training was L2 speech
sounds. The training could target any language (in-
cluding artificial languages), and participants could
have any native language backgrounds (L1).

(d) The study employed behavioral tasks that reported
accuracy data and/or response time of participants’
perception and/or production performance. Neuroim-
aging, eye-tracking, electroencephalographic, and phys-
iological studies were also included if they used behav-
ioral tasks that met the inclusion criteria.

(e) The report was written in English.
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Figure 1. Preferred Reporting Items for Systematic Reviews and Meta-Analyses flow diagram for the phases of the systematic review and
meta-analysis.
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Twenty-six articles were retained after applying the
five inclusion criteria (see Appendix A). Twelve of the 26
studies had to be excluded for one of the following rea-
sons, which yielded a final of pool of 14 studies for the
meta-analysis. (see Appendix B):

(a) Studies that did not control the number of phonetic
contexts were excluded. With these criteria, four studies
were excluded (Kingston, 2003; Sadakata & McQueen,
2013, 2014; Wong, 2012).

(b) Studies that did not target phoneme learning were ex-
cluded. Three studies were excluded in that they mea-
sured effects on dialect (Clopper & Pisoni, 2004) and
vocabulary learning (Barcroft & Sommers, 2005;
Sinkeviciute et al., 2019).

(c) When multiple articles reported on the same data,
the study with the most complete data was retained.
Shehata (2015) and Wong (2014) were eliminated for
this reason, whereas Shehata (2013) and Wong (2013)
were retained.

(d) Studies that did not provide sufficient data (i.e.,
means, standard deviations [SDs], cell sample sizes of
two training groups in pre- and posttests, or sum-
mary statistics) to allow the calculation of an effect
size were eliminated. Attempts were made to contact
the author(s) to retrieve necessary data. The authors
of three articles kindly agreed to send us their
loaded from: https://pubs.asha.org University of Minnesota, Minneapolis - Library
original data for calculating effect sizes (Brosseau-
Lapré et al., 2013; Perrachione et al., 2011; Wiener
et al., 2020). Where applicable, the Origin software
program (version 2020, Origin Lab Corporation) was
used to digitize necessary data (mean accuracy with
SD) from the graphs available in the article (Davis,
2015). One study was excluded with this criterion
(Lively et al., 1993).

(e) Studies that solely used native speaker rating scores
or acoustic measures to index participants’ produc-
tion performance were eliminated. Kartushina and
Martin (2019) were excluded for this reason. The in-
cluded study was required to use the most frequently
used measure, that is, native speaker judges in an
identification task, in order to make results more
comparable across studies.

(f) Studies that included production training in the train-
ing program that could not be dissociated from the
perception training were eliminated. Wiener et al.
(2018) was excluded for this reason.

Outcome Measures

We considered the accuracy of identification and dis-
crimination performance as perception measures calculated
from percent correct scores for each training group before
and after training, and the accuracy of elicited productions as
Zhang et al.: Role of Talker Variability in L2 Learning 5
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production measures calculated from percent correct scores in
identification tasks performed by native speakers. If the results
were reported as error percentages or learning slopes, corre-
sponding percent correct data were calculated. Moreover,
since researchers have suggested that response time measures
might reveal subtler differences, we also coded response time
data if the included studies provided the results.

Quality Assessment

We assessed study quality using the standard quality
assessment (SQA) criteria for evaluating primary research
papers from various fields for quantitative studies (Kmet
et al., 2004). The checklist contains 14 items. Item 7 (If in-
terventional and blinding of investigators was possible,
was it reported?) and Item 8 (If interventional and blind-
ing of subjects was possible, was it reported?) refer to the
use of blinding that is not applicable for speech training
studies, so these two items were not assessed. Two reviewers
(X.Z. and B.C.) rated the reports independently. Disagree-
ments were resolved by discussion to reach consensus.

Coding and Data Extraction

Data were extracted from each included study and
coded in terms of the following elements: (a) study charac-
teristics (e.g., first author, year of publication, and source
of publication), (b) participant information (e.g., sample
size, average age, gender ratio, L1, and L2 proficiency),
(c) training characteristics (e.g., task paradigm, stimulus
type, and training length), and (d) results of interest (e.g.,
mean and standard deviation of the pre- and posttest for
the MT and ST groups or summary statistics). Two re-
viewers (X.Z. and B.C.) coded all studies independently to
ensure that relevant information was not missed. The few
discrepancies were discussed and agreed upon.

Some studies reported data for several cohorts of par-
ticipants (Davis, 2015; Perrachione et al., 2011; Shehata,
2013; Wiener et al., 2020). We treated these subgroups that
were independent of each other as separate studies because
each of them provided unique information (Borenstein
et al., 2009). Some of the included studies utilized both
identification and discrimination to measure the same par-
ticipants’ data of perception or assessed both perception
and production gains, resulting in multiple dependent effect
sizes (e.g., Dong et al., 2019). To take into account this
nested structure and to avoid losing information by averag-
ing effect sizes, we aggregated the effect sizes for the depen-
dent measures using the procedure proposed by Borenstein
et al. (2009) using R (version 4.0.5) with the agg function in
the MAd package (Del Re & Hoyt, 2010). This method al-
lows us to take into account the correlation among the mul-
tiple effect sizes within studies. The correlation between the
multiple effect sizes was first imputed at r = .5, which is
6 Journal of Speech, Language, and Hearing Research • 1–24
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considered to be a conservative starting value for aggregat-
ing psychologically based effect sizes (e.g., Wampold et al.,
1997). We conducted sensitivity analyses with possible rang-
ing (e.g., r = .25 to r = .75) to determine whether the sum-
mary effect size and variance estimates changed if different
values for a range of within-study correlations were used.
For studies that compared several different MT groups with
one same ST group, we chose only the MT group following
the canonical HVPT method. For the included studies
reporting multiple task results, only the outcome measures
of interest as described in above outcome measures were
included in order to make results comparable across stud-
ies (see Appendix C).

