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Younger learners are better at acquiring second-language (L2) phoneme contrasts than are older learners, but this

general correlation between age and learning ability is often confounded with factors such as how late learners use

their L2 in daily life. The present study trained Japanese speakers across a wide age range (young children

through adults) on English /r/-/l/, using a computer-based high variability phonetic training program, in order to

control the /r/-/l/ inputs across age during the training period. The results demonstrated that training improved

Japanese speakers’ perception and production of the English /r/-/l/ contrast, and age affected their improvement

in perception. Over the 10 training sessions, younger learners (children and adolescents) improved their

perception more than adult learners, suggesting that L2 phoneme learning may indeed decline with age.

Children did not improve their identification, perceptual sensitivity to the primary acoustic cue (F3), and category

discrimination as much as adolescents, possibly due to their immature cognition and phonemic awareness.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CCBY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

It is well known that second-language (L2) learning is
affected by age. For example, individuals who move to a coun-
try with a different dominant language (e.g., Italians moving to
English-speaking Canada) typically learn to speak their L2 with
a more native-like accent if they move when they are younger
(Flege et al., 1995; Flege, Yeni-Komshian, et al., 1999; Piske &
MacKay, 1999). However, the cause of this phenomenon is not
clear because age is confounded by many factors, such as
biological neural maturation (Lenneberg, 1967; Oyama,
1976; Werker & Tees, 2005; Zhang & Wang, 2007), cognitive
development (Heeren & Schouten, 2010; Wang & Kuhl,
2003; Zhang & Wang, 2007), quality and quantity of L2 input
in L2 speaking countries (Flege, MacKay, et al., 1999; Flege
& MacKay, 2011), amount of L1 use (Flege & MacKay, 2011;
Flege, MacKay, et al., 1999; Piske & MacKay, 1999),
development of L1 categories (Flege, 1995, 1999, 2002;
Flege, Yeni-Komshian, et al., 1999; Flege & MacKay, 2011;
Kuhl, 2011; Kuhl et al., 2006, 2008), and sociophonetic
attitudes about speaking with an L2 accent (Crowther et al.,
2015; Davies, 2017; Derwing, 2003; Janicka et al., 2005;
Jenkins, 2007; Lippi-Green, 2012; Moyer, 2007).

Aoyama et al. (2004) examined the effect of age on
Japanese speakers’ perception and production of the English
/r/-/l/ contrast by investigating how these abilities changed after
spending one year in the US. They found that Japanese chil-
dren improved more than did Japanese adults over this period.
However, Aoyama et al. (2004) concluded that there is no sin-
gle explanation for this age effect, because real language
learning situations like this are affected by many uncontrolled
factors. For example, all the Japanese adults had learned Eng-
lish before they arrived in the US, but most of the children had
not learned English in Japan. Moreover, the language input
and social setting for child and adult L2 learners differ; Japa-
nese children typically interacted with native English-
speaking friends and teachers at local schools, whereas adults
typically did not have much opportunity to speak English. Thus,
it is not clear to what extent the greater phonetic learning ability
of children was due to maturational factors (e.g., general per-
ceptual/cognitive abilities or less interference from the L1)
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rather than how the L2 was learned and used. In the present
study, we used a computer-based phonetic training program
to control the quality and quantity of L2 input for Japanese
speakers learning the English /r/-/l/ contrast. English usage is
limited in Japan, such that we could reasonably assume that
little additional English exposure occurred during the training
period.

The English /r/-/l/ contrast is one of the most difficult L2
contrasts for Japanese speakers to identify and discriminate.
Neither the voiced post-alveolar approximant /r/ nor the voiced
alveolar lateral approximant /l/ exists in the Japanese lan-
guage. The voiced apico-alveolar tap /ɾ/ is the only similar pho-
neme in Japanese (Vance, 2008), and it is more similar to
English /l/ than /r/ (Aoyama et al., 2004; Aoyama & Flege,
2011; Hattori & Iverson, 2009). Compared to English /l/, Japa-
nese /ɾ/ tends to be shorter (i.e., more rapid articulation), has a
higher second-formant (F2) frequency, and has a lower third-
formant (F3) frequency, although there is individual variation
(Hattori & Iverson, 2009; Vance, 2008). Being exposed to a
Japanese language environment during the first year of life
seems to reduce sensitivity to the critical F3 contrast for Eng-
lish /r/ and /l/ (i.e., lower F3 for /r/ vs. higher F3 for /l/), which
has knock-on effects for higher-level category learning
(Hattori & Iverson, 2009; Iverson et al., 2003, 2005; Kuhl
et al., 2006, 2008). Whereas being exposed to an English lan-
guage environment during the first year of life increases sensi-
tivity to the /r/-/l/ F3 contrast (Kuhl et al., 2006). Even after
living in English-speaking countries for decades, Japanese
adults cannot easily adapt their auditory phonetic processing
of F3 (Ingvalson et al., 2011). Individual variation in their F3
processing difficulties are correlated with lower identification
accuracy for natural recordings of English /r/ and /l/ (Hattori,
2009; Hattori & Iverson, 2009).

Phonetic training has long been used for Japanese speak-
ers learning English /r/-/l/, mostly as an existence proof demon-
strating that plasticity is retained by adults; learning is possible
when adults are exposed to natural phonetic variation (i.e.,
stimuli produced by multiple talkers in multiple syllable con-
texts) in an identification task with feedback (Lively et al.,
1993, 1994; Logan et al., 1991). That being said, performance
improvements are typically limited (about 15%) and it is not
clear exactly what level of processing is being changed as a
result of phonetic training. Researchers initially hypothesized
that high-variability training might work because people can
adjust the cues they use for categorization, to rely most on
cues that are robust across this variability (Lively et al., 1993,
1994; Logan et al., 1991). However, it appears that listeners
do not make fine-grained category adjustments that match
what they hear during training or create new phonological cat-
egories. Instead, they may learn to more consistently apply
their L1 category knowledge, identifying English /l/ if the stim-
ulus sounds similar to Japanese /ɾ/ and identifying English /r/
if it does not (Iverson et al., 2005; Shinohara & Iverson,
2018). We have attempted to improve training outcomes by
using tasks that would separately target early auditory-
phonetic processing (auditory and category discrimination)
and linguistic categorization (identification tasks), but found
that both tasks improve perception in similar ways
(Shinohara & Iverson, 2018). Likewise, a perceptual training
task can have broad effects, improving both perception and
production (Bradlow et al., 1997, 1999; Shinohara & Iverson,
2018). The present study used a diverse approach to training,
combining both discrimination and identification tasks in an
attempt to produce improvements across age groups from
the same controlled experience, rather than targeting a partic-
ular level of processing.

