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Abstract
This meta-analysis of 31 studies aimed to determine the effectiveness of perception-based
high variability phonetic training (HVPT) for second language (L2) production learning
and to identify learner-related and methodological variables that influence production
gains. Based on independent effect sizes for 43 within-participant and 17 between-
participant designs, small-to-medium effects of post-training improvement were found.
The average production gains for trained items and untrained items were 10.50% and
4.50%, respectively. Neither strong support for long-term retention of production learning
nor generalization to untrained stimuli was observed, however. Moderator analyses
showed that post-training production gains were influenced by a number of factors related
to learner profiles (age and learning context), training features (provision of phonetic
information, training duration, and training time per session), and features of production
tests (elicitation tasks, prompt modality, and outcome measures). The relationship
between perception and production gains was negligible at the participant level, but was
significant and moderate at the level of individual studies for post-training and retention
data. These findings provide partial support for a perception-production link. This study
makes several recommendations for future studies investigating the effects of HVPT on L2
speech production learning.

Keywords: high variability phonetic training; L2 speech production; meta-analysis; perception-production
link

Introduction
The efficacy of high variability phonetic training (HVPT), an increasingly popular
perceptual training technique, has been widely documented in the literature on
second language (L2) speech learning (Barriuso & Hayes-Harb, 2018; Thomson,
2018). In HVPT, L2 learners are trained to perceive target sounds, which can
include speech segments (vowels and consonants) and/or suprasegmentals
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(e.g., lexical tone), produced by multiple speakers, in varied phonetic contexts. In a
seminal work by Logan et al. (1991), Japanese native speakers of L2 English heard
minimal pair words contrasting /l/ and /r/ (e.g., lead vs. read), indicated which
sound they heard using a two-alternative forced-choice identification task, and
received trial-by-trial corrective feedback. As a result of training, their perception
accuracy improved significantly from pretest (78.1%) to posttest (85.9%).
Subsequent studies have since confirmed that perception accuracy of many other
L2 sounds improves through similar training, including vowels (Lambacher et al.,
2005; Thomson, 2012b), stops (Flege, 1995b), fricatives (Lengeris & Nicolaidis,
2014), tones (Wang et al., 1999), and syllable structures (Huensch & Tremblay,
2015). The benefit of HVPT has also been shown to generalize to improvement in
the perception of trained target sounds in new words/phonetic contexts (Carlet &
Cebrian, 2022) and those produced by unfamiliar talkers (Herd et al., 2013).
Further, gains have been retained for 2 weeks (Lee & Lyster, 2016) to 6 months
(Silpachai, 2020). A recent meta-analysis conducted by Uchihara et al. (2021)
confirmed that HVPT led to large immediate gains in perception (g = 0.96 and
0.97), to their generalization to untrained stimuli, and to long-term retention of
gains in perception.

This area of research is important not only because of its practical implications for
learners but also because it has provided theoretical insights into the relationship
between speech perception and speech production. HVPT research has often found
that perceptual training can lead to improvements in the production of the trained
sounds, even in the absence of an explicit focus on production during training (e.g.,
Bradlow et al., 1997, 1999). The positive effect of perception-only training on
production aligns with Flege’s (1995a) Speech Learning Model (SLM), which
postulates that the accuracy of reliable L2 perceptual representations determines the
degree to which L2 sounds are produced accurately (for a revised model endorsing the
bidirectional perception-production link, see Flege & Bohn, 2021). Nevertheless, the
perception-production link seems to vary considerably across studies, ranging from
0-1% (Hwang & Lee, 2015), 1-7% (Hazan et al., 2005), 4% (Iverson et al., 2012), 6%
(Bradlow et al., 1999), 8% (Lambacher et al., 2005), 18% (Wang et al., 2003), to
21-25% (Okuno & Hardison, 2016). Similarly, correlations between perception and
production gains also vary substantially across studies, ranging from .00 (Bradlow
et al., 1999), .04 (Hwang & Lee, 2015), .19 (Ghaffarvand Mokari &Werner, 2018), .32
(Wong, 2013), .42 (Carlet, 2017) to .55 (Yang et al., 2021). These variations may stem
from different characteristics of learners (e.g., age of learning, length of residence,
learning contexts) and different methodological procedures (e.g., training duration,
provision of phonetic information) adopted by each study (Melnik-Leroy et al., 2022;
Nagle & Baese-Berk, 2022; Thomson, 2022a).

To date, two meta-analyses are available (Sakai & Moorman, 2018; Zhang et al.,
2021). While both provide insights into the source of variation in learning outcomes
as well as the overall effectiveness of HVPT in improving speech production, they
are limited to the examination of a specific component of HVPT (i.e., focusing on a
single component of HVPT or multi-talker variability in Zhang et al., 2021) or a
broader conceptualization of perceptual training (i.e., focusing on various training
procedures including but not limited to HVPT in Sakai & Moorman, 2018). In
response to a recent explosion of HVPT-specific research, including many studies
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since 2018, and the call for real-world application of this specific technique
(Thomson, 2018), the time is ripe for a meta-analysis to examine the overall efficacy
of HVPT and determine ways of maximizing its potential for promoting perception-
to-production transfer. Thus, defining HVPT in terms of three key features (talker
variability, phonetic context variability, and corrective feedback), the current meta-
analysis aims to determine the extent to which perceptual HVPT impacts
production learning and to identify the learner-related and methodological variables
that contribute to between-study variation in the production transfer.

The relationship between L2 speech perception and production

Flege’s (1995a) highly influential SLM makes several claims concerning the
relationship between L2 perception and production. The SLM postulates that
accurate perceptual representations of L2 sounds inform accurate L2 speech
production. A key condition predicting successful L2 pronunciation is that learners
can discriminate phonetic differences that exist between sounds found in their L1
phonological inventory and similar sounds in the L2. When learners can discern
perceptual differences between crosslinguistically similar sounds, a new category for
the L2 will be formed. After the establishment of a new category and with continued
exposure to L2 input, the SLM predicts that learners will eventually be able to produce
the target sound accurately. In contrast, in a recently revised model (SLM-r), Flege
and Bohn (2021) propose a bidirectional, co-evolving perception-production
relationship, adding greater nuance to the perception-first view of L2 speech
development proposed by Flege’s (1995a) SLM. This revised view is more consistent
with Nearey’s (1997) Double-Weak Theory of L1 speech perception and production,
which argues for autonomous yet cooperating perception and production systems.

Existing research almost exclusively supports Flege’s (1995a) original claim that
improvements in production follow improvements in perception, often after a time
lag between the two. Cross-sectional studies have suggested a positive correlation
between perception and production accuracy (Flege et al., 1997, 1999; Baker &
Trofimovich, 2006; Jia et al., 2006; Thomson, 2008; Hattori & Iverson, 2009; Saito &
van Poeteren, 2018; Melnik-Leroy et al., 2022). However, several studies have also
reported nonsignificant correlations (Peperkamp & Bouchon, 2011; Kartushina &
Frauenfelder, 2014). Studies taking a longitudinal approach have found that
improvement in perception preceded improvement in the production of Spanish-like
voice onset time values over the course of a year (Nagle, 2018) and the same pattern
was also observed in a seven-week immersion program (Casillas, 2020). However, a
large amount of variability in production data is often not accounted for by the
perceptual data alone. This indicates that L2 learners’ production accuracy may be
influenced by other factors, such as individual differences in age of arrival (Baker &
Trofimovich, 2006), length of residence (Baker & Trofimovich, 2006), motor control
(Kartushina et al., 2015), attitudes (Nagle, 2018), attention to acoustic cues (Huensch
& Tremblay, 2015), and auditory processing abilities (Saito et al., 2022).

Methodological issues have also received increasing attention as a source of
difficulty in capturing the true relationship between L2 speech perception and
production (Melnik-Leroy et al., 2022; Nagle & Baese-Berk, 2022; Thomson, 2022a).
For example, the discrimination (e.g., AX, ABX, oddity) and forced-choice
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identification tasks most commonly used to measure perception, tap into different
levels of processing, require different skills, and involve different degrees of
cognitive load (Melnik-Leroy et al., 2022). Further, these perceptual measures do
not have perfectly satisfactory analogs for measuring production. The tasks that are
used to measure production also vary widely (e.g., elicited repetition, read aloud,
picture naming, etc.). Different tasks place different cognitive demands on speakers
and may not easily distinguish declarative from procedural knowledge (Llompart &
Reinisch, 2019; Melnik-Leroy et al., 2022; Thomson, 2022a; Thomson & Isaacs,
2009; Thomson & Derwing, 2015).