Statistical Analysis

For studies that reported mean, standard deviation,
and cell sample size of the MT and ST groups in the post-
test and/or pretest, we calculated standardized mean differ-
ences with Hedges’ g and its 95% confidence interval (CI)
for group differences of the training-induced gains, follow-
ing the equations recommended by Morris and DeShon
(2002; see Appendix D). Hedges’ g is a variation of
Cohen’s d that includes a correction for bias due to small
sample sizes (Hedges & Olkin, 1985). Studies included in
the meta-analysis were experiments with either the pretest-
training–posttest design for experienced participants (e.g.,
Brosseau-Lapré et al., 2013; Giannakopoulou et al., 2017;
Macdonald, 2012; Wong, 2013) or the training-posttest
(TP) design for participants who have no prior experience
of training inputs (e.g., Deng et al., 2018; Perrachione
et al., 2011; Shehata, 2013). Morris and DeShon (2002)
suggested that effect sizes from different designs can be
combined only when three requirements are satisfied.
First, all effect size estimates must be placed in the same
metric. We satisfied this requirement by computing all effect
sizes with the raw-score metric. Second, effect size estimates
should provide equally good estimates of the treatment ef-
fect. Given random assignment to groups reported in the
studies, the selection bias for the TP design was expected to
be zero and thus results of the two designs should be compa-
rable. For supplementary evidence, we conducted a modera-
tor test to compare the effect sizes across designs. The results
showed similar mean effect size estimates for the alternate
designs, QM(1) = 1.05, p = .31. Third, differences in preci-
sion should be taken into account when aggregating effect
sizes. We accomplished this via weighting studies by the esti-
mated sampling variance of the effect size. Furthermore, for
studies that did not offer sufficient original data, we derived
the effect size and variance from the F value of a one-way
analysis of variance with the two groups, using the esc_ f
function in the esc package (Lüdecke, 2019).

To interpret the effect size, we used the field-specific
benchmarks suggested by (Plonsky and Oswald (2014) in
 on 11/11/2021, Terms of Use: https://pubs.asha.org/pubs/rights_and_permissions 
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which case the magnitude of effect sizes around 0.4 is con-
sidered small, 0.7 medium, and 1 large, considering that
Cohen’s recommendations (Cohen, 1988) may underesti-
mate the range of effects typically obtained in L2 research.
The effect size estimates were calculated using a random-
effects model (DerSimonian–Laird estimate), assuming
that the included studies do not share a common true ef-
fect and there exists significant heterogeneity between the
studies (Hedges & Vevea, 1998). With regards to the cor-
relation between pre- and posttest measures that could not
be determined from the studies, we followed the recom-
mendation of Rosenthal (1993) with a conservative esti-
mate of r = .7. A priori power analysis using the power.
analysis function in the dmetar package (Harrer et al.,
2021) indicated that there were sufficient studies included
in the meta-analysis to detect moderate-to-large effects
(standardized mean difference ≥ 0.7) with moderate het-
erogeneity assumed and the statistical power above 90%.

We assessed between-study heterogeneity and the
impact of heterogeneity using the Cochrane Q statistic
and the I2 statistic (Higgins & Thompson, 2002). The Q
test provides information on whether there is statistically
significant heterogeneity in the observed outcomes, and I2,
as the percentage of total variability across studies that is
due to true differences rather than chance, provides infor-
mation on the extent of the heterogeneity (Borenstein
et al., 2009). The I2 values of 25%, 50%, and 75% were
considered to indicate low, moderate, and high degrees of
heterogeneity (Higgins et al., 2003). Outliers were identi-
fied based on the criteria that the study’s CI did not over-
lap with the CI of the summary effect (Harrer et al.,
2021). We also conducted influential analyses to ensure
that no study unduly influenced the effect size estimate
(Viechtbauer, 2010). Publication bias was assessed by con-
structing a funnel plot and was evaluated with Egger’s test
(Egger et al., 1997). If Egger’s test indicates publication
bias (p < .1), the trim-and-fill method was applied to re-
dress asymmetry (Duval & Tweedie, 2000).

Moderator Variables

Given that a minimum of eight studies is suggested
for appropriate moderation analyses (Borenstein et al.,
2009), the following factors were considered as potential
moderators for this review: The participant-related factors
included mean age, L1, and L2 proficiency; the training-
related factors included sample size, target L2, target
phone (consonants, vowel, and lexical tone), number of
trained phonemes, training task (identification vs. passive
listening), training stimulus type (pseudo word vs. real
word), talker number in MT training, talker presentation
format in MT condition (intermixed vs. blocked), number
of training session, length of training session, input tokens
per session, total number of input tokens, training program
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time span, length of training program, test task (identifica-
tion, discrimination, and identification + discrimination),
test talker type (trained, untrained, and trained + untrained),
test stimulus type (trained, untrained, and trained + un-
trained); study-related factors: year of publication, source of
publication, and study quality.