One could hypothesize that children will benefit from train-
ing more than adults, because younger learners experience
less interference from their existing L1 categories. Newborns
have language-universal abilities to discriminate speech
sounds, but through development, infants improve in their sen-
sitivity to native contrasts and their non-native phonetic per-
ception declines (Kuhl et al., 2006, 2008; Tsao et al., 2006).
Kuhl’s Native Language Magnet model suggests that the
increasing neural commitment of infants to their L1 makes L2
learning more difficult (Kuhl, 2011; Kuhl et al., 2008). Similarly,
Flege’s Speech Learning Model (SLM; Flege, 1995, 1999,
2002) claims that it becomes more difficult to form new L2 cat-
egories as the L1 categories become better established.
Iverson et al.’s (2003) Perceptual Interference account sug-
gests that L2 learning difficulties can occur because language
experience affects auditory phonetic processing, which alters
how easily higher-level phonetic categories can be learned.

Recently, Flege and his colleagues have revised the
Speech Learning Model (i.e., SLM-r; Flege, 2021; Flege
et al., 2021; Flege & Bohn, 2021). SLM-r has placed more
emphasis on the precision with which L1 categories have been
learned and more of a link to experience than to chronological
age. When examining individual differences among Japanese
adults learning English /r/ and /l/, SLM-r thus suggests that
examining individual differences in L1 representations might
be more relevant than age for understanding individual learn-
ing differences. That being said, a detailed assessment of L1
category precision is not simple with young children who likely
have limited phonemic awareness, and it is likewise not clear
how one could control for all the possible confounds of chrono-
logical age. Hattori and Iverson (2009) assessed individual dif-
ferences in L1 and L2 representations in Japanese adults, and
concluded that the main driver of English /r/-/l/ category learn-
ing difficulty was sensitivity to F3, rather than individual details
in their representations of their Japanese tap /ɾ/ category. Fur-
ther research along these lines would be interesting (e.g., see
Aoyama & Flege, 2011). However, the present investigation
focuses on age-related individual differences, even though
age may act more as a proxy for the various experience-
related changes in L1 phonetic processing that might affect
L2 learning.

Despite these theories and findings, previous work on pho-
netic training has often not established clear advantages for
young learners. Wang and Kuhl (2003) delivered a two-week
Mandarin tone training program to four age groups of American
English speakers (6, 10, 14 years old, and adults) and found
that all age groups improved their discrimination accuracy
but there was no difference in the degree of improvement seen
between age groups. Heeren and Schouten (2010) examined
training effects on the perception of the Finnish /t/-/tː/ length
contrast by child and adult Dutch speakers and similarly found
that the degree of improvement was not significantly different
between groups. The relationship between the target L2 pho-
netic feature and L1 phonology may have effects on these
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results, and children’s greater plasticity for L2 sounds may be
counteracted by broader perceptual and cognitive factors (e.g.,
an immaturity of cognitive, auditory, and language processing)
that make them less responsive to computer-based training.
The development of phonemic awareness is also a potential
factor affecting L2 phonetic learning (Shinohara, 2014;
Shinohara & Iverson, 2013; Snowling & Hulme, 1994).

To our knowledge, there are few studies examining the
effect of age on production improvement after perceptual train-
ing. For adults, perception and production abilities tend to be
correlated before training, likely because both depend on com-
mon underlying factors such as the length of time spent in an
L2-speaking country (Flege et al., 1997; Flege, MacKay, et al.,
1999; Ingvalson et al., 2011; Ingvalson & Holt, 2011; Llisterri,
1995; Yamada, 1995; Yamada et al., 1994) and the amount
of L2 use in an L2-speaking country (Aoyama & Flege, 2011;
Flege & MacKay, 2004, 2011; Jia et al., 2006; Tsukada et al.,
2005). However, degrees of perception and production
improvement after training are often uncorrelated in adults,
suggesting that learning may progress at a different rate within
each individual (Bradlow et al., 1997, 1999; Shinohara &
Iverson, 2018) or that there are different mechanisms for per-
ception and production (Hattori, 2009). For children, it seems
likely that any age-related advantages in perceptual learning
would hold for production too (Baker et al., 2008; Kartushina
& Frauenfelder, 2014). However, if the training transfer
between perception and production is indirect in adults (e.g.,
improvement in general awareness or knowledge of this con-
trast, rather than improvement of a common underlying mech-
anism involved in speech production and perception), it is
unclear whether these indirect mechanisms would operate
similarly at earlier developmental stages.

The present study thus tested the effect of age on the
improvement of Japanese speakers’ perception and produc-
tion of the English /r/-/l/ contrast. We took a combined training
approach using both identification and discrimination tasks,
and training was conducted within a game environment
designed to be more interesting to participants, particularly
children. There were several pre/post perceptual tests: identifi-
cation, to test recognition accuracy for /r/ and /l/; auditory dis-
crimination, to test sensitivity to primary, secondary, and
irrelevant acoustic cues (i.e., F3 at the /r/-/l/ boundary, F2 at
the /r/-/l/ boundary, F3 within the /r/ category); and category
discrimination, to examine the primary acoustic cue use in per-
ception. In addition, pre/post production was recorded and
assessed in terms of identifiability by native speakers and F3
frequencies. The tests were designed to assess overall
improvements in identification and production accuracy, and
to provide finer-grained assessments of whether their use of
acoustic cues is becoming more native-like through training
(e.g., increased sensitivity to F3 contrasts between /r/ and /l/,
and larger F3 differences for /r/ and /l/ in production).
2. Methods