Another methodological issue concerns the variation in evaluation of L2 speech
production accuracy, ranging from acoustic measurements (e.g., formant measure-
ments in Aliaga-García, 2017), human evaluation of linguistic features (e.g., scalar
rating in Hardison, 2003), and intelligibility measured through native speaker
identification of sounds (e.g., forced-choice recognition task in Bradlow et al., 1999).
As Thomson (2022a) points out, the mismatch in evaluation methods for
perception and production accuracy might attenuate the degree to which perception
and production appear to be linked. For example, studies comparing perception
measured by category discrimination with production judged by native speakers in a
forced-choice identification task (e.g., Flege et al., 1999) might find a smaller
perception-production correlation than would be found if perception were
measured through a forced-choice identification task. Given various concerns
regarding how best to evaluate perception and production and to compare the two,
one of the purposes of the current meta-analysis is to explore the influence of
different choices of elicitation and evaluation methods on the results of a
perception-production relationship.

High variability phonetic training for improving production accuracy

As a perceptual training technique, HVPT aligns with an exemplar view of speech
acquisition (Pierrehumbert, 2001; Zhang et al., 2021). Exemplar theory posits that
every instance of perceptual experience including talker- and item-specific
information is encoded and stored as a detailed perceptual memory (i.e., an
exemplar). As a newly encountered token is compared to the exemplars already
stored, a given phonetic category develops as a function of the frequency and
recency of exposure to specific phonetic information. Fully developed perceptual
knowledge represented by more numerous or more activated exemplars has an
advantage in speech perception (in being recognized with accuracy, speed, and
stability regardless of input variabilities). Given that the formation of such a robust
perceptual category is a prerequisite for accurate production (Flege, 1995a;
Thomson, 2022a, 2022b), HVPT can be considered a useful technique to promote
production learning.

Bradlow et al. (1997) provided initial evidence that perceptual training leads to
improvement in production. L1 Japanese adult learners completed a forced-choice
identification training while listening to words containing an L2 English /l/ and /r/
contrast produced by five talkers in various phonetic contexts. Perception accuracy
improved significantly from pretest to posttest (16.33% gain), and a relatively small
but significant improvement was observed for production accuracy (5.80% gain).
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Improvement in production is also generalized to untrained words. A follow-up
study by Bradlow et al. (1999) further supported the efficacy of HVPT for
production improvement with benefits maintained three months after training was
complete. Positive evidence supporting HVPT for improvement in production,
retention, and generalization has since accumulated across a variety of target sounds
including vowels (Lambacher et al., 2005), stops (Carlet, 2017), fricatives (Li, 2015),
nasal codas (Yang et al., 2021), lexical tones (Wang et al., 2003), and syllable
structures (Huensch & Tremblay, 2015).

The degree to which improvement in perception transfers to production may
vary depending on learners’ individual differences and the methodology used across
studies (e.g., Baker & Trofimovich, 2006; Nagle, 2018, 2021; Sakai & Moorman,
2018). For example, Bradlow et al. (1997) observed considerable variation in
production gains across speakers, and the correlation between perception and
production gains was nonsignificant (rho = .202, p = .522). Similarly, although
not exclusively focused on HVPT studies, a meta-analysis of 18 perceptual training
studies (k = 24) conducted by Sakai and Moorman (2018) found that perception
training led to production improvement with a small effect (d = 0.54, see Plonsky
& Oswald, 2014). In their meta-analysis, the correlation between perception and
production gains at the study level (k = 21, r = .31, p = .18) was small and
nonsignificant, although the lack of statistical significance might have been due to
the relatively small sample size. Sakai and Moorman’s (2018) meta-analysis further
revealed that variables related to learners’ individual differences and methodological
choices (e.g., target phone, context of learning, explicit instruction, and learners’
proficiency) significantly moderated the effectiveness of perception training in
improving L2 production. Finally, we must recognize that production involves not
only reference to the perceptual categories involved in perception but also
articulatory component. This makes production fundamentally different, because
even if individual learners’ perception is accurate, the ease with which they can
efficiently produce the gestures associated with individual sounds varies across
sound categories and individuals (Kartushina et al., 2015).

Motivation for the present study

The current meta-analysis provides a review of studies adopting canonical HVPT
defined as perception training with three central features (talker variability, phonetic
context variability, and feedback) without explicit focus on production practice
(Thomson, 2018). To the best of our knowledge, only two meta-analyses have
previously focused on the HVPT technique (Uchihara et al., 2021; Zhang et al.,
2021). Uchihara et al. (2021) meta-analyzed a total of 78 studies and found an
average perception gain of 14.12% for trained stimuli and 12.96% for untrained
stimuli. Their findings also confirmed the effectiveness of HVPT in terms of
retention and generalization to untrained stimuli. However, their focus was
exclusively on perception outcomes, not perception-to-production transfer. Zhang
et al. (2021) is the only meta-analysis concerning production learning. Yet, Zhang
et al.’s focus was narrow, only meta-analyzing the effect of talker variability,
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comparing multi-talker and single-talker training conditions. Further, they only
examined five studies with seven independent samples (k = 7) to find a
nonsignificant and negligible effect of talker variability on production gains
(g = –0.04; g = –0.05 after two outliers were removed). Moderator analysis was
not conducted due to the limited sample size. Relatedly, with a relatively larger scale
and a broader aim compared to Zhang et al. (2021), Sakai and Moorman’s (2018)
seminal meta-analysis explored how perception-based training in general promotes
speech production learning. However, their wider scope of selection criteria
encompassed studies that adopted a range of perception training methods beyond
HVPT, including perception training with a single talker (e.g., Underbakke, 1993),
listening to a story (Soler-Urzúa, 2011), and evaluating recorded speech of other
students for nativelikeness (Counselman, 2010). Given that HVPT is determined by
the three core components of: (a) variability in talkers, (b) variability in phonetic
context, and (c) immediate feedback (Thomson, 2018, 2022b), the results of their
meta-analysis are unlikely to provide direct insights into the effectiveness of HVPT
in improving L2 production (see Appendix 1 for the summary table of studies
included in Sakai and Moorman’s synthesis).

Thus, the current meta-analysis focusing exclusively on HVPT is unique and
methodologically distinctive from Sakai and Moorman (2018) in that the three
core features are held constant. Notably, our attempt responds to the call for the
application of HVPT in pedagogical practice (Barriuso & Hayes-Harb, 2018;
Thomson, 2018) and the sharp increase in the number of studies adopting the
HVPT procedure (12 HVPT studies in Sakai and Moorman, 2018 vs. 31 HVPT
studies in the current meta-analysis). Utilizing a larger sample size (k = 43) of
studies from the past 32 years (1991 to 2022), our primary goal of this meta-
analysis is to establish the overall effectiveness of HVPT for production learning
(production gains, retention, and generalization). We also aim to clarify learner-
related and methodological variables that may promote (or hinder) the
beneficial effects of HVPT. As such, this meta-analysis is designed to determine
(a) whether HVPT leads to improvements in production; if so, to what extent
features related to (b) learner, (c) training, and (d) outcome measures modulate
the amount of improvement. This research is expected to provide pedagogical
guidance on best practices of HVPT for improving learners’ speech production.

Accordingly, the current study is guided by the following research ques-
tions (RQs):

1. How effective is HVPT without explicit focus on production practice for
improving production accuracy of L2 sounds?

2. Is the improvement in L2 production accuracy retained over time?
3. Is the improvement in L2 production accuracy generalized to new stimuli?
4. Is there a relationship between perception and production gains?
5. What features related to learner, training, and outcome measures of HVPT

influence production gains?
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Method

Replication package
Completed coding sheets and descriptive statistics for each coded study (e.g., effect
sizes, standard errors, and variances) are accessible at https://osf.io/4fu3c/. Analysis
codes for effect-size calculation and moderator analyses from the software used in
this study (Comprehensive Meta-Analysis Software, https://www.meta-analysis.
com/) were not accessible. Thus, we have provided a detailed description of
equations used for calculating effect sizes and step-by-step procedures for
conducting all statistical analyses using the software with raw data files (.cma)
for replication purposes. See Supplementary Materials for a summary of equations
used to calculate effect sizes (Appendix 2) and a list of 31 studies included in the
meta-analysis (Appendix 3).