The moderator analyses were conducted to (a) ex-
amine whether the examined factors contributed to the
between-study heterogeneity and (b) assess the relationship
between the training effect size and the influential factors.
We used mixed-effects models along with Knapp-Hartung
adjustments by utilizing the rma function in the metafor
package in R (Viechtbauer, 2010). The significance of the
test of moderators means that the relationship between the
moderator and the estimated effect is stronger than we
would expect by chance. The regression coefficients, the F
statistics and the p values, and R2, the proportion of vari-
ance explained by the moderator, were reported in the
meta-regression analyses.
Results

Description of Included Studies

Of the 233 articles initially identified, 14 articles
published from 1993 to 2021 were included for the quanti-
tative synthesis (see Figure 1 for the description of selec-
tion process). One article (Lively et al., 1993) was ex-
cluded from the meta-analysis due to insufficient data for
effect size calculations. Among the 14 articles, a total
number of 549 participants (Mage = 22.23 for the 411 par-
ticipants reported in the articles) have been trained and
tested on behavioral tasks in perception and/or produc-
tion. Specifically, six articles assessed both perception and
production gains (Brosseau-Lapré et al., 2013; Davis,
2015; Dong et al., 2019; Macdonald, 2012; Wong, 2013;
Zhang et al., 2021), seven articles tested only perception
gains (Deng et al., 2018; Giannakopoulou et al., 2017;
Hardison, 2003; Lee et al., 2007; Perrachione et al., 2011;
Shehata, 2013; Silpachai, 2020), and one article focused
on production gains (Wiener et al., 2020). For studies
reporting data for several cohorts of participants (Davis,
2015; Perrachione et al., 2011; Wiener et al., 2020; Zhang
et al., 2021), we treated these subgroups as separate stud-
ies. Therefore, a total number of separate studies were 18,
with 16 assessing the perception modality and seven asses-
sing the production. Supplemental Table S2 shows the
general characteristics of the included studies in our quan-
titative analysis.

The 18 reports were published in journals (n = 12),
dissertations (n = 5), and conference articles (n = 1). En-
glish was the most studied target L2 (n = 7), followed by
Chinese (n = 6), French (n = 2), the artificial tone
Zhang et al.: Role of Talker Variability in L2 Learning 7
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language (n = 2), and Arabic (n = 1). The sample size var-
ied from 14 participants (Davis, 2015:2) to 47 participants
(Lee et al., 2007), with 13 studies (around 70%) using
samples between 20 and 40 participants. Nearly all of the
reports represented one common L1 background within
studies, with English (n = 11) being the most represented
language, Chinese (n = 5), Korean (n = 1), and Greek
(n = 1) following. Over half of the studies (n = 12) re-
ported a mean of participants’ age (M = 22.23), and some
of the studies reported a description of participant age
(i.e., “college students” in Davis, 2015; “young adults” in
Perrachione et al., 2011) and others reported a range of
age (i.e., 18–25 in Hardison, 2003; ≥ 18 in Shehata, 2013).
All of the studies described participants’ L2 proficiency, in
which eight studies reported that learners were novices or
beginners, seven studies’ participants were intermediate
learners, and three studies reported on high-level learners.
Seven studies reported the sex ratio for the groups, with
an average sex ratio between male and female being
1:2.35.

The 18 reports employed a variety of training set-
tings. Eight of the studies targeted lexical tones (including
artificial tones) during training, six targeted vowels, and
four focused on consonants. The average number of
trained phonemes was 3.06 (SD = 1.16), together with an
average number of 18.83 (SD = 20.57) phonetic contexts
for each trained phoneme. The average number of input
tokens per session was 167.63 (SD = 123.47). Of the stud-
ies that reported definitive numbers, the average number
of training hours was 3.48 (SD = 2.46), in 9.21 training
sessions (SD = 4.24), over the course of 9.63 days (SD =
8.88). While all of the studies measured immediate train-
ing effects within several days with a maximum of 21 days,
two studies additionally tested the retention of training
effects 1 month (Macdonald, 2012) and 6 months
(Silpachai, 2020) after training. The most common task
of training was an identification task with immediate
feedback (n = 11), and the remaining seven reports used a
passive listening association training task. Half of the
studies used pseudo words as training materials, and the
other half used real words. The MT group received an av-
erage number of five talkers (SD = 1.98) with a range of
3–10. The most common way to introduce multiple talkers
was intermixed within session (n = 13), and five studies in-
troduced only one talker during each session (i.e., blocked
training). Among the 16 reports that tested perception
gains, most used an identification task (n = 13) as test
task, two used a discrimination task, and one used both.
Nine of them used novel talkers in perception test, three
used trained talkers, and four used both trained and un-
trained talkers. Most of the studies used trained stimuli in
test task (n = 9), three used untrained stimuli, and four
used both trained and untrained stimuli. Of the seven
studies testing production gains, four studies used a word
8 Journal of Speech, Language, and Hearing Research • 1–24
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production task, two used a word repetition task, and one
used both two tasks. Three studies used auditory–visual
production prompts, and the remaining four used only vi-
sual prompts (i.e., picture or orthographic prompts). In
the studies that used auditory–visual prompts, the audi-
tory prompts were all produced by trained talkers. More-
over, five of the seven studies used trained stimuli and
two used both trained and untrained stimuli.

The results of the quality assessment of included
studies are provided in Supplemental Table S3. The inter-
rater correlation using Spearman’s correlation was 0.72
(p = .004; Gwet, 2014). The average SQA score of all the
studies was 0.87 (SD = 0.05, min–max [0.79–0.96]).

Effects of Talker Variability

The 18 experiments included sufficient data to calcu-
late effect sizes. Results showed that greater talker vari-
ability training has a small-level effect size aggregated
from perception and production gains obtained immedi-
ately after training (Hedges’ g = 0.46, 95% CI [0.08, 0.84],
p = .02; see Figure 2). The heterogeneity between the in-
cluded studies was significant, Q(17) = 81.80, p < .001,
suggesting great variability in the training results across
the included studies. The large true heterogeneity (I2 =
79.2%) confirmed the considerable variability, indicating
that only about 20% of the heterogeneity was due to sampling
error. Three outliers (Davis, 2015:1:2; Shehata, 2013)
were identified by examining the studies’ CIs that did
not overlap with the CI of the pooled effect. The influ-
ential analyses showed that Shehata (2013) also unduly
influenced the results (Supplemental Figure S1). After
removing these studies, the summary effect size was re-
duced, Hedges’ g = 0.19, 95% CI [0.01, 0.37], p = .04).
The heterogeneity became much smaller and nonsignifi-
cant, Q(14) = 15.44, p = .35; I2 = 9.3%. To assess publica-
tion bias, the visual inspection of funnel plot suggested
asymmetry (see Supplemental Figure S2). The result of
Egger’s test was significant, suggesting the presence of pub-
lication bias (z = 3.33; p = .01). The trim-and-fill method
identified and trimmed seven studies, resulting in a smaller
and nonsignificant estimate (Hedges’ g = −0.04, 95% CI
[−0.46, 0.37], p = .84).