2.1. Subjects

A total of 99 Japanese speakers were tested, all in the
Kanto area, Japan. Of these 99 subjects, 14 subjects were
not used in the analysis (5 dropped out during the training
stages, and 9 completed too many training sessions per
day). When subjects participated in this study, they were
assigned to either the control group (i.e., they took part in only
pre and post tests, without completing any training) or the train-
ing group (i.e., they took part in the pre test, 10 training ses-
sions, and the post test). In order to balance subjects’ age
between the control and training groups, two subjects aged
59.6 and 48.3 from the control group were excluded from the
analyses, leaving 83 subjects. Forty-seven subjects (24
females, 23 males) aged from 7.3 to 40.4 (median = 16.0 years)
were in the training group, and 36 subjects (25 females, 11
males) aged from 6.9 to 43.3 (median = 16.1 years) were in
the control group. Subjects who were assigned to the control
group had 10–14 days between the pre and post tests without
training.

The subjects were recruited such that all had pre-test /r/-/l/
identification scores of less than 75%, no experience living in
English-speaking countries prior to the age of 18 years old,
and no history of language/hearing impairments. Subjects that
did not meet these criteria (e.g., six subjects with 75% or
higher identification score at the pre test) were not included
in the training or control group. Apart from four adults who
had stayed in English-speaking countries for several years
after turning 18, no subjects had lived outside Japan. All sub-
jects had started learning English at school at 12 years of age
except for child subjects under the age of 12, who had learned
only some basic English at school (e.g. greetings, color
names).
2.2. Apparatus and stimuli

Natural recordings were used for both identification and cat-
egory discrimination tasks in training and testing, and they
were the same recordings used in Iverson et al. (2005) and
Shinohara and Iverson (2018). A total of 220 English /r/-/l/
minimal-pair words from each of nine adult Standard Southern
British English (SSBE) speakers were digitally recorded with
44,100 16-bit samples per second. Those recordings were
downsampled to 22,050 samples per second to reduce the
computer memory demands of the training program. Of these
220 words, 100 word-initial /r/-/l/ minimal-pair words produced
by each of five speakers were used as training stimuli. The
remaining 120 minimal-pair words, produced by each of the
other four speakers (two females and two males), were used
as test stimuli. They comprised 40 word-initial /r/-/l/ minimal-
pair words (e.g., road and load), 40 word-medial /r/-/l/
minimal-pair words (e.g., correct and collect), and 40 word-
initial /r/-/l/ consonant cluster minimal-pair words (e.g., brand
and bland). Word-final /r/-/l/ minimal pairs were not included
as either testing or training stimuli, since /r/ is fully deleted
and /l/ is often vocalized in word-final position by speakers of
southern British English (Cruttenden, 2014; Lindsey, 2019;
McMahon, 2000; Wells, 1982). The speakers of the test stimuli
were different from those of the training stimuli, and the test
stimuli included minimal pairs of not only the trained word-
initial positions but also the word-medial and consonant cluster
positions to test the generalization effects for the speakers and
phonetic environments (e.g., Shinohara & Iverson, 2018).

In addition, synthetic /rɑ/ and /lɑ/ stimuli were used for test-
ing perceptual sensitivities in the auditory discrimination test.
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They were the same stimuli as used in Hattori (2009) and
Shinohara and Iverson (2018). Hattori (2009) examined the
best exemplar locations and phoneme boundary location of
the English /r/ and /l/ within a larger set of synthesized stimuli
and generated identifiable /r/-/l/ stimuli based on these results.
As displayed in Table 1, three stimulus pairs were manipulated
with five acoustic cues (steady state duration, transition dura-
tion, F1, F2, and F3). The three stimulus pairs contrasted F3
at the /r/-/l/ phoneme boundary, F2 at the /r/-/l/ phoneme
boundary, and F3 within the /r/ category. For the F3 contrast
at the /r/-/l/ boundary, steady state duration, transition duration,
F1, and F2 were set at 64 ms, 48 ms, 327 Hz, and 1196 Hz,
respectively. The target F3 was set at 2639 Hz for the /r/ stim-
ulus and 3328 Hz for the /l/ stimulus, because the /r/-/l/ pho-
neme boundary was at 2965 Hz on this female-voiced F3
stimulus continuum (Hattori, 2009). For the F2 contrast at the
boundary, steady state duration, transition duration, F1, and
F3 were set at 64 ms, 48 ms, 327 Hz, and 2965 Hz, respec-
tively; F2 was set to 1051 and 1358 Hz. Finally, for F3 contrast
within the /r/ category, steady state duration, transition dura-
tion, F1, and F2 were set at 31 ms, 81 ms, 327 Hz, and
1196 Hz, respectively; F3 was set to 1739 and 2212 Hz.

Resynthesized stimuli were used for auditory discrimination
training, and had been used in a previous study (Shinohara &
Iverson, 2018). All acoustic cues except F3 were equated for
/r/-/l/ minimal-pair words. Specifically, the formant transitions
except for F3 were averaged across each /r/-/l/ minimal pair,
and these average transitions were imposed on the stimuli
using LPC analysis and resynthesis in Praat. Four minimal
pairs whose /r/ and /l/ stimuli were identified consistently as
/r/ or /l/ by native speakers on 85% of trials were selected from
each of five speakers, so that the stimuli bracketed the /r/-/l/
phoneme boundary.

All stimuli used for pre/post tests were presented over a pair
of headphones (Sennheiser HD 205 or Sennheiser HD 201), at
a user-controlled comfortable level.
2.3. Procedure

2.3.1. Training

Ten sessions of a computer-based perceptual training pro-
gram, that we developed, were given to 47 Japanese speakers
(i.e., training group). Children and adolescents aged 18 and
under were trained in supervised sessions (i.e., in a room with
the tester present) but adults had the option of completing the
training on their own laptops. Each session included three
tasks: identification, auditory discrimination, and category dis-
crimination. In the identification task (90 trials), subjects heard
a stimulus, a minimal pair was displayed on screen, and
Table 1
Parameters of synthesized stimuli.