Literature search

When searching for literature, all manuscript types were considered for this meta-
analysis (i.e., journal articles, book chapters, conference proceedings, and graduate
dissertations). The search process consisted of searching prominent databases,
reviewing previous syntheses on HVPT, and searching/reviewing table of contents
of prominent journals (see Figure 1 for full details). Keywords for searches included:
HVPT, high variability phonetic training, high variability perceptual training, high
variability segmental training, L2 speech perception training, and computer-assisted
pronunciation training. Searches were conducted by the first two authors and
constrained to between 1991, the year of Logan et al.’s (1991) seminal study, and
December 2022. To ensure no manuscripts were missed, final searches were
conducted on Google and Google Scholar.

Inclusion and exclusion criteria

We identified 1,675 reports as potentially eligible to be included in the meta-
analysis. The first and second authors of this study screened the studies with the
following inclusion and exclusion criteria, resulting in a total of 31 reports available
for the current meta-analysis:

(a) The study was an empirical investigation of canonical or perceptual HVPT,
defined as perceptual training in which listeners received auditory stimuli
produced by two or more talkers in multiple phonetic environments. Studies
involving auditory training stimuli produced by a single talker were
excluded. Studies that included production training in the training program
that could not be separated from the perception training were excluded (e.g.,
Mora et al., 2022). This decision was made primarily because of the concern
about the role of self-monitoring production as an additional input and the
potentially negative impact of such input on production learning
(Thomson, 2022b).

(b) The study reported production accuracy. Studies that reported only
perception accuracy data were excluded.
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(c) The study involved a within-participant design (i.e., pretest-posttest
contrast) and/or a between-participant design (i.e., treatment-control
contrast). The control group was defined as the group of participants
taking perception tests without completing perceptual training or complet-
ing perceptual training focusing on untargeted sounds.1

• When the data for a between-participant design were available, the study
reporting gain scores (i.e., pretest-posttest mean differences) for both
treatment and control groups was included. Studies comparing only post-
training performance between the two groups were excluded.

(d) Studies providing phonetic information (e.g., providing a brief description of
articulatory gestures to produce target sounds before training, Rato, 2014) or

Figure 1. Literature search procedure.
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providing audiovisual information during training (e.g., seeing a talker’s
face, Hazan et al., 2005) were included.2

(e) The study provided trial-by-trial feedback. Studies that did not provide
feedback during training were excluded.

(f) The study employed behavioral tasks that reported production accuracy. We
adopted a comprehensive approach to include studies using various types of
production elicitation tasks (e.g., word reading, sentence reading) and
outcome measures (e.g., native speaker identification, acoustic analysis).

(g) The study focused on the learning of segmentals (vowels and consonants)
and/or suprasegmentals (lexical tones and syllable structures). Studies that
focused on linguistic aspects beyond segmental and suprasegmental features
(e.g., dialect, vocabulary) were excluded.

(h) The study involved participants without any reported language or hearing
disabilities whose L2 (not L1) perception was trained.

(i) The report had to be written in English.
(j) The study had to report sufficient statistical information (e.g., sample size,

means, standard deviations, t value, and F value) to calculate effect sizes.

Coding

The coding scheme for this study was first created based on previous systematic
reviews of HVPT and perception training (Barriuso & Hayes-Harb, 2018; Sakai &
Moorman, 2018; Thomson, 2018) and modified through an iterative process of
coding and revision. From the included studies, data were extracted and coded for
study identifiers (authors, year, and publication type) and moderator variables.

Learner features
Regarding learner-related variables, age of testing (AOT), learning context, and
proficiency were coded. AOT was defined as the age at which participants
completed perception training. Learning context was coded as to whether
participants resided in foreign language (FL or a country where L2 is not spoken)
or second language (SL or a country where L2 is spoken) contexts at the time of
testing. Proficiency was first categorized into six levels (novice vs. beginner vs. lower
intermediate vs. intermediate vs. upper intermediate vs. advanced). Because the
number of samples for some of the categories was limited (k for novice and upper
intermediate = 2 respectively), these categories were combined to re-create three
proficiency levels: lower level (novice + beginner + lower intermediate),
intermediate, and higher level (upper intermediate + advanced). Studies involving
learners with different proficiency levels were coded as mixed.

According to the hypothesis of Iverson et al. (2012), HVPT may have little effect
on experienced learners residing in the L2 naturalistic environment because it
provides the opportunity for learners to receive a wider range of phonetic input in
daily life. It was therefore expected that higher-proficiency learners living in SL
contexts would benefit less from HVPT compared to lower-proficiency learners in
FL contexts (but see Georgiou, 2021 for counterevidence in the case of L2 vowel
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discrimination). Regarding AOT, given the limited age ranges of the participants in
this synthesis (age = 12 to 37), a strong effect of AOT was not expected. However,
based on the SLM (Flege, 1995a), younger learners were predicted to benefit more
from HVPT than older learners (e.g., see Shinohara & Iverson, 2021 for evidence
showing the advantage for adolescents [15-18 years of age] over adults [25 years of
age] in perception gains).

Training features
Motivated by Thomson’s (2018) critical review of HVPT studies, we selected seven
variables related to training features (type of test items, target phones, phonetic
information, training duration, number of talkers, training time per session [min],
and total training time [min]). The goal of this analysis is practically oriented in
order to examine ways to optimize the efficacy of HVPT for production learning.
The type of test items were coded as either old or new items (in response to RQ3
regarding generalization of learning). New items were defined as stimuli that did not
occur during training, whereas old items were stimuli that occurred during training.
Target phones were coded for segmental (obstruent, sonorant, and vowel) and
suprasegmental features (lexical tone and constraint on syllable structure). Phonetic
information was coded dichotomously regarding whether participants were
provided with articulatory information about target sounds before training.
Training duration was coded categorically (the training lasted for less than 1 month
vs. 1 month or longer).

Production measures
One important responsibility of meta-analysts is scrutinizing the methodological
variabilities across studies with the aim of providing methodological guidance for
future research. Thus, we followed the common practice of earlier meta-analyses on
L2 pronunciation learning (Lee et al., 2015; Sakai & Moorman, 2018; Saito &
Plonsky, 2019; Saito, 2021) to focus on examining the effects of variables related to
the choice of production measures.

We examined four variables related to production measures (outcome measures,
rater experience, elicitation tasks, and prompt modality). Outcome measures were
coded as acoustic analysis, native speaker identification, scalar rating, or transcription
of L2 speech. Production elicitation tasks included word reading, sentence reading,
recalling, and repetition. Prompt modality concerned whether written or spoken
input (or both) was presented in eliciting the production of target sounds.

Rater experience was defined as whether raters received training, had language
teaching experience, or education in phonetics. Raters who did not receive any
training or had no experience in L2 teaching or phonetics were classified as
inexperienced raters. The L2 speech literature has suggested that experienced raters
who are familiar with foreign accents (Kennedy & Trofimovich, 2008) and have a
linguistics and/or teaching background (Saito et al., 2017) tend to be more lenient in
evaluating L2 speech performance. Despite the varying degrees of leniency
depending on rater backgrounds, untrained or inexperienced raters generally
provide consistent and reliable judgments (Derwing et al., 2004; but see Isaacs &
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Thomson, 2013 for evidence pointing to a qualitatively different rating process).
Given that the sufficient rating consistency can be expected from inexperienced
raters, we predicted that there would not be any major impact on rater experience.

The first two authors coded the studies independently in the first round.
Intercoder agreement of 100% was achieved for all variables except L2 proficiency.
To ensure the accuracy of coding for proficiency, a second round of coding was
completed. The intercoder reliability between the two coders was 96.78% with the
sole disagreement discussed and agreed upon.

Data analysis

To compute the weighted mean effect size and conduct moderator analysis, we
employed the Comprehensive Meta-Analysis (Version 3.3) software. We relied on
Hedges’ g as the basic unit of analysis, a transformed version of Cohen’s d which
corrects for bias in small samples. To answer RQ1 regarding the transfer of HVPT to
L2 production, we conducted two separate analyses according to different study
designs: within-participant effect sizes (i.e., the mean difference between pretest and
posttest scores) and between-participant effect sizes (i.e., the mean difference in gain
scores between HVPT treatment and control groups). Several studies reported
multiple descriptive data from the same participants (the use of multiple elicitation
tasks such as word reading and sentence reading, outcome measures such as
identification and transcription, prompt modality, target phones, and test item
types). Thus, such multiple scores except outcome measures were averaged to yield a
single score to avoid violating the requirement of independence of observations.
When multiple outcome measures were available, we followed Sakai and Moorman
(2018) to select the elicited production with native speaker identifications as the
representative task. As a result, a total of 43 independent effect sizes were available
for the analysis of within-participant data, and 17 independent effect sizes were
available for the analysis of between-participant data. The L2 field-specific
benchmarks for independent standardized mean differences were used to interpret
the findings (.40 for small, .70 for medium, and 1.00 for large effects; Plonsky &
Oswald, 2014).