Sensitivity analyses were performed to determine
whether the summary effect size and variance estimates
changed if different values for within-study correlations
had been used. For the correlation between different tasks
and between contrasts, the estimates for the summary ef-
fect size and variance did not change, with g = 0.46 (SE =
0.20) and τ2 = .48 (SE = 0.24) for r = .25 and r = .75. As
for the correlation between perception and production, the
estimates for the summary effect size and variance shifted
very slightly from g = 0.45 (SE = 0.19) and τ2 = .46
(SE = 0.23) for r = .25 to g = .46 (SE = 0.20) and τ2 = .49
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Figure 2. Forest plot with effect sizes (Hedges’ g) and 95% confidence intervals (CIs) for the included studies. Gray squares illustrate individ-
ual effect sizes of differences in accuracy data induced by multiple-talker (MT) and single-talker (ST) training, with the size indicating the rela-
tive weight of each study’ effect size estimate to the analysis. Gray diamond reflects the overall summary effect size across studies. TE =
treatment effect estimate; seTE = standard error of treatment estimate; SMD = standardized mean difference.

Down
(SE = 0.24) for r = .75. These results showed that our find-
ings are robust.

We calculated the summary effect size, respectively,
for the 16 studies testing perceptual gains and the seven
studies testing production gains (see Figure 3). For the
perception modality, the summary effect size was nearly
medium and significant (Hedges’ g = 0.56, 95% CI [0.13,
1.00], p = .01). The heterogeneity between the studies was
significant, Q(15) = 67.03, p < .001; I2 = 77.6%. After re-
moving the three outliers (Davis, 2015:1:2; Shehata, 2013),
the heterogeneity was much smaller and nonsignificant,
Q(12) =11.82, p = .46; I2 < 0.1%, but the summary effect
size was still significant (Hedges’ g = 0.28, 95% CI [0.08,
0.48], p = .01). The summary effect size for production
was much smaller relative to the perceptual effects and
nonsignificant (Hedges’ g = −0.04, 95% CI [−0.57, 0.49],
p = .89). The heterogeneity was large and significant,
Q(6) = 23.40, p < .001; I2 = 74.4%. After removing the
two outliers (Davis, 2015:1:2), the remaining heterogeneity
was nonsignificant, Q(4) = 1.19, p = .88; I2 < 0.1%, and
the summary effect size changed slightly, Hedges’ g =
−0.05, 95% CI [−0.30, 0.20], p = .67. Although the sum-
mary effects of the modalities differed quite substantially,
the subgroup analysis showed that the difference did not
reach statistical significance, QB(1) = 2.94, p = .09.

Additionally, we calculated the summary effect size
from the 10 studies with 372 participants, which tested
perceptual generalizations to untrained talkers (see Supple-
mental Table S4; Deng et al., 2018; Lee et al., 2007:
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Macdonald, 2012; Perrachione et al., 2011:1:2; Shehata,
2013; Silpachai, 2020; Wong, 2013; Zhang et al., 2021:1:2).
Different from the immediate effect, the summary effect size
was significantly large, Hedges’ g = 0.72, 95% CI [0.15, 1.29],
p = .01 (see Figure 4). The heterogeneity between studies
was significant, Q(9) = 41.29, p < .01; I2 = 78.2%. After re-
moving the outlier (Shehata, 2013), the effect size was small
but still significant, Hedges’ g = 0.36, 95% CI [0.11, 0.62],
p = .01, with small-sized heterogeneity across studies,
Q(8) = 7.46, p = .49; I2 < 0.01%.

We also calculated the effect size for the retention
results of two eligible studies, with 19 participants trained
with MT speech and 22 participants trained with ST
speech (Macdonald, 2012; Silpachai, 2020). The summary
effect size was large and significant, Hedges’ g = 1.09,
95% CI [0.39, 1.78], p < .01 (see Figure 4). The heteroge-
neity between the studies was quite small, Q(1) = 0.20,
p = .66, I2 < 0.1%, suggesting high consistency between
the results.

Moderators

We conduced meta-regression analyses on the effect
size of immediate training results of perception and on the
effect size of generalization results to examine potential
factors that might account for some or all of the heteroge-
neity, although the remaining heterogeneity was small and
nonsignificant after removing the outliers. Supplemental
Table S5 and S6 shows the results of the meta-regression
Zhang et al.: Role of Talker Variability in L2 Learning 9
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Figure 3. Forest plot with effect sizes (Hedges’ g) and 95% confidence intervals (CIs) for the included studies across modalities. TE = treat-
ment effect estimate; seTE = standard error of treatment estimate; SMD = standardized mean difference.

Figure 4. Forest plot with effect sizes (Hedges’ g) and 95% confidence intervals (CIs) for the included studies testing generalization to new
talkers and retention of learning after months. TE = treatment effect estimate; seTE = standard error of treatment estimate; SMD = standard-
ized mean difference.
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analyses. For the immediate training results, the length of
training program, F(1,9) = 4.15, p = .07, R2 = 100%, ap-
peared to approach statistical significance. Specifically, the
studies employing longer training length appeared to be as-
sociated with larger effect sizes (see Figure 5). For the gen-
eralization results, the talker presentation format signifi-
cantly moderated the effect size, F(1,7) = 5.94, p = .045,
R2 < 0.1%. More specifically, presenting one talker per
training session (i.e., training sessions are blocked by
talkers) was associated with larger effect size (see Figure 5).