Steady state duration (ms)

F3 at the /r/-/l/ phoneme boundary 64

F2 at the /r/-/l/ phoneme boundary 64

F3 within the /r/ category 31
subjects judged which word they thought they had heard by
clicking on R or L displayed next to minimal pair words (e.g.,
rock vs. lock). As Japanese children are not always able to
read English letters, there were two mascot characters—R-
man, wearing a blue hat, and L-man, wearing a yellow
hat—next to the R and L minimal-pair words. For the first 10
trials, both words of an /r/-/l/ minimal pair were played before
the trial to remind subjects of the phonemes. When each of
the minimal-pair words was played, R-man and L-man jumped
slightly to help subjects remember each of the /r/ and /l/ pho-
nemes. For the remaining 80 trials, there were no model stim-
uli. When subjects clicked on the correct answer, a messageせ
いかい (‘Correct answer’) was displayed on the screen and a
cash register sound was played. The correct stimulus was
replayed once with the correct mascot character slightly jump-
ing. When subjects clicked on a wrong answer, the messageざ
んねん (‘Bad luck’) was displayed on the screen, two beep
sounds with descending pitches were played, and the correct
stimulus was replayed twice with the correct mascot character
jumping. Each session had one speaker, such that each of the
five English speakers was presented in two sessions over the
10-session training program. Each session had ninety trials
(words) that were selected from the 100 /r/-/l/ minimal-pair
words recorded from native English speakers, such that each
word was used nine times during the 10 training sessions.

In the auditory discrimination task (48 trials), subjects heard
three stimuli that were produced by the same talker, were
resynthesized so that they contrasted only F3, and formed a
minimal pair. They judged which of the three stimuli was differ-
ent (e.g., rain, rain, lane), and the “same” stimuli were acousti-
cally identical. Three objects numbered 1, 2, and 3 were
displayed with a black cursor highlighting the number and
object as each stimulus was being played. If subjects clicked
on a correct answer, they heard a cash register sound with a
message せいかい (‘Correct answer’) displayed on the screen.
If subjects clicked on a wrong answer, they heard two
descending beeps with a message ざんねん (‘Bad luck’) dis-
played on the screen and heard all three of the stimuli repeated
once with the correct answer highlighted. Each session had
one speaker and four minimal pairs, with 12 trials for each min-
imal pair, resulting in 48 trials in each session.

In the category discrimination task (60 trials), subjects heard
three natural, non-resynthesized, recordings of a minimal pair
produced by three different speakers, and they selected the
one whose first phoneme was categorically different from the
other two (e.g., reek, reek, leak). The “same” stimuli were not
acoustically identical (i.e., produced by different talkers), so lis-
teners needed to attend to phonological or phonetic differ-
ences in this task. There were three red devils displayed on
Transition duration (ms) F1
(Hz)

F2
(Hz)

F3
(Hz)

48 327 1196 2639
3328

48 327 1051 2965
1358

81 327 1196 1739
2212
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the screen with a black cursor highlighting each devil as each
stimulus was played. When subjects clicked on a correct
answer, they were able to receive a treasure box from the
devil, with a cash register sound played and a message せい
かい (‘Correct answer’) displayed. When subjects clicked on a
wrong answer, the red devil that produced the categorically dif-
ferent stimulus became larger than the other two devils, sub-
jects heard two descending beeps, and saw a message ざん
ねん (‘Bad luck’). All three stimuli were replayed once. On each
trial, /r/-/l/ minimal-pair words produced by five SSBE speakers
were randomly selected.

After completing all the three tasks, subjects performed a
short identification test with 20 trials produced by the same
speaker used in that particular session. During the short test,
subjects did not receive any feedback but saw their percentage
of correct answers after finishing the test to track their improve-
ment through the 10 training sessions.

All records of the training sessions (date and time, stimuli,
subjects’ responses, etc.) were saved in password-locked log
files on computers. Subjects were instructed not to complete
two or more sessions in one day. The time of day at which
training was conducted was not controlled between subjects,
but they were not allowed to conduct multiple training sessions
without an overnight sleep for consolidation (Earle & Myers,
2015; Qin & Zhang, 2019). The data of those who completed
more than one session in a day were excluded from the
analysis.
2.3.2. Pre/post test: perception

Subjects completed three perception tests before and after
training (i.e., identification, auditory discrimination, and cate-
gory discrimination), in a quiet room under the supervision by
the first author. As with training, in the identification test, sub-
jects heard a stimulus, saw a minimal pair displayed on screen
accompanied by the characters of R-man and L-man, and
selected either R or L based on what they thought they had
heard. Since most child subjects had not learned English
before training, some of them did not know how written English
/r/ and /l/ look or how the English /r/ and /l/ sound. An English
/r/-/l/ minimal pair (rock vs. lock) was played as an example
several times for all subjects at both pre and post tests. To
make sure all subjects understood the identification task, they
completed two practice trials (rock–lock, rack–lack) without
feedback. After this practice session, all subjects completed
an identification test with 120 trials in total (i.e., 40 word-
initial /r/-/l/ minimal-pair trials, 40 word-medial /r/-/l/ minimal-
pair trials, and 40 word-initial consonant cluster minimal-pair
trials). Two SSBE speakers (a female and a male), whose
recordings were not included in the training corpus, each pro-
duced sixty different tokens (20 tokens for each /r/-/l/ position).

In the auditory discrimination test, subjects heard three syn-
thesized /rɑ/-/lɑ/ stimuli produced by three identical white cats,
and selected the cat that they thought produced a different
stimulus from the other two. There were three stimulus pairs
examining sensitivity to the primary acoustic cue for the /r/-/l/
contrast (i.e., high vs. low F3 at the /r/-/l/ phoneme boundary),
a secondary/irrelevant acoustic cue which Japanese speakers
often rely on when perceiving the contrast (i.e., high F2 vs. low
F2 at the boundary), and another irrelevant acoustic cue (i.e.,
high F3 vs. low F3 within the /r/ category). Subjects completed
72 trials in total (3 stimulus pairs � 2 possible odd /rɑ/ and /lɑ/
stimuli � 3 odd stimulus positions � 4 repetitions for each).