To answer RQ2 regarding the retention of gains in production, we computed the
weighted standardized mean difference (a) between post-training accuracy scores
and delayed posttest scores and (b) between pretest scores and delayed posttest
scores. Studies reporting delayed posttest scores were first selected for this analysis
(k = 10). The same procedure as used for calculating the pretest-posttest mean
difference to answer RQ1 was adopted to calculate the two types of effect size
(posttests vs. delayed posttests and pretests vs. delayed posttests). The mean interval
between posttests and delayed posttests was 1.4 months (range = 0.5 to 3 months).

To answer RQ3 (examining the generalization of production learning) and RQ5
(examining features of HVPT that predict production gains), we used a mixed-
effects model to conduct moderator analysis with 10 categorical and four
continuous variables. Moderator analyses were conducted with a between-group
Q statistic for predetermined categorical variables. For continuous variables, meta-
regression analyses were conducted with a full Maximum Likelihood method. The
moderator analyses were conducted only for the within-participant data given the
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statistical robustness with the larger sample size (k = 43) compared to the between-
participant data (k = 17). In the moderator analysis of outcome measures,
production elicitation tasks, prompt modality, and test item types, we followed Sakai
and Moorman (2018) to include a separate analysis of effect sizes from all studies
reporting the information about the four variables without averaging them to yield a
single score per study.

To answer RQ4 regarding the relationship between perception and production
gains, we adopted two levels of analysis (i.e., participant and study level). The first
approach at the participant level was to focus on 21 studies reporting correlation
coefficients between perception and production gains. With the Comprehensive
Meta-Analysis (Version 3.3), we conducted a random-effects model to compute the
weighted mean correlation. In order to provide a fuller picture of the extent to which
perception and production accuracy are associated at different time points of testing,
the same analyses were conducted for the studies reporting the correlation for pretest
performance (k = 14) and for posttest performance (k = 13). The second approach
was to focus on a study-level correlation between perception and production gain
scores (see Sakai & Moorman, 2018). In 38 studies, the standardized mean difference
between pretest and posttest scores (or within-participant Hedges’ g) was available for
both perception and production data. We conducted a Pearson correlation analysis
between perception and production effect sizes for post-training data (k = 38) and a
Spearman correlation analysis for retention data (k = 14). The effect size was
interpreted based on Plonsky and Oswald’s (2014) benchmarks: small (r = .25),
medium (r = .40), and large (r = .60).

Results
Description of included studies

Thirty-one articles published between 1991 and 2022 passed all inclusion and
exclusion criteria with the exception of reporting sufficient data for the quantitative
synthesis. These 31 reports were published journal articles (n = 16), doctoral
dissertations (n = 10), conference proceedings (n = 4), and a book chapter
(n = 1). The average sample size per study was 17.06 (SD = 9.76). Twenty-nine
out of 31 articles reported production accuracy scores by native speaker
identification in percentage, out of which the information of test item types (old
and new items) was available. The unweighted mean gain from pretests to posttests
was 10.56% (k = 9, SD = 8.60%, 95% CI [3.94, 17.17]) for old items and 4.5%
(k = 12, SD = 3.94%, 95% CI [1.99, 7.01]) for new items. Production gains
appeared to be higher when learners produced trained test items than when
producing untrained test items. Thirty-one reports yielded 43 independent effect
sizes for pretest-posttest gains, of which 17 studies compared production gains from
treatment and control groups.

Forty-three experiments targeted participants with various L1 backgrounds,
including Japanese (k = 10), Korean (k = 7), English (k = 7), Chinese (k = 6),
Catalan-Spanish (k = 5), Spanish (k = 4), and Greek and Thai (k = 4). The vast
majority focused on L2 English (k = 33), followed by Mandarin Chinese (k = 5),
Japanese (k = 3), Spanish (k = 1), and French (k = 1). Of the studies that reported
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definitive numbers, the average age at which learners participated in the training
experiments was 23.89 years old (range = 12–37). About half of the experiments
focused on university students (k = 26), and other experiments targeted students in
secondary school (k = 4), primary school (k = 1), and language institutes (k = 7).

Regarding the materials and procedures for perception training, all experiments
adopted identification training tasks except for two which utilized discrimination
training tasks. The experiments focused on vowels (k = 20), obstruents (k = 8),
sonorants (k = 8), lexical tones (k = 3), and syllable structures (k = 2). The
number of talkers ranged from 3 to 30 (M = 6.6) with the majority of experiments
involving 4 talkers (k = 21). Training intensity varied across experiments. The
average number of training sessions was 11 (SD = 8.7; range = 3–45 sessions), the
average amount of training time per session was 35.77 min (SD = 17.7;
range = 10–75 min), and the average total amount of training time was 310.64
min (SD = 204.8; range = 60–1125 min).

With respect to production elicitation and outcome measures, all experiments
utilized controlled production tasks such as word reading (k = 21), sentence
reading (k = 11), repetition (k = 7), and recalling (k = 5). All repetition tasks
except Bradlow et al. (1999) were considered delayed repetition as efforts were made
to avoid the influence of auditory input of a native speaker model by, for example,
inserting a 3000 ms interval (Aliaga-García, 2017) or a white noise distractor (Dong
et al., 2019) before pronouncing target items. Elicited speech samples were evaluated
by means of native speaker identification (k = 23), scalar rating (k = 21),
orthographic or phonetic transcription (k = 4), and acoustic analysis (k = 3).
Experiments using native speaker identification involved an average of 20.2 raters
(range = 2–110) and the average number of raters per speech sample was 7
(range = 1–28). Interrater reliability was reported in 10 out of 23 experiments
(43%) using a wide range of measures (i.e., Cronbach’s alpha, Kendall’s W, Cohen’s
kappa, correlation coefficient, and percentage agreement). Experiments employing
scalar rating assessment adopted different number of scale points (M = 6.5,
range = 3–11) with production accuracy defined as comprehensibility (e.g., how
easy or difficult to identify L2 sounds: Carlet, 2017), nativelikeness (e.g., native-like
vs. clearly not native: Macdonald, 2012), or simple correctness (e.g., bad vs.
excellent: Hazan et al., 2005). The average number of raters per experiment was 14.6
(range = 2–40), and the average number of raters per speech sample was 7.4
(range = 2–26). Interrater reliability was reported in 13 out of 21 experiments
(62%) using intraclass correlation coefficients, Cronbach’s alpha (range = 0.78–
0.85), and percentage agreement. Four experiments had raters (range = 3–110 per
experiment and range = 3–20 per speech sample) orthographically or phonetically
transcribe elicited samples, out of which two experiments from one study reported
interrater reliability (i.e., Cronbach’s alpha).

RQ1: How effective is HVPT for improvement of production accuracy?

To examine the transfer of HVPT to production, we conducted two sets of effect-
size aggregation analyses, one for within-participant effect sizes and one for
between-participant effect sizes. First, we inspected 43 effect sizes of production gain
scores for potential outliers. Li (2015), considered a potential outlier in the current
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data (> 3SD), would have a misleadingly substantial impact on the overall mean
effect of HVPT (g = 0.49 → 0.56). Because the overestimation of the mean effect
due to the single study sample was concerning, Li (2015) was identified as an outlier
and removed from the subsequent analysis. A follow-up inspection was conducted
by repeatedly calculating the mean effect size after removing every study one at a
time to gauge the impact of a single effect size on the overall mean result. The one-
study-removed analysis showed no substantial change in the mean effect size in the
remaining 42 samples (range = 0.47 to 0.51), indicating no further obvious outliers
in the final data set. The result based on the 42 effect sizes showed a significant and
small effect of training on production improvement, g = 0.49, SE = 0.07, 95% CI
[0.36, 0.62], p < .001. Publication bias was assessed with a funnel plot (Figure 2).
Three studies with a lower precision (or higher SE) appear to produce larger effect
sizes. The Egger’s test was significant, suggesting the presence of publication bias,
t(40) = 4.66, p < .001. However, the trim-and-fill method identified no studies to
be imputed, and the classic fail-safe N test showed that 1,726 studies would be
needed to nullify the significant training effect at p > .050. These results indicate
that the issue with publication bias was not considered serious in our data set.