In the immediate training effects on perception, ef-
fect size differences were not significantly associated with
the other factors, including publication source, F(2,10) =
0.28, p = .76; year of publication, F(1,11) = 3.79, p = .08;
study quality, F(1,11) = 0.36, p = .56; L1, F(3,9) = 0.90,
p = .48; sample size, F(1,11) = 3.76, p = .08; mean age,
F(1,8) = 3.46, p = .10; L2 proficiency, F(2,10) = 0.73, p =
.51; target language, F(3,9) = 1.48, p = .28; target phone
type, F(2,10) = 1.00, p = .40; training task, F(1,11) = 0.11,
p = .75; training stimuli type, F(1,11) = 0.51, p = .49; talker
presentation, F(1,11) = 2.65, p = .13; talker number in MT,
F(1,11) = 1.25, p = .29; trained phone number, F(1,11) =
0.01, p = .93; phonetic context number, F(1,11) = 3.42, p =
.09; training session number, F(1,11) = 0.34, p = .57; train-
ing session length, F(1,9) = 2.48, p = .15; token number per
session, F(1,11) = 2.59, p = .14; total token number,
F(1,11) = 2.26, p = .16; time span of training program,
F(1,11) = 0.93, p = .36; test task, F(2,10) = 1.45, p = .28;
test stimuli, F(2,10) = 2.22, p = .16; and test talker,
F(2,10) = 0.84, p = .46.

In the generalization effects, effect sizes were not sig-
nificantly associated with multiple factors, including publi-
cation source, F(2,6) = 0.26, p = .78; year of publication,
F(1,7) = 0.98, p = .36; study quality, F(1,7) = 0.03, p =
.86; L1, F(1,7) = 0.41, p = .54; sample size, F(1,7) = 1.54,
p = .25; mean age, F(1,5) = 3.80, p = .11; L2 proficiency,
Figure 5. Result of meta-regression analysis examining the effect of the
effect sizes.
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F(2,6) = 0.01, p = .99; target language, F(3,5) = 1.60, p =
.30; target phone type, F(1,7) < 0.001, p = .99; training
task, F(1,7) = 0.50, p = .50; training stimuli type, F(1,7) =
0.001, p = .98; talker number in MT, F(1,7) = 0.65, p =
.45; trained phone number, F(1,7) = 0.07, p = .80; pho-
netic context number, F(1,7) = 0.51, p = .50; training ses-
sion number, F(1,7) = 0.36, p = .57; training session
length, F(1,6) = 2.18, p = .19; token number per session,
F(1,7) = 0.04, p = .85; total token number, F(1,7) = 0.24,
p = .64; time span of training program, F(1,7) = 0.82, p =
.40; training length, F(1,6) = 1.99, p = .21; and test stim-
uli, F(2,6) = 0.40, p = .69.
Discussion

Findings of the Present Review

The present systematic review with meta-analysis
aimed to address issues on the role of talker variability in
L2 speech learning. In particular, we were interested in
two main research questions: (a) under what circumstances
talker variability may have a positive impact on nonnative
phonetic learning and (b) how talker variability should be
introduced to adult L2 learners in order to optimize learn-
ing outcomes. The results showed that (a) while the sum-
mary effect size for the benefit of MT over ST speech on
immediate training outcomes was small and not statisti-
cally significant, the effect sizes tended to vary across mo-
dalities, with a significantly moderate positive effect on
perception but no significant effect on production; (b) the
summary effect sizes for the benefit of multiple talkers
were significantly large and positive on perceptual general-
izations to new talkers and long-term retention of learning;
(c) the training program length tended to be significantly
associated with effect size differences in the immediate
length of training session and the talker presentation format on the
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training effects on perception; and (d) the talker representa-
tion format in MT training significantly explained varia-
tions of the generalization effect sizes. These findings high-
light important contributing factors to nonnative phonetic
learning, pointing to several directions for future research.

Larger Summary Effect Size for Gains in
Perception Than Production

We aggregated 18 separate studies on adult L2
speech learning with 549 participants trained under MT
versus ST conditions. We found evidence of a small effect
size (g = 0.46), which was further reduced (g = −0.04) af-
ter removal of the outliers and the unduly influential study
and correction for publication bias. This nonsignificant
small-sized effect appears to indicate that there is no sig-
nificant difference in the training effects induced by MT
inputs and ST inputs. However, this estimate of the summary
effect size was based on the aggregation of both perception
and production measures. We then calculated the summary
effect size for the perceptual gains based on 16 studies and
the production gains from seven studies. The results
showed a significantly positive and moderate effect size of
MT training on perception (g = 0.56) and a nonsignificant
effect size for production (g = −0.04). Although the esti-
mated effect size for production was nonsignificant, caution
is needed for interpreting this null effect in that this meta-
analysis involves a small number of eligible studies. This
small-sized effect for production gains is consistent with
previous meta-analysis findings that perceptual training led
to small-level production gains based on aggregation of 18
eligible HVPT studies (Sakai & Moorman, 2018).