In the category discrimination test, subjects heard three
stimuli produced by different speakers and selected the one
whose first phoneme they thought was different from the other
two. There were three identical dogs displayed on the screen,
each of them produced either of the /r/-/l/ minimal-pair words
(e.g., race, lace, race), and subjects selected the categorically
different stimulus (e.g., lace). Before starting the test session,
all subjects practiced with 12 trials of the English /s/-/ɡ/ minimal
pairs to make sure all subjects understood the task. The test
stimuli included eight /r/-/l/ minimal pairs (race–lace, reap–
leap, ride–lied, road–load, roared–lord, rug–lug, rune–loon,
wraps–lapse) produced by four SSBE speakers not used in
the training corpora. During the test, there was no feedback,
and subjects were not allowed to listen to the same stimulus
again. There were 48 trials in total (8 minimal pairs � 2 /r/-/l/
odd stimuli � 3 different odd stimulus positions).
2.3.3. Pre/post test: production

After the perception tests, all subjects’ production of 40
word-initial English /r/-/l/ minimal-pair words were recorded in
a quiet room under the supervision of the first author. For each
item, the word was displayed on the screen, and subjects
heard the word produced by a female native speaker of British
English over a pair of headphones. This was followed by a
recording of a male British English speaker saying “read the
word after the tone” and a beep sound; subjects produced
the word after they heard the beep. The interval between the
word presentation and the beep was 2500 ms, with the inten-
tion that listeners would rely on their mental representations of
/r/ and /l/ and rely less on auditory short-term memory (Flege,
2003; Gerrits & Schouten, 2004; Matthews & Stewart, 2009;
Mora, 2007). Due to a technical error, one subject’s post-test
recordings were missing and excluded from the analysis. In
addition, 39 tokens were omitted because the subjects did
not speak on these trials (i.e., 40 words � 82 subjects � 2 tests
– 39 tokens).

To measure the identifiability of English /r/-/l/ productions,
10 SSBE speakers identified the stimuli using an /r/-/l/
forced-choice identification task. They were asked to click on
the phonemic representation that they thought they had heard.
Other alternatives than /r/ and /l/ were not included to make it
consistent with the perceptual identification test for Japanese
speakers. Owing to the large number of recordings, each
SSBE speaker identified all Japanese speakers’ pre- and
post-test productions, but only for two minimal pairs; different
words were given to different English subjects.

The primary acoustic cue for the /r/-/l/ contrast (F3) was
measured from the steady state part of the English /r/-/l/ to
investigate acoustic changes from pre- to post-test production
(Shinohara & Iverson, 2018). The steady state part was
defined as the period at the onset where the spectrum
remained relatively static. Fig. 1 displays example spectro-
grams of the reap–leap minimal pair produced by a Japanese
subject. The steady state part is highlighted in yellow. This per-
iod is typical of the English /l/ lateral articulation (i.e., closure at
the tongue tip), which is held at its target before a rapid transi-
tion into the vowel; this static period is often briefer for the Eng-
lish /r/. Ten minimal-pair words, whose orthographies were the



Fig. 1. Spectrograms of the reap–leap minimal pair produced by a Japanese subject at post test. F3 was measured from the steady state part in yellow.
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same except the first letter, r or l, were selected and analyzed.
The formant-tracking setting in Praat (Boersma & Weenink,
2012) was adjusted for each subject. The F2 frequencies of
the following vowels were measured for each production and
a scale factor was calculated by the log grand mean of F2
divided by each subject’s F2 log mean. Their F3 frequency
was then normalized, using the scale factor for each subject,
and rescaled into Hertz.
3. Results

3.1. Perception

Fig. 2 displays identification accuracy for pre and post tests.
The best-fitting logistic mixed effects model was selected with
a top-down approach, using the R (version 4.0.4) package
lme4 (1.1-23) (Bates, Mächler, et al., 2015). Fixed and random
factors that did not influence the model fit were excluded from
a model with all potential factors, based on Akaike’s informa-
tion criterion (AIC), at a significance level of 0.05 (Barr et al.,
2013; Bates, Kliegl, et al., 2015; Bates, Mächler, et al., 2015;
Kuznetsova et al., 2017; Zuur et al., 2009). The best-fitting
model for identification accuracy included the fixed factors of
group (training, control), testing block (pre, post), /r/-/l/ position
(initial, medial, consonant cluster), and polynomial functions of
age in a logarithmic scale (linear and quadratic regressions).
Six 2-way interactions were included as well as three 3-way
interactions (see Appendix A: Table 3). All the contrasts for
the categorical variables were orthogonal. The random factors
were crossed intercepts of subject and word. By-subject and
by-word random slopes for testing block were not included,
because the model failed to converge.

The best-fitting logistic mixed effects model for identification
accuracy demonstrated that there was a significant 2-way
interaction of group and testing block, b = 0.13, SE = 0.01,
z = 8.96, p < .001. This means that Japanese speakers in
the training group improved their English /r/-/l/ identification
significantly more than did those in the control group (see
the top-left boxplots in Fig. 2). In addition, the 3-way interaction
of group, testing block, and quadratic function of age was sig-
nificant, b = �4.90, SE = 2.06, z = �2.38, p = .018, as well as
the single effect of linear function of age, b = 20.88, SE = 3.85,
z = 5.43, p < .001. These results suggest that the training
effects increase with an inverted-U shape. That is, older learn-
ers were better at identifying English /r/ and /l/ than younger
learners at pre test, but adolescents increased their identifica-
tion accuracy more than adults and children after training (see
the scatterplots in Fig. 2). The significant 3-way interaction of
group, testing block, and /r/-/l/ position (word-initial vs. the
other two positions), b = �0.06, SE = 0.01, z = �5.24,



Fig. 2. Boxplots (top) of identification accuracy for the pre test (white boxes) and post test (black boxes) completed by Japanese speakers assigned in the control and training groups
(top-left) and by each /r/-/l/ position (top-right): word-initial (white boxes), word-medial (cross-hatched boxes), and consonant cluster (black boxes); and scatterplots (bottom) for
identification accuracy along with age in logarithmic scale for pre test (circle dots) and post test (triangle dots). The lines in the scatterplots represent the loess regression curves for pre
(solid lines) and post (dashed lines) tests.