In addition to estimating the mean effect size for the pretest-posttest difference,
we aggregated the 17 independent effect sizes for the difference of production gain
scores between the treatment and control groups. No studies were identified as
outliers, and the one-study-removed analysis showed no substantial change in the
data set of 17 observed effect sizes (range = 0.58 to 0.71). The result of effect-size
aggregation showed a significant and medium effect of training on production
improvement, g = 0.66, SE = 0.12, 95% CI [0.42, 0.90], p < .001, indicating that
treatment groups receiving HVPT improved to a greater degree compared to

Figure 2. Funnel plot of production effect sizes (mean pretest-posttest differences) by standard error.
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control groups. Publication bias was assessed with a funnel plot (Figure 3). The
Egger’s test was significant, t(15) = 2.78, p = .014, indicating the presence of
publication bias. However, the trim-and-fill method identified no studies to be
imputed, and the classic fail-safe N test showed that 224 studies would be needed to
nullify the significant training effect at p> .050. These results indicate that the issue
with publication bias was not considered serious in our data set.

RQ2: Is the production gain retained?

Based on 10 studies reporting production scores at pretest, posttest, and delayed
posttest, two analyses of effect-size aggregation were conducted, one for pretest-
delayed posttest comparison and one for posttest-delayed posttest comparison
(mean retention interval = 1.4 months, range = 0.5 to 3 months). The mean effect
size for the production gain from pretest to delayed posttest was small and
approached statistical significance, g = 0.26, SE = 0.13, 95% CI [0.00, 0.52],
p = .053. The mean effect size for the contrast of posttest and delayed posttest
performance was negligible and not significant, g = –0.10, SE = 0.15, 95% CI
[–0.39, 0.19], p = .506. In summary, the result that the post-training effect initially
observed in answer to RQ1 (g = 0.49) decayed approximately after 1.4 months
(g = 0.26), despite the lack of significant difference between posttest and delayed
posttest performance, does not provide strong support for the retention of
production learning.

Figure 3. Funnel plot of production effect sizes (mean treatment-control differences) by standard error.
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RQ3: Is the production gain generalized?

This analysis was based on 40 within-participant studies reporting the test stimuli
type (old or new items). The mean effect size was calculated for old items (i.e., items
that occurred during training, k = 26) and new items (i.e., items that did not occur
during training, k = 14) separately. The mean effect size for old items was medium
and significant, g = 0.61, SE = 0.09, 95% CI [0.43, 0.79], p< .001, whereas for new
items the training effect was small and approached significance, g = 0.20,
SE = 0.12, 95% CI [–0.03, 0.43], p = .091. The difference in the training effects
between old and new items was significant, Q(1) = 7.76, p = .005, indicating that
production of L2 sounds was more accurate when learners produced trained items
than when producing untrained items.

RQ4: Is there a relationship between perception and production gains?

The relationship between perception and production gains was examined at the
participant and study levels. At the participant level, 21 studies reported the
correlation between perception and production gains. The effect-size aggregation
showed that the mean correlation was negligible and nonsignificant, r = .09, 95%
CI [–.02, .20], p = .122. The heterogeneity test showed that the variation in effect
size was negligible, Q(20) = 14.86, I-squared = 0.00, p = .784. To explore an
overall picture of the perception-production connection at different times of testing,
two additional analyses focusing on the pretest- and posttest-level correlation
respectively were also conducted. The mean effect size was significant and small to
medium for the pretest correlation (k = 14, r = .41, 95% CI [.23, .56], p < .001)
and for the posttest correlation (k = 13, r = .33, 95% CI [.19, .46], p < .001).

At the study level, we conducted correlational analysis between the effect sizes
(Hedges’ g) of perception and production improvement (pretest-posttest improve-
ment: k = 38) and retention (pretest-delayed-posttest improvement: k = 14). Two
studies (Li, 2015; Reyes & Hazan, 2021) were identified as outliers (> 3 SD) and
removed from the analysis (k = 36). Figure 4 shows a linear relationship between
perception improvement (unweighted mean = 1.08, 95% CI [0.89, 1.26]) and
production improvement (unweighted mean = 0.56, 95% CI [0.40, 0.72]),
indicating that studies which show a larger improvement in perception accuracy
were more likely to demonstrate a larger improvement in production accuracy. This
trend was confirmed with the result of Pearson correlation analysis showing a
significant and medium effect size (r = .45, 95% CI [.14, .68], p = .006). Regarding
the retention data (see Figure 5), Spearman’s correlation analysis was conducted due
to small sample size (k = 14), showing a significant and large correlation between
perception and production retention (rho = .78, 95% CI [.42, .93], p < .001).

RQ5: Which features of HVPT influence production gains?

Moderator analysis was conducted on nine categorical variables. The results are
summarized in Table 1. The effect of learning context was approaching significance
(p = .082), with a larger effect of training observed for learners in FL contexts
(g = 0.60) compared to those in SL contexts (g = 0.34). L2 proficiency and target
phones were not significant moderators of production gains (p > .050), indicating
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that HVPT appears to work uniformly regardless of learners’ proficiency levels or
target L2 sounds. Provision of phonetic information was a significant moderator
(p = .029), indicating that a training effect was larger when phonetic information
was provided (g = 0.94) than when it was not provided (g = 0.45). Regarding
training duration, a larger effect was found when training lasted for less than one
month (g = 0.61) compared to when it continued for one month or longer
(g = 0.32), and the difference approached significance (p = .054). The use of
different outcome measures significantly moderated production gains (p = .012),
with transcription producing a larger effect (g = 1.14) compared to acoustic
analysis (g = 0.18), identification (g = 0.45), and rating (g = 0.28). No significant
effect of rater experience was found, indicating that results were not greatly
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Figure 4. Scatterplot of perception and production gains (pretest-posttest improvement).
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Figure 5. Scatterplot of perception and production retention (pretest-delayed-posttest improvement).
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Table 1. Moderator analyses for categorical variables (pretest-posttest comparison)

95% CI Q tests

Variables k g SE LL, UL p Q p

Learning context 3.02 .082

FL 27 0.60 0.08 0.43, 0.76 <.001

SL 12 0.34 0.12 0.10, 0.58 .006

Proficiency 1.34 .719

Higher level 11 0.55 0.13 0.30, 0.81 <.001

Intermediate 6 0.51 0.18 0.15, 0.87 .005

Lower level 11 0.45 0.13 0.21, 0.70 <.001

Mixed 8 0.34 0.14 0.06, 0.62 .016

Target phone 0.39 .983

Obstruent 5 0.43 0.20 0.03, 0.83 .034

Sonorant 8 0.55 0.17 0.22, 0.88 .001

Syllable 2 0.65 0.33 0.01, 1.30 .048

Tone 3 0.55 0.27 0.02, 1.08 .043

Vowel 20 0.53 0.10 0.33, 0.74 <.001

Phonetic information 4.47 .029

Yes 4 0.94 0.21 0.52, 1.36 <.001

No 38 0.45 0.07 0.32, 0.58 <.001

Duration 3.71 .054

≥ 1 month 12 0.32 0.12 0.09, 0.55 .006

< 1 month 24 0.61 0.09 0.43, 0.79 <.001

Outcome measure 11.04 .012

Acoustic analysis 3 0.18 0.24 –0.29, 0.66 .438

Identification 23 0.45 0.09 0.29, 0.63 <.001

Rating 20 0.28 0.09 0.10, 0.46 .002

Transcription 4 1.14 0.26 0.64, 1.65 <.001

Rater experience 0.32 .574

Experienced 24 0.44 0.09 0.26, 0.62 <.001

Inexperienced 13 0.36 0.12 0.12, 0.59 .003

Elicitation task 5.43 .143

Recall 5 0.58 0.20 0.18, 0.97 .005

Repetition 7 0.28 0.17 –0.06, 0.62 .105

Sentence reading 10 0.45 0.15 0.17, 0.74 .002

Word reading 21 0.72 0.11 0.51, 0.94 <.001

(Continued)
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influenced by whether L2 sounds were evaluated by experienced (g = 0.44) or
inexperienced raters (g = 0.36). Although elicitation tasks did not exert a
significant impact on production gains (p = .143), word reading yielded a
relatively larger training effect (g = 0.72) compared to recalling (g = 0.58),
repetition (g = 0.28), and sentence reading (g = 0.45). Further analysis of prompt
modality in eliciting the production showed that input modality was a marginally
significant moderator of production gains (p = .087). The training effect was
smaller when L2 sound production was elicited only through auditory input
(g = 0.19) compared to only through written input (g = 0.62) or combined written
and auditory input (g = 0.56).