The absence of significant improvement in production
appears to indicate a complex pattern regarding learning
across modalities. The relationship between speech per-
ception and production may not be as straightforward as
commonly assumed. The influential models of L2 speech
learning, the PAM (Best, 1995) and the SLM (Flege, 1995a;
Flege et al., 2021), state that accurate perception of L2
sounds is a prerequisite for accurate production. In keeping
with this notion, it is plausible that production improvement
may involve more extensive efforts and a longer practice pe-
riod. Conceivably, training-induced changes in production
performance are smaller than changes in perception (e.g.,
Bradlow et al., 1997; Iverson et al., 2012; Lambacher et al.,
2005). However, evidence has been found to contradict this
premise. For example, Sheldon and Strange (1982) reported
that some Japanese L2 learners of English could produce the
/r/−/l/ contrast accurately despite their poor perception. No-
tably, Bradlow et al. (1997) showed that although, at group
level, the participants improved on production following
perceptual training, the pattern of individual learning was
mixed. Specifically, some participants showed substantial
improvement in both perception and production, whereas
12 Journal of Speech, Language, and Hearing Research • 1–24
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some demonstrated improvement in perception alone and
others showed improvement in production alone. Conversely,
there were also mixed findings regarding production training
effects on perception (Baese-Berk, 2019; Hattori, 2010;
Leather, 1990). These findings converge to support a general
auditory account suggesting that the targets of perception and
production may be distinct and two modalities are linked at
later stages of processing (e.g., Diehl et al., 2004), instead of
shared representations between the two modalities (e.g., Best,
1995; Fowler, 1986; Liberman et al., 1952, 1967). That is,
speech perception and production may be separated in some
ways but linked in others. In this regard, Flege et al. (1997)
found that L2 learners’ perceptual sensitivity to acoustic prop-
erties could explain a significant amount of variability in L2
learners’ production, while there was also a large amount of
variability in production that could not be accounted for by
the perception data. In future studies, greater consideration is
needed to address under what specific circumstances there
may be the presence or absence of correlations between per-
formance of speech perception and production as well as how
the relationship might shift as a function of language exposure
and proficiency level. For instance, while a significant percep-
tion–production correlation was found in advanced Italian L2
learners of English (Flege et al., 1999), the generalizability of
the results with other language samples remains to be tested.

The second possibility for this small-sized effect is the
production measure used in this meta-analysis. Although
native speakers’ judgment of learners’ productions is one of
the most common methods to measure production perfor-
mance, other measures, such as acoustic measures and score
ratings, may reflect more subtle differences in training-
induced changes (e.g., Kartushina & Martin, 2019). As the
number of eligible studies on production gains was very
limited, our analysis on the transfer effects of perceptual
training to production should be regarded as tentative and
subjective to further verification in future research.

Positive Effects in Generalization and
Retention

Despite the small-level effect size for immediate train-
ing outcomes, we found relatively large positive effect sizes
not only for the generalization results but also for the reten-
tion results. We need to interpret these results with great
caution due to the limited number of eligible studies, espe-
cially regarding the retention results. However, given that
as few as two empirical studies suffice for a meta-analysis
(Pigott, 2012; Valentine et al., 2010), we would like to dis-
cuss as tentative observations that MT training is signifi-
cantly more effective than ST training in terms of percep-
tual generalization of learning to new talkers and long-term
retention of learning outcomes. These findings are consis-
tent with the results of Lively et al. (1993) that the MT
group was more effective to generalize learning to stimuli
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produced by a new talker, although our results could not
provide evidence for the null effect of ST training on gen-
eralization outcomes. Converging support for this general-
ization effect comes from research on accented speech
adaption that exposure to MT speech helps listeners adapt
to novel talkers (Baese-Berk et al., 2013; Bradlow & Bent,
2008). Therefore, the result that exposure to variations
across talker boosts learners’ ability to generalize learning
is not specific to L2 speech learning.

Traditional speech perception theories have accounted
for listeners’ abilities to maintain perceptual constancy by
positing a stage of perceptual normalization, whereby lis-
teners compensate for acoustic variability and obtain the
abstract representation excluding indexical or nonlinguistic
properties, which can then be matched to standardized
forms in long-term memory (e.g., Joos, 1948; Ladefoged &
Broadbent, 1957; Liberman, 1973). Alternatively, re-
searchers adopting an exemplar view of speech perception
(e.g., Johnson, 1994, 1997; Pierrehumbert, 2002) and a non-
analytic episodic view (e.g., Goldinger, 1998; Pisoni, 1997)
reject this normalization process and assume that talker-
specific information is encoded with linguistic contents and
retained in long-term memory. From this exemplar/
nonanalytic perspective, the attended and stored talker var-
iability is assumed to help listeners develop stable and ro-
bust phonetic categories. Pisoni and colleagues suggested
that since listeners are thought to store specific exemplars,
exposing listeners to a wide range of natural stimuli is bet-
ter than exposure to a small number of stimuli because the
distributions of natural stimuli allow them to learn which
cues are reliable, thus forming the multidimensional catego-
rization space for these stimuli (e.g., Lively et al., 1993;
Logan et al., 1991; Pisoni, 1993).

Our finding of the significantly large positive effect
size for retention of learning is consistent with previous re-
search findings that HVPT effects can be retained for sev-
eral months (Bradlow et al., 1999; Lively et al., 1994;
Wang et al., 1999). This finding also aligns with the obser-
vation of talker variability effects on both perceptual (e.g.,
Nygaard et al., 1994) and memory (e.g., Palmeri et al.,
1993) processes that retained talker-specific information
aids subsequent perceptual analysis of linguistic contents
and recognition memory. There would be no such differ-
ences if talker-specific information is simply discarded and
plays no role in supporting the standard, canonical repre-
sentation. In this regard, the abstractionist view would
have greater difficulty than the exemplar/nonanalytic view
in accounting for the large effect sizes of talker variability
obtained for the retention results in this meta-analysis. It
has been suggested that the nervous system would preserve
the perceptual details more reliably than we have believed
(Pisoni, 1997).

More recent training research showed that benefit of
high variability appears to be related with variability in
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irrelevant dimensions for learners to identify reliable cues
to particular contrast (e.g., Banai & Amitay, 2015; Cheng
et al., 2019; Kondaurova & Francis, 2010; Zhang et al.,
2021). Corroborating evidence also comes from develop-
mental research findings that variability in phonological
irrelevant cues is more helpful for infants to learn vocabu-
lary than that of phonological relevant cues (Rost &
McMurray, 2009, 2010). Researchers suggest that idiosyn-
cratic talker properties may prevent talker cues becoming
associated with particular perceived objects at the expense
of phonetically relevant cues (Apfelbaum & McMurray,
2011). These results suggested that variability benefit may
be a general principle underlying perceptual learning.