Y. Shinohara, P. Iverson / Journal of Phonetics 89 (2021) 101108 7
p < .001, demonstrated that subjects showed the greatest
improvement in the trained word-initial position among the
three different positions (see the top-right boxplots in Fig. 2).
See Appendix A: Table 3 for detailed statistical results.

Fig. 3 displays the auditory discrimination accuracy for F3 at
the English /r/-/l/ boundary, F2 at the boundary, and F3 within
the English /r/ category. The logistic mixed effects model for
each of these three stimulus pairs included the same fixed fac-
tors of group, testing block, polynomial (linear, quadratic) func-
tions of log age, and all the interactions (see Appendix A:
Table 4.1, 4.2, and 4.3). All the contrasts for the categorical
variables were orthogonal. The random factors were crossed
intercepts of subject and stimulus. Their random slopes for
the testing block were included in the model testing F3 sensi-
tivity at the phoneme boundary but excluded from the ones
testing the F2 sensitivity at the phoneme boundary and F3 sen-
sitivity within the /r/ category, due to the convergence failure
and the singular fit.
The logistic mixed effects model for F3 sensitivity at the
/r/-/l/ boundary demonstrated that there was a significant inter-
action between group and testing block, b = 0.10, SE = 0.04,
z = 2.32, p = .020. This suggests that Japanese speakers in
the training group increased their F3 sensitivity at the phoneme
boundary (i.e., the primary acoustic cue) significantly more
than those in control group (see the boxplots in Fig. 3). The
3-way interaction of group, testing block, and the quadratic
function of age was also significant, b = �5.24, SE = 2.61,
z = �2.00, p = .045, suggesting that adolescents improved
their perceptual sensitivity to the primary acoustic cue for the
/r/-/l/ contrast more than did adults and children after training
(see the left scatterplot in Fig. 3).

The logistic mixed effects model for F2 sensitivity at the
phoneme boundary (i.e., a secondary/irrelevant acoustic cue
for the /r/-/l/ contrast for English speakers) demonstrated that
although the 2-way interaction between group and block was
not significant, b = �0.01, SE = 0.03, z = �0.37, p > .05, the



Fig. 3. Boxplots (top) depicting subjects’ auditory discrimination accuracies with regards to F3 at the /r/-/l/ phoneme boundary, F2 at the /r/-/l/ phoneme boundary, and F3 within the /r/
category for the pre test (white boxes) and post test (black boxes) completed by Japanese speakers assigned in the control (left) and training groups (right), and scatterplots (bottom) of
the auditory discrimination accuracies along with age in logarithmic scale for pre test (circle dots) and post test (triangle dots). The lines in the scatterplots represent the loess regression
curves for pre test (solid lines) and post test (dashed lines).
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3-way interaction of group, block, and the linear function of age
was significant, b = �4.28, SE = 2.14, z = �2.00, p = .046.
These results suggest that both the training group and the con-
trol group increased their F2 sensitivity from pre to post test
(see the boxplots in Fig. 3) and that the increase in F2
sensitivity by training was higher for younger learners than
for older learners.

The logistic mixed effects model for F3 sensitivity within the
/r/ category (i.e., an irrelevant acoustic cue for the /r/-/l/ contrast
for both English and Japanese speakers) demonstrated that



Fig. 4. Boxplots (top) of category discrimination accuracies for the pre test (white boxes) and post test (black boxes) completed by Japanese speakers assigned to the control (left) and
training (right) groups, and scatterplots (bottom) of the category discrimination accuracies along with age in logarithmic scale for pre test (circle dots) and post test (triangle dots). The
lines in the scatterplots represent the loess regression curves for pre test (solid lines) and post test (dashed lines).
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there was no significant 2-way interaction between group and
testing block, b = 0.02, SE = 0.03, z = 0.59, p > .05. The 3-way
interaction of group, testing block, and the linear function of
age was also not significant, b = 2.77, SE = 2.13, z = 1.30,
p > .05, nor was the 3-way interaction of group, testing block,
and the quadratic function of age, b = �0.92, SE = 2.13,
z = �0.43, p > .05. These results suggest that training did
not increase subjects’ sensitivity to F3 within the /r/ category
(see the boxplots in Fig. 3). Detailed results of the statistical
analyses for the auditory discrimination accuracy are reported
in Appendix A (Tables 4.1, 4.2, and 4.3).

Fig. 4 displays the category discrimination accuracy for
Japanese speakers at pre and post tests. The logistic mixed
effects model for category discrimination included the fixed fac-
tors of group, testing block, the polynomial (linear, quadratic)
functions of log age, and all possible interactions of these fac-
tors (see Appendix A: Table 5). All the contrasts for the
categorical variables were orthogonal. The random factors
were crossed intercepts of subject and stimulus, and their ran-
dom slopes for testing block were included. The logistic mixed
effects model demonstrated that there was a significant inter-
action between group and testing block, b = 0.19, SE = 0.04,
z = 5.10, p < .001, suggesting that training had a significant
effect on category discrimination accuracy (see the boxplots
in Fig. 4). In addition, the 3-way interaction of group, testing
block, and quadratic function of age was also significant,
b =�6.75, SE = 3.41, z =�1.98, p = .048, suggesting that ado-
lescents improved their category discrimination accuracy more
than adults and children did after completing training sessions
(see Appendix A: Table 5 for detailed statistical results).

Fig. 5 displays how age affected Japanese speakers’
improvement in identification accuracy over the course of 10
training sessions. At the end of each training session, a short
identification test with only 20 trials was conducted. The



Fig. 5. Three-dimension loess regression curve for the identification accuracy improve-
ment through the 10 training sessions along with the log-scaled age.
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three-dimensional figure illustrates the relationship of identifi-
cation accuracy, age, and number of training sessions com-
pleted. This prediction curve was calculated based on the
subjects’ identification scores at each training session.