Second, meta-regression analysis was conducted to examine whether four
continuous variables predict production gains. The age at which learners participated
in perception training (AOT) was negatively associated with production gains with
marginal significance, k = 38, coefficient = –0.024, SE = 0.013, 95% CI [–0.049,
0.000], p = .053, indicating that younger participants benefited from HVPT to a
greater extent than older participants. The number of talkers was not a significant
predictor of production gains, k = 40, coefficient = –0.012, SE = 0.011, 95% CI
[–0.033, 0.009], p = .250. Although no significant impact of total training time was
found, k = 38, coefficient = 0.000, SE = 0.000, 95% CI [–0.001, 0.001]. p = .524,
training time per session was negatively associated with production gains, k = 38,
coefficient = –0.009, SE = 0.004, 95% CI [–0.016, –0.001], p = .022. These results
indicate that production gains tended to become smaller when learners spent more
time on perception practice in each session, while the total amount of time they spend
on practice did not promote or hinder the gains in production.

Discussion
How effective is HVPT for improving speech production accuracy?

In answer to RQ1, small-to-medium effects of HVPT for production gains were
found (g = 0.49 for pretest-posttest comparison, g = 0.66 for treatment and
control comparison). These findings are consistent with the previous meta-analysis
by Sakai and Moorman (2018) focusing on studies of general perception training
(d = 0.54 for pretest-posttest comparison; d = 0.89 for treatment and control
comparison). The relatively smaller gains for production were observed compared

Table 1. (Continued )

95% CI Q tests

Variables k g SE LL, UL p Q p

Prompt modality 4.89 .087

Auditory input 6 0.19 0.17 –0.15, 0.54 .265

Written input 35 0.62 0.08 0.46, 0.77 .012

Auditory + written input 4 0.56 0.22 0.12, 1.00 .012

Notes: CI = confidence interval; SE = standard error; LL = lower limit; UL = upper limit.
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to perception (g = 0.96 for pretest-posttest comparison; g = 0.97 for treatment and
control comparison) according to a recent meta-analysis of HVPT for perception
learning (Uchihara et al., 2021).

In answer to RQ2 and RQ3 regarding retention and generalization, the analyses
indicate that the effect of perception-to-production transfer may not be long-lasting,
and production gains may not be generalizable to untrained stimuli. Although no clear
difference was found between posttest and delayed posttest accuracy (g = –0.10), the
long-term improvement from pretest to delayed posttest was considered very small
(g = 0.26) and appeared to be on a trajectory of regression towards the learners’
starting point prior to training.

As for generalization to new phonetic contexts/words, the medium effect
(g = 0.61) was observed for learning old items (i.e., stimuli that appeared during
training), whereas a marginally significant and small effect (g = 0.20, p = .091) was
found for learning new items (i.e., stimuli that did not occur during training). These
findings contrast with previous meta-analysis findings for perception learning
(Uchihara et al., 2021) that found, for retention, perception at the delayed posttest
was much more accurate than perception at the pretest (g = 0.98) and a negligible
difference was observed between posttest and delayed posttest (g = –0.08,
p = .058). For generalization, perception gains for old items and old talkers
(g = 0.91) and for new items and new talkers (g = 0.96) were almost comparable.

In answer to RQ4 regarding the correlational link between perception and
production gains, the results of correlation analyses between perception and
production were not consistent across levels of analysis. At the participant level, a
nonsignificant and negligible relationship was found (r = .09). At the study level, a
significant and medium-sized relationship (r = .45) was found for perception and
production gains (comparable to the finding of Sakai & Moorman, 2018:
rho = .39), and a larger correlation was observed for retention data (rho = .78).
Although the relatively large correlations observed at the study level seem to suggest
the strong link between speech perception and production, the results need to be
interpreted with caution. The study-level results may simply indicate that the studies
with the higher quality of training setup and implementation are likely to improve
both perception and production accuracy (Thomson, 2012b), not necessarily
suggesting a causal relationship between perception and production.

The findings can be summarized as follows: (a) perception-only training led to
moderate production gains; (b) strong support for the retention of production gains was
lacking; (c) production learning was not generalized to new items; (d) the correlation
between perception and production gains at the participant level was negligible,
although moderate-to-large correlations were found at the study level. These findings
collectively do not provide strong evidence for perception-to-production transfer as a
result of exposure to high variability input with corrective feedback.

The failure of transfer may be largely because of the time-lagged nature of the
relationship between perception and production development (Nagle, 2018, 2021;
Nagle & Baese-Berk, 2022). According to the SLM (Flege, 1995a) and SLM-r (Flege
& Bohn, 2021), the mechanisms underlying L1 speech learning are still available to
L2 learners, but our findings suggest that accessing production mechanisms, while
still possible, is more difficult than accessing perceptual mechanisms. This is likely
because the two mechanisms are distinct despite being connected. Perceptual
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changes are cognitive, while articulatory processes include both cognitive and
physical components. On the articulation side, motor movements in a learner’s L1
are so automatic that initiating a new articulatory command is difficult after a
certain age (Scovel, 1969). This is true of motor skills that are unrelated to speech,
such as athletes attempting to change an established running gait or golfers
modifying their swings, etc. Relatedly, the time lag between improvement in L2
perception and production may be accentuated to a greater extent, given that
learners’ own productions may become the primary input to their new L2 system.
L2 listeners without articulatory control fine-tuned to the L2 system may bring their
own perceptual distortions to the production task (Thomson, 2022a). Conversely,
the current findings did not provide strong support for the gesturalist claim that
perception of L2 speech relies on knowing how to produce the sound using
articulatory gestures (PAM-L2: Best & Tyler, 2007). If perception learning required
the perceiver to fully understand how to use the articulatory gestures, a stronger
perception-to-production transfer in terms of immediate gains, retention, and
generalization would have been observed.

Alternatively, the correlational data at the participant level suggest a stronger link
between speech perception and production at a fixed point in time. Despite the
absence of a significant correlation for gain scores, significant and moderate overall
correlations were found for pretest (r = 0.41) and posttest (r = 0.33) data. Because
these correlations do not reflect perception and production gains as a result of
training, the findings indicate that learners who can accurately perceive target
sounds tend to produce the sounds accurately at a fixed point in time. These
findings, especially the fact that the correlation at the pretest is slightly higher than
that at the posttest, imply that the perception-production link may emerge on the
robust and stable representations developed through past L2 experience for a long
term. In order to see a stronger link in training data, a rigorous longitudinal study
tracking the progress in perception and production over an extended period of time
is warranted (e.g., Nagle, 2018).

What factors moderate the transfer of HVPT to L2 production?

To answer RQ5, we explored the effects of nine categorical and four continuous
variables on production improvement. L2 proficiency and target phones were not
found as significant variables, indicating that HVPT seems to be beneficial in
production learning for learners with different proficiency levels and for various
target sounds including segmental (i.e., vowels and consonants) and suprasegmental
features (i.e., lexical tones and syllable structures). This aligns with an exemplar view
of speech learning, or Flege (1995a)’s emphasis on the role of relative experience
with oral language. While proficiency in English varies across learners, this is often
rooted in differences in written language proficiency (especially in FL contexts),
which will not provide the sort of auditory input necessary for the development of
L2 speech categories. As such, an L2 learner may develop advanced proficiency in
reading, vocabulary, and grammar without much experience in listening. Such
advanced proficiency learners appear to benefit from HVPT as much as lower-
proficiency learners.
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Rater experience did not significantly affect perceived intelligibility of L2
production. A slightly larger effect size for experienced raters (g = .44) compared to
inexperienced raters (g = 0.36) may point to a higher consistency for experienced
raters (Isaacs & Thomson, 2013). However, the small and nonsignificant difference
suggests that the choice of experienced or inexperienced raters does not appear to
substantially affect the evaluation of L2 production accuracy. Both experienced and
less experienced raters were equally reliable. The number of talkers during training
was not a significant predictor, suggesting that increasing or decreasing talker
variability within the range of 3 to 30 may not affect the transfer of HVPT to
production. A minimum of 3 talkers may be sufficient for significant production
gains to be observed. However, the majority of studies limited the number of talkers
from 3 to 6 (k = 37); thus, talker effects with greater numbers need to be explored
in future research before the optimal number of talkers is determined. On the other
hand, other variables related to learner profiles (learning context and AOT),
training features (phonetic information, duration, and training time per session)
were found to have a major impact on production gains. Further, choice of
assessment for production tests (outcome measures, elicitation tasks, and prompt
modality) resulted in differential findings. In what follows, findings of these key
variables (learning context, AOT, phonetic information, training duration, training
time per session, and assessment) will be discussed in greater detail.