Moderator Variables of Training Effects

Our meta-regression analyses showed a marginally
significant effect of the training length on the immediate
training results and a significant effect of the talker presen-
tation format on the generalization results, suggesting that
these two moderators may play a role in determining the
benefit of MT training compared with ST training. Of the
11 studies reporting definite number of training length, the
length of training program ranged from 1 to 8 hr. These re-
sults appeared to indicate that the use of multiple talkers
may show benefits with longer training exposure. This is
not unexpected because MT speech is suggested to incur
additional cognitive costs of processing compared with ST
speech due to the increased variability of the way acoustic
and articulatory patterns mapping on to phonological cate-
gories (Assmann et al., 1982; Goldinger et al., 1991; Martin
et al., 1989; Nusbaum & Morin, 1992; Tremblay et al.,
2021), which may even be exacerbated in nonnative lis-
teners compared with native listeners (Antoniou et al.,
2015; Tamati & Pisoni, 2014). However, the effort for deal-
ing with the costs can be reduced with increased exposure
(Martin et al., 1989). In our recent training study (Zhang
et al., 2021), the learning curve across training sessions
showed that the participants trained under the MT condi-
tion tended to exhibit a slower progress rate relative to
those trained under the ST condition in terms of word iden-
tification accuracy assessed in-between training sessions,
but the MT group appeared to catch up after six training
sessions. These results suggested that learners may need
more exposure to take advantage of talker variability
enhancement.

While there is evidence that variability in training in-
puts leads to generalizable learning, the meta-regression re-
sults suggested that unconstrained variability may attenuate
the benefit of MT speech. The talker presentation format in
MT training was found to moderate the effect size of gener-
alization outcomes significantly. Specifically, presenting
one talker per training session (i.e., training session was
blocked by talkers) in MT training was associated with
Zhang et al.: Role of Talker Variability in L2 Learning 13
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greater effect sizes. This finding is consistent with reports
on speech processing that listeners in mixed-talker blocks
exhibit decreases in identification accuracy and delays in re-
sponse time compared with listeners presented with the same
contrasts in ST blocks, indicating that interleaved presenta-
tion of talkers is more taxing in that listeners have to adjust
to a new talker on every trial (Babel & McGuire, 2015;
Mullennix et al., 1989; Nusbaum & Morin, 1992; Stilp &
Theodore, 2020). Nonnative phonetic learning also con-
firmed that blocked training is related to better performance
improvement (Fuhrmeister & Myers, 2020). Furthermore,
Magnuson et al. (2021) observed a constant processing cost
for talker changes regardless of talker familiarity. It is, thus,
not surprising to see that interleaved presentation of talkers
imposes a burden on young learners (Evans & Martin-
Alvarez, 2016; Giannakopoulou et al., 2017; Sinkeviciute
et al., 2019) and novice learners with low-perceptual apti-
tudes (Antoniou & Wong, 2015; Fuhrmeister & Myers,
2020; Kingston, 2003; Perrachione et al., 2011; Sadakata &
McQueen, 2014). It bears noting that, in the series of early
HVPT studies (Bradlow et al., 1997, 1999; Lively et al.,
1993, 1994; Logan et al., 1991), one talker was presented per
block in MT training. It appears that any training setting
that is likely to increase uncertainty may attenuate the benefit
of high-variability training. For instance, the two experiments
in Zhang et al. (2021) showed that increased talker variabil-
ity in an audiovisual training program did not provide addi-
tional benefits, whereas in an audio-only training program,
it did show facilitative effects on nonnative phonetic learn-
ing. One explanation is that slower speech recognition due
to additional costs for processing the varying visual infor-
mation of multiple talkers may exacerbate talker variability
effects for the auditory speech targets (Heald & Nusbaum,
2014).

Although the other factors examined in this meta-
analysis were not significantly associated with the between-
study heterogeneity, caution is needed for interpreting these
nonsignificant results. The result that a factor is not statisti-
cally significant related to effect size differences does not nec-
essarily mean that there is no relationship between the factor
and effect size variations (Hedges & Pigott, 2004). One possi-
bility of the null findings may be attributed to the limited
number of eligible studies. As suggested by Borenstein et al.
(2009), tests of moderators are generally not of very high
power if the number of eligible studies is small. It is possi-
ble that the number of the existing eligible studies was not
large enough for the relationship between the variables of
interest and effect size variations to be detected, particu-
larly given that the between-study heterogeneity was small
after removing the outliers. Therefore, we would like to
consider our meta-analysis results as tentative findings,
showcasing a paucity of research on investigating potential
influential factors that moderate training effects with
greater talker variability.
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Limitations

There are several limitations in our meta-analysis.
First, only accuracy data were included in the present
meta-analysis. Given potential differences in various train-
ing outcome measures, there is a possibility that other mea-
sures of perceptual gains and production gains (for in-
stance, gains in response time data of perception and
acoustic measures of production) might be able to reveal
subtler differences in training effects and support for train-
ing effect size may be strengthened if different outcome
measures could be analyzed. However, not all of the studies
reported these additional measures, and the restricted mea-
sure on accuracy allows a direct analysis for our sample of
included studies. Second, the number of eligible studies
may be too small; in particular, five of the 14 eligible arti-
cles were dissertations and conference articles that are not
peer reviewed, and the number of moderators in the meta-
analysis is large. Results based on a greater number of stud-
ies would provide more convincing arguments with adequate
statistical power. In this regard, more empirical studies are
needed to examine the benefit of greater talker variability to
both perception and production of L2 sounds.