The best-fitting logistic mixed effects model for this analysis
included the fixed factors of training session (1 to 10, coded lin-
early), polynomial functions of log age (linear, quadratic), and
their interaction. The random factors were the intercept of sub-
ject and the intercept of word nested under speaker. Their ran-
dom slopes for the training session were not included due to
the singular fit. The logistic mixed effects model demonstrated
that there was a significant effect of training session, b = 0.14,
SE = 0.02, z = 8.21, p < .001, suggesting that Japanese speak-
ers improved their identification accuracy through the course of
10 training sessions. The interaction between training session
and the linear function of age was significant, b = �3.30,
SE = 0.95, z = �3.47, p < .001, as well as the one between
training session and the quadratic function of age, b = 2.80,
SE = 0.98, z = 2.86, p < .01. These results suggest that older
learners were better at identifying the /r/-/l/ contrast than
younger learners at the beginning, but as Japanese speakers
received more training sessions, younger learners improved
their identification accuracy more than older learners, and ado-
lescents improved their identification accuracy more than chil-
dren (see Appendix A: Table 6 for detailed statistical results).

3.2. Production

Fig. 6 displays the identifiability of Japanese speakers’ Eng-
lish /r/-/l/ productions for pre and post tests judged by 10 SSBE
speakers. For the statistical analysis, a logistic mixed effects
model based on correct/incorrect binomial responses was
used for production identifiability. The best-fitting model
included the fixed factors of group, testing block, polynomial
functions of log age (linear, quadratic), and two 2-way interac-
tions between group and testing block, and between testing
block and age (see Appendix A: Table 7). All of the contrasts
for the categorical variables were orthogonal. The random fac-
tors were crossed intercepts of subjects and words, and their
random slopes for the testing block were also included.

The logistic mixed effects model demonstrated that there
was a significant 2-way interaction of group and testing block,
b = 0.17, SE = 0.05, z = 3.72, p < .001, suggesting that Japa-
nese speakers in the training group increased their production
identifiability significantly more than did those in the control
group (see the boxplots). Although the 2-way interaction
between testing block and linear function of age was margin-
ally significant, b = �6.17, SE = 3.63, z = �1.70, p = .089,
the 3-way interaction of group, testing block and age was not
included in the best-fitting model, suggesting that the effect
of age on improvement was not significant (see Appendix A:
Table 7 for detailed statistical results).

Fig. 7 displays the F3 frequencies of Japanese speakers’
English /r/-/l/ productions for pre and post tests. A linear mixed
effects model was used for the primary acoustic cue (F3). It
included the fixed factors of group, consonant (i.e., English
/r/, English /l/), testing block, and polynomial (linear, quadratic)
functions of log age. Six 2-way interactions and three 3-way
interactions were also included (see Appendix A: Table 8).
All the contrasts for the categorical variables were orthogonal.
The random factors were crossed intercepts of subject and
word, and their random slopes for testing block were not
included.

The results demonstrated that the 3-way interaction of
group, consonant, and testing block was significant,
b = �20.97, SE = 9.84, t = �2.13, p = .033. This suggests that
training increased Japanese speakers’ F3 contrast for English
/r/-/l/ productions (see the boxplots). Although the 3-way inter-
action of consonant, testing block, and linear function of age
was marginally significant, b = 687.20, SE = 391.75, t = 1.75,
p = .080, neither the 3-way interaction of group, consonant,
and age, nor the 4-way interaction of group, consonant, testing
block, and age was included in the best-fitting model. These
results suggest that age did not affect the degree of the F3
training effect (see Appendix A: Table 8 for detailed statistical
results).

For brevity, only the F3 changes are reported here, but
please see the Appendix B for F2, F3–F2 difference, and dura-
tion cues. Japanese speakers improved their /r/-/l/ production
distinction in F2, steady state duration, and transition duration.
There were age effects on the /r/-/l/ distinction in F2, steady
state duration, and transition duration. Adolescents increased
the distinction in F2 and transition duration more than adults
and children, but children increased it in the steady state dura-
tion more than did older learners.
3.3. Link between perception and production

Table 2 shows the correlation matrix of changes in each
variable from pre to post test by Japanese speakers in the
training group. There were seven variables: perceptual identi-
fication accuracy (Perc id), production identifiability (Prod id),
F3 sensitivity at the English /r/-/l/ boundary (Perc F3 bnd), F2
sensitivity at the English /r/-/l/ boundary (Perc F2 bnd), F3 sen-
sitivity within the English /r/ category (Perc F3R), category dis-
crimination (Perc cd), and F3 difference for the /r/-/l/ contrast in
production (Prod F3). Pearson’s r was used for the correlation
tests; the r values are displayed in Table 2. As 11 correlations



Fig. 6. Boxplots (top) of the identifiability of English /r/ and /l/ produced by Japanese speakers in the control (left) and training (right) groups for pre test (white boxes) and post test
(black boxes), judged by 10 Standard Southern British English (SSBE) speakers, and scatterplots (bottom) of the identifiability, along with age for pre test (circle dots) and post test
(triangle dots). The lines in the scatterplots represent the loess regression curves for pre test (solid lines) and post test (dashed lines).
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were tested, p values were adjusted using the False Discovery
Rate (FDR) method (Benjamini & Hochberg, 1995).

As shown in Table 2, there was a significant positive corre-
lation between the perceptual identification accuracy improve-
ment and the production identifiability improvement, r = 0.39,
df = 45, p = .017. This result suggests that Japanese speakers
who improved their perceptual identification accuracy also
tended to improve their production identifiability. There was
also another positive significant correlation between the
improvements in subjects’ production identifiability and F3 sen-
sitivity at the /r/-/l/ boundary, r = 0.41, df = 45, p = .016, sug-
gesting that Japanese speakers who became more sensitive
to the primary acoustic cue often produced a more intelligible
/r/-/l/ contrast. In addition, the significant positive correlation
between production identifiability and F3 distinction for sub-
jects’ /r/-/l/ productions, r = 0.50, df = 43, p < .01, suggests that
Japanese speakers who increased their F3 contrast (e.g., low-
ering for /r/ and raising for /l/) also tended to produce conso-
nants that could better be labeled as /r/ and /l/ by English
listeners. Finally, there was a significant positive correlation
between perceptual identification and perceptual category dis-
crimination, r = 0.56, df = 45, p < .001.