Learner features

Regarding the context of learning, the relatively larger effect for FL (g = 0.60)
compared to SL (g = 0.34) indicates that HVPT was likely to be less impactful on
L2 production for SL learners than FL learners. The smaller benefit of perception
training for SL learners may be attributed to their higher degree of L2 experience
developed through immersion in naturalistic settings (Iverson et al., 2012). Eleven
studies reporting information about the mean length of residence showed that SL
learners in our meta-analysis were considered relatively experienced in terms of the
length of residence in the target language country (M = 18 months, range = 1–49
months). According to the hypothesis of a window of maximal opportunity
(Derwing & Munro, 2015), substantial phonetic learning occurs during the early
period of residence in the L2-speaking country. Thus, it is possible that SL learners’
perception begins to plateau after a period of immersion, or at least further increases
are so modest (e.g., Derwing & Munro, 2013) that it would take much longer to
detect change than the short durations afforded by the studies considered here.
Perceptual categories that have already changed and stabilized may not improve as
much from perception training when compared with less developed representations
of FL learners, which may cause perception training to be less impactful on SL
learners’ production (Nagle & Baese-Berk, 2022).

The negative relationship between AOT and production gains indicated that
older adult learners tended to benefit less from HVPT than younger adult learners
in the current data of participants whose age ranged from 12 to 37. One possible
reason for this finding is that it may be more challenging for learners with
established L1 perceptual knowledge to improve L2 production accuracy. Given that
older learners are assumed to receive a greater amount of L1 input and develop a
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more robust L1 categorical knowledge (Flege, 1995a), the interference from L1
knowledge with L2 category learning can be considered larger. As the L1 becomes
more robust, older learners may have more difficulty discriminating phonetic
differences that exist crosslinguistically, which might reduce the beneficial impact of
training on production outcomes. It is important to note, however, that the mean
effect of age does not mean that older learners cannot benefit. For example, the
oldest learner (fifty years old) in Thomson (2011) evidenced among the greatest
improvement in production of the participants in that study.

Perception training features

Provision of phonetic information had a positive impact on the training effect on
production gains (g = 0.94) compared to no phonetic information (g = 0.45).
These findings support the meta-analysis of general perception training on
production improvement (Sakai & Moorman, 2018) showing that a large effect was
observed for learners presented with phonetic information (d = 0.99) compared to
those without such information (d = 0.40). Explicit attention to and knowledge of
target forms are likely to contribute to the development of L2 production accuracy
(Saito, 2019), and drawing learners’ attention to target forms increases the efficacy
of L2 phonetic training (Guion & Pederson, 2007). The robustness of these findings
suggests an important pedagogical implication for L2 speech learning as presenting
phonetic information about target sounds prior to having learners complete
perception training can optimize the transfer of HVPT to production. This may be
due to their ability to apply explicit knowledge to production, particularly in highly
controlled speaking tasks, which predominated the studies included in this meta-
analysis.

Regarding training duration, training that lasted for one month or longer
(g = 0.32) was less effective than training that lasted for shorter than one month
(g = 0.61). Scheduling training programs for a longer period of time may not
necessarily bring about the most benefit for production learning (Wong, 2013).
A recent meta-analysis by Kim and Webb (2022) suggests that a shorter spacing
interval during learning is particularly beneficial, in light of the high degree of
complexity involved in the learning of pronunciation. Given that studies scheduling a
longer-term training program tend to provide longer intervals between training (e.g.,
8 sessions within 2 weeks in Lee & Lyster, 2017 vs. 5 sessions within 5 weeks in Carlet,
2017), in such studies, learners might have been exposed to training stimuli with a
longer spacing interval between training sessions. When the spacing is longer, learners
may have difficulty accessing phonological information during subsequent exposures
to auditory input, which might have reduced the efficacy of perception training.

Training time per session was negatively associated with production learning,
indicating that the longer the time per training session was, the lower the production
gain was. Despite the significant association, the scatterplot for this relationship (see
Figure 6) showed variability with several studies deviating from the regression line.
This figure appears to reveal that studies around 25 minutes consistently produce
relatively higher effect sizes (g = 0.44 to 1.62) after which effect sizes seemed to
drop at around 30 minutes (g = 0.17 to 0.96) and afterward with a few exceptions.
The data tentatively suggest that perhaps 20 to 30 minutes may be appropriate for
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the amount of training time per session in order to maximize the training benefit for
production learning. Given that phonetic training tends to be tedious without any
incentive (e.g., giving monetary rewards for correct responses in Bradlow et al.,
1999), training for 30 minutes or longer may not necessarily increase the effect of
training (Logan & Pruitt, 1995).

Features of production tests

The moderator analysis of outcome measures showed a larger training effect, in the
order of transcription (g = 1.14), identification (g = 0.45), human rating
(g = 0.28), and acoustic analysis (g = 0.18). The nonsignificant and small effect
for acoustic analysis is not consistent with previous meta-analyses of L2 speech
learning (Sakai & Moorman, 2018; Saito & Plonsky, 2019), but the result needs to be
interpreted with caution due to small sample size (k = 3). A relatively large effect
size for transcription from small sample size (k = 4) also needs to be interpreted
with caution. The result may be confounded by other moderator variables.
Particularly, the large effect was mainly attributed to two effect sizes (g> 2.0) from a
single study (Wong, 2013), which focused on younger learners (M = 16.3 and 16.4
years old vs. overall mean across all studies = 23.9 years old) in the FL context and
the phonetic training lasted for 15 minutes, shorter than the overall mean across all
studies (M = 35.8 minutes).

A smaller effect was observed for human ratings compared to intelligibility
measured by native speaker forced-choice identification. To further examine the
small effect for human ratings, we examined the rating scales used in 11 relevant
studies adopting scalar rating measures. As summarized in Table 2, researchers
measured three constructs of L2 pronunciation proficiency in terms of general
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Figure 6. Scatterplot of training time per session (min) and production gains (Hedges’ g).
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accuracy (e.g., correct vs. incorrect), nativelikeness (i.e., how different L2 speech is
from an L1 variety), and comprehensibility (i.e., how easily L2 speech is identified).
When general accuracy was further specified in the manuscript or rating labels (e.g.,
Macdonald, 2012 for nativelikeness), such studies were assigned to the specific
construct (nativelikeness or comprehensibility). In one study (Lopez-Soto &
Kewley-Port, 2009), the scale descriptors focused on both nativelikeness and
comprehensibility in the same scale, which was thus labeled as nativelikeness &
comprehensibility. The analysis of average effect size descriptively demonstrates
that the training effect tends to be smaller when nativelikeness rating was used
(g = 0.09) compared to comprehensibility (g = 0.36) or accuracy (g = 0.39). The
relatively smaller effect of training for nativelikeness compared to comprehensibility

Table 2. Summary of 11 studies using human rating to measure production accuracy of L2 sounds

Study Construct
Scale
points Scale labels g

Carlet (2017) Comprehensibility 9 1 = hard to identify as the selected
sound, 9 = easy to identify as the
selected sound

0.49

Dong et al. (2019) Nativelikeness 7 1 = not recognizable, 7 = native
speaker level

–0.09

Hardison (2003) Accuracy 7 7 = a good example of the target 0.90

Hazan et al.
(2005)

Accuracy 7 1 = bad, 7 = excellent 0.18

Hwang & Lee
(2015)

Nativelikeness 7 1 = not at all native-like,
7 = native-like

0.10

Lee & Lyster
(2017)

Comprehensibility 5 1 = difficult to understand,
5 = easy to understand

0.28

Lopez-Soto &
Kewley-Port
(2009)

Nativelikeness &
Comprehensibility

3 1 = extremely poor pronunciation,
2 = strong foreign accent,
3 = acceptable pronunciation
(even if a foreign accent is
perceived)

0.07

MacDonald (2012) Nativelikeness 7 1 = very accurate/native-like,
7 = very inaccurate/clearly not
native

0.13

Reyes & Hazan
(2021)

Accuracy 7 1= very poor, 7 = very good 0.77

Thomson &
Derwing (2016)

Accuracy 3 0 = another category, 1 = poor,
2 = good

0.13

Trakantalerngsak
(2016)

Nativelikeness 5 1 = a poor exemplar of the target
consonant or heavily accented or
not Japanese native-like, 5 = a
good, Japanese-sounding attempt
or native-like or not accented at all

0.34

Note: Multiple effect sizes were averaged to yield a single effect size per study. Some researchers stated they measured
“intelligibility” but it seems to conflate it with nativelikeness (e.g., Dong et al., 2019; Trakantalerngsak, 2016).
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and intelligibility is consistent with earlier studies showing that L2 oral production
becomes more comprehensible and intelligible with continued exposure to L2
spoken input (Derwing & Munro, 2013; Uchihara et al., 2022) and explicit
instruction (Derwing et al., 1998), whereas development of native-like pronuncia-
tion tends to be slow and gradual (Saito, 2015). Accordingly, perhaps the relatively
smaller effect for human rating in this meta-analysis may have been attributed to the
inclusion of studies focusing on nativelikeness.