Future Directions

Our systematic review provides important sugges-
tions for future research on L2 perceptual training. First,
more training research is required to explore a variety of
L2 phonetic categories. One widely adopted effective
training method such as HVPT may not be a one-fits-all
technique for any speech sounds. There are well-known in-
teraction effects between L2 sounds and L1 backgrounds
as suggested by the PAM and the SLM, and most of our
included studies in this review focused on English as L1.
In order to determine why talker variability benefits per-
ceptual training, a variety of target phonetic categories
and L1 backgrounds need to be studied. Second, our re-
sults showed the benefit of MT training on generalization
to new talkers, but it remains less clear how learning can
generalize to new phonetic environments. For example,
Lively et al. (1993) demonstrated generalization to a new
phonetic environment, whereas Iverson et al. (2005) found
that training effects did not fully generalize to different
syllable positions. Third, answers for the questions con-
cerning the sufficient (or optimal) number of talkers, or,
more specifically, the amount of talker variability for
learners to benefit from this learning effect, remain un-
known. Furthermore, the talker number may not be a pre-
cise measure for talker variability given that some talkers
are likely to have more variability in their productions
than do others and this within-talker variability may also
have an effect on perception (Newman et al., 2001). For
instance, it has been suggested that there would be more
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talker variability when talker identity is more informative
(Kleinschmidt, 2019). Future research on this issue would
be valuable. Finally, although studies have demonstrated
that training efficacy may depend on learner abilities,
there is still a limited amount of research considering the
role that individual learner differences may play in deter-
mining training outcomes. Such individual factors may in-
clude motivation, personality, musical ability, sound pro-
cessing skills, imitation and articulation skills, and cogni-
tive skills such as working memory, executive function, at-
tentional control, and inhibition in addition to age and
language proficiency (Archila-Suerte et al., 2016; Mora &
Mora-Plaza, 2019; Saito et al., 2021). Therefore, more em-
pirical studies in the future need to look into how these in-
dividual factors may separately or jointly influence talker
variability training effects in various contexts.
Conclusions

This study represents the first meta-analysis to ex-
amine the effect of talker variability on adult L2 phonetic
learning, covering studies published over the past 3 de-
cades that directly contrasted MT training versus ST
training. The results provide tentative suggestions that
while the summary effect size for the benefit of MT over
ST speech on immediate training outcomes is small and
not significant, the effect sizes tend to vary across modali-
ties. More importantly, greater talker variability promotes
perceptual generalization to new talkers and long-term re-
tention of learning outcomes for adult L2 learners. Fur-
thermore, the benefit of MT training may be enhanced by
lengthening training program and reducing the degree of
trial-to-trial variability. The limited number of the eligible
studies for our analysis calls for future efforts to expand
the variety of L1–L2 pairings and target L2 phonemic cat-
egories and explore more potential influential factors in
various contexts for a better understanding of how talker
variability works in joint force with input quantity and
quality, timing, and nature of exposure, as well as learner
characteristics such as domain–general cognitive and audi-
tory processing skills to facilitate the acquisition of differ-
ent types of L2 speech sounds.
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Appendix C

Reasons for the Task Results to be Excluded From Quantitative Synthesis
Year First author Task results: Reason for exclusion

2013 Brosseau-Lapré Production results: no reporting of accuracy data
2003 Hardison Experiment 1: no contrast of MT vs. ST conditions

Experiment 2 production results: no reporting of accuracy data
Experiment 2 audio-only training group: insufficient data for effect size calculation

2012 Macdonald Production results: production component used in training condition
2020 Wiener Subgroup results: production component used in training condition

Word naming: test with immediate feedback
Word identification: test with immediate feedback

2019 Dong Picture naming: requiring meaning-form mapping
Intermixed HV condition: blocked HV condition was chosen because blocked input is more

usual of HVPT
2017 Giannakopoulou Lexical decision: requiring meaning-form mapping
2013 Shehata Lexical decision: requiring meaning-form mapping
2011 Perrachione Intermixed HV condition: blocked HV condition was chosen
2021 Zhang Phoneme identification results: targeting acoustic measures

Note. MT = multiple-talker; ST = single-talker; HV = high variability; HVPT = high-variability phonetic training.
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Equations for Calculating Effect Sizes and Sampling Variance as a Function of the Study Design (Morris & DeShon, 2002)

The calculation for effect sizes of the training-posttest design (TP) is defined as follows:

ESTP ¼ c
Mpost;MT �Mpost;ST

SDpost;p

� �
where the pooled standard deviation (SDpost,p) is defined as

SDpost;p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nMT � 1ð ÞSD2

post;MT þ nST � 1ð ÞSD2
post;ST

nMT þ nST � 2

s

and the bias function c(df) that corrects bias due to small sample sizes is approximated by the following (Hedges, 1982):

c dfð Þ ¼ 1� 3
4df � 1

The sampling variance of ESTP is defined as

σ2TP ¼ 1en
� �

N� 2
N� 4

� �
1þ enES2

TP

� �
� ES2

TP

c dfð Þ½ �2

where ñ = (nMT * nST)/(nMT + nST), N = nMT + nST, and df = N – 2.
The calculation for effect sizes of the PTP design is defined as

ESPTP ¼ c
Mpost;MT �Mpre;MT
	 
� Mpost;ST �Mpre;ST

	 

SDpre;p

� �
where the pooled standard deviation (SDpre,p) is defined as

SDpre;p ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nMT � 1ð ÞSD2

pre;MT þ nST � 1ð ÞSD2
pre;ST

nMT þ nST � 2

s

The sampling variance of ESPTP is defined as

σ2PP ¼ 2 1� pð Þ
nMT

� �
nMT � 1
nMT � 3

� �
1þ nMT

2 1� pð ÞES
2
PTP;MT

� �
� ES2

PTP;MT

c nMT � 1ð Þ½ �2

þ 2 1� pð Þ
nST

� �
nST � 1
nST � 3

� �
1þ nST

2 1� pð ÞES
2
PTP;ST

� �
� ES2

PTP;ST

c nST � 1ð Þ½ �2

where p represents the correlation between pre- and posttest scores.
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