To explore age effects for these correlations, three sub-
groups were created (16 children aged under 13 years, 16
adolescents aged 15–18 years, 15 adults aged 25 years and
over). Fig. 8 displays the correlation in the improvement
between production identifiability and perceptual sensitivity to
F3 at the /r/-/l/ boundary in each age group. The correlation
was stronger for adolescents than for children, but the differ-
ence between the correlations was only marginally significant,
z = 1.81, p = .070. There were no other correlation coefficient
differences between age groups, suggesting that age did not
affect the link between perception and production improve-
ment. However, the lack of significant differences could be a
result of a power issue, given the numbers within each
subgroup.



Fig. 7. Boxplots (top) of the normalized F3 frequency of English /r/ and /l/ produced by Japanese speakers assigned in the control (left) and training (right) groups, for pre test (white
boxes) and post test (black boxes), and scatterplots (bottom) of the normalized F3 frequency of the English /r/ (red) and /l/ (blue) along with age for pre test (circle dots) and post test
(triangle dots). The lines in the scatterplots represent the loess regression curves for pre test (solid lines) and post test (dashed lines).
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4. Discussion

This study examined how age affects Japanese speakers’
improvement in their perception and production of English /r/
and /l/, using computer-based high variability phonetic training.
We expected that training would be more effective for children,
given that they likely have less L1 interference due to less
established L1 categories and processing, even though previ-
ous child training results have been equivocal (e.g., Heeren &
Schouten, 2010; Wang & Kuhl, 2003). Our results demon-
strated that training improved Japanese speakers’ perceptual
identification, auditory discrimination, and category
discrimination, and that age affected the degree of
improvement. Adolescents improved more than adults and
children in terms of identification and category discrimination
and had greater improvement in their sensitivity to F3 at the
/r/-/l/ phoneme boundary.

These results are not consistent with previous results exam-
ining the effects of age on training the discrimination of L2 con-
sonantal duration (Heeren & Schouten, 2010) and L2 lexical
tone perception (Wang & Kuhl, 2003). These previous studies
demonstrated that improvement was comparable between
adults and children, but the present study clearly showed
advantages for children and adolescents compared to adults.
It is worth noting, however, that all these studies involved very
different acoustic cues, which potentially has an impact on how



Table 2
A correlation matrix (Pearson’s r) of changes from pre-training to post-training tests in perceptual identification (Perc id), production
identifiability (Prod id), perceptual F3 sensitivity at the English /r/-/l/ boundary (Perc F3 bnd), perceptual F2 sensitivity at the English
/r/-/l/ boundary (Perc F2 bnd), perceptual F3 sensitivity within the English /r/ category (Perc F3R), perceptual category discrimination
(Perc CD), and F3 difference between /r/ and /l/ in production (Prod F3). All data included here are from the training group only.

Fig. 8. Scatterplots of the improvements in the primary acoustic cue sensitivity (F3 at the
/r/-/l/ phoneme boundary) and the production identifiability by each age group (16
Children aged under 13, 16 Adolescents aged 15–18, and 15 Adults aged 25 and over).
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these cues are learned. Iverson et al. (2003; Iverson et al.,
2016) suggested that F3 sensitivity for English /r/ and /l/ arises
from early changes in perceptual sensitivity that make learning
higher-level phonemic categories difficult. Lexical tone percep-
tion has been demonstrated to have language-specific aspects
even earlier (i.e., at the brainstem; Krishnan et al., 2005;
Krishnan, Gandour, et al., 2009; Krishnan, Swaminathan,
et al., 2009), but on the other hand, it is clear that all non-
native groups can perceive linguistic pitch given that it is impor-
tant to intonation. It is thus possible that non-native listeners
can discern enough F0 information to learn, at least to some
extent, phonological categories for tone. A similar conjecture
could be made for duration, although the improvement
observed by Heeren and Schouten (2010) was small for both
adults and children. Given that the learning difficulties for these
phonemes might arise from different levels of processing, it is
less surprising that the effects of age on training are not uni-
form, despite the general prediction that learning ought to be
easier for individuals who have yet to fully establish their L1
categories (e.g., Flege, 1995, 1999, 2002; Kuhl, 2000; Zhang
et al., 2005).
There is some evidence in our data that learning at earlier
ages did indeed involve positive changes in sensitivity to the
underlying perceptual dimensions, more than for adults. There
was a decrease in sensitivity among children to the irrelevant
acoustic cue (i.e., F3 within the /r/ category) and an increase
in their sensitivity to the primary acoustic cue (i.e., F3 at the
/r/-/l/ boundary), suggesting that they may have begun to warp
their perception for these phonemes in a native-like manner
(e.g., Iverson et al., 2003). That being said, children also
increased their F2 sensitivity more than did adults, suggesting
that children and adolescents are not solely tuning into the crit-
ical F3 distinction but have greater overall auditory plasticity.

Interestingly, our results did not completely support the
younger the better hypothesis. In this study, younger children
did not improve their perception and production more than ado-
lescents, which is contrary to the sensitive/optimal period the-
ory (Oyama, 1976; Werker & Tees, 2005) and SLM (Flege,
1995, 1999, 2002). This is possibly due to the immaturity of
phonemic awareness and the auditory sensory system of
younger children. According to Ogawa and Tanemura (2001),
basic Japanese moraic awareness tends to be acquired by
the age of four, but it takes more time to develop children’s
phonemic awareness (Endo, 1991; Matsumoto, 2004, 2006).
For example, Japanese children aged 6–7 years old, who
are in the first grade in elementary school, cannot often delete
a word-initial consonant; those who are 9–10 years old in the
fourth grade of elementary school are better at doing this task
(Mann