Elicitation tasks and prompt modality

Regarding the production elicitation tasks, inconsistency in the effect of training
depending on the assessment task used to measure production indicates that the
tasks are incommensurate and likely measuring different phenomena. A much
larger effect of training was observed in the order of word reading (g = 0.72),
recalling (g = 0.58), sentence reading (g = 0.45), and repetition (g = 0.28). These
findings can be explained in terms of varied cognitive demands present across tasks.
Word reading is the least cognitively demanding and allows learners to direct their
explicit attention to target sounds; hence, production gains as evaluated by a word
reading task might be tapping into changes in learners’ declarative knowledge rather
than procedural knowledge (Thomson, 2022a; Thomson & Derwing, 2015). In
contrast, a word recall task may involve a slightly higher degree of retrieval effort
and pronunciation may be at least partially influenced by procedural knowledge.
Similarly, sentence reading tasks also provide greater distraction than word reading
tasks, allowing less reference to declarative knowledge. In contrast, a delayed
repetition task forces learners to move phonetic information obtained from the
prompt into long-term memory and then retrieve it after an interruption. This
means that the resulting production is more likely to be an indication of their
developing interlanguage system. The effect of differential demands on attention on
production accuracy was confirmed by the result that prompts providing only
auditory input led to a smaller effect (g = 0.19) than when orthographic input is
provided (g = 0.62 for written input; g = 0.56 for auditory + written input).
Recalling and repetition tasks are similar in many respects except for the provision
of auditory input. In terms of cognitive load, a similar degree of cognitive demands
may be required from both recalling (e.g., presented with a card on which a test
word is printed, then turned over, and asked to recall and pronounce the word in
Hardison, 2003) and delayed repetition (e.g., pronounce after white noise in Dong
et al., 2019 or after 3000ms in Aliaga-García, 2017). Despite this similarity, a much
smaller effect was found for repetition (g = 0.28) compared to recalling (g = 0.58),
suggesting that the exposure to auditory stimuli, regardless of efforts to mitigate the
influence of spoken input, may induce a high degree of phonological involvement
with target sounds (Llompart & Reinisch, 2019) and impact production outcomes.

Ultimately, we take the view that the choice of assessment should be determined
by the goal of the assessment. If the goal is to test declarative knowledge, then
reading tasks and other highly controlled tasks will work well. If, however, the goal is
to evaluate the extent to which changes in perception manifest in changes in
procedural knowledge in production, then less controlled tasks, such as delayed
repetition or even spontaneous speaking tasks should be used. The latter should be
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considered the gold standard, while the former’s usefulness may be primarily
limited to formative assessment. This task hierarchy is evident in Thomson and
Derwing’s (2016) HVPT perceptual training study in which they found
improvement in production in a delayed imitation task, but not in a more
spontaneous production task which elicited the same targets in sentences that the
learners were asked to create on the fly.

Conclusion

The primary goal of the current meta-analysis was to examine to what extent
HVPT brings about perception-to-production transfer in terms of gains,
retention, and generalization, and which variables related to learner, training,
and outcome measures modulate the overall effectiveness of HVPT. The present
meta-analysis provided partial support for a relationship between L2 speech
perception and production. It provides evidence for the transfer of HVPT to
production with small-to-medium effects and further supports the significant
relationship between perception and production learning and retention at the
study level. However, we did not find strong support for long-term retention of
production learning and generalization to untrained stimuli, nor a significant
perception-production link for gain scores at the participant level. In addition,
several learner-related variables were found to influence production gains, and
methodological choices regarding how to assess production also impacted the
magnitude and/or type of gain evidenced. These findings provided insights into
various factors contributing to the efficacy of HVPT for L2 speech production
learning and its measurement.

With the aim of optimizing the effectiveness of HVPT in improving L2 production,
the findings of this meta-analysis have several pedagogical implications. First, the
weak evidence for the production transfer in this meta-analysis suggests that delaying
the introduction of explicit production training may be worth considering. It is
possible that without more finely tuned perceptual categories, attempts to match
production against emergent perceptual categories break down. The learners’
imprecise productions would become perceptual input, leading to the erosion of
perceptual gains (Thomson, 2022b). As such, there could be a benefit of delaying
production practice until the perceptual system is capable of self-monitoring
production. However, it should be noted that the current meta-analysis exclusively
focused on perception training without production training; thus, the extent to which
an additional component of production practice promotes (or hinders) the transfer
remains unknown. We hope that, as the studies increase in number, a future meta-
analysis will focus on production HVPT studies while considering a variety of training
features revealed by some successful cases, such as combinational effects (perception+
production vs. production; Herd et al., 2013), training task (e.g., imitation task;
Aliaga-García, 2017), visual input (waveform inspection; Herd et al., 2013), and
stimuli status (nonwords vs. real words; Mora et al., 2022).

The current findings also offer practical guidance with the goal of optimizing the
production transfer. Practitioners should note that production learning is enhanced
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when HVPT involves (a) a focused and intensive training program (e.g., 20 to 30 min
sessions for less than one month), (b) provision of explicit phonetic information that
promotes production learning, (c) younger L2 learners, and (d) learners studying L2
in foreign language contexts. It is also important to note that HVPT is better suited to
improve explicit knowledge related to L2 speech production (elicited via word
reading), while whether it improves procedural knowledge needed for spontaneous
speech production remains uncertain.

Lastly, there are several suggestions for future HVPT studies with a view to
improving methodological soundness and rigor in the investigation of the
perception-production link. First, based on the finding that the average sample
size was low (N = 17.06), future HVPT research should endeavor to have more
participants (for the same call, see also Sakai & Moorman, 2018). Given the great
amount of time and cost required for the implementation of HVPT experiments,
researchers may find online experiment builders such as Gorilla (Anwyl-Irvine
et al., 2020) or online training platforms (e.g., English Accent Coach, Thomson,
2012a) useful. Second, based on the findings that interrater reliability was not
reported in many studies (unreported rates: 57% for native speaker identification,
38% for scalar ratings, 50% for transcription), we urge that future studies should
report the pretest and posttest interrater agreement and evaluate the impact of test
reliability on their results. Third, spontaneous tasks should be used to elicit L2
speech production. In this meta-analysis, all studies predominantly relied on using
controlled production tasks (reading aloud, recalling, and repetition), reflecting
the same trend in the L2 pronunciation literature in general (Thomson &
Derwing, 2015). Using spontaneous tasks such as picture naming (e.g., Nagle,
2021) is important from a perspective of ecological validity and will provide
additional insights into the multidimensional view of the perception-production
link. Fourth, the construct definition of production accuracy needs to be specified
in adopting scalar rating measurements. In some studies, both features of
nativelikeness and comprehensibility or intelligibility were mentioned in a single
descriptor or rating label. Given that the constructs of nativelikeness,
comprehensibility, and intelligibility are confirmed to be independent at the
sentence (Derwing & Munro, 2009) or word (Uchihara, 2022) level, it is advisable
to treat them separately in measuring global constructs of L2 pronunciation
proficiency. Further, general accuracy (i.e., correct vs. incorrect distinctions) may
need to be defined more clearly. Such a broad description of L2 pronunciation
accuracy may cause variations in the way listeners interpret what constitutes
accuracy, given that the intended message may not be clear—“was the intention
‘close enough to be recognized as a particular phoneme’ or was it ‘native-like
versus non-native-like’?” (Thomson & Derwing, 2015, p. 337).

Supplementary material. The supplementary material for this article can be found at https://doi.org/10.
1017/S0142716424000195
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Notes
1 No significant difference in effect size was found between test-only and nontarget-training conditions,
Q(1) = 0.74, p = .389.
2 No significant difference was found between audiovisual and audio-only training conditions,
Q(1) = 2.57, p = .109.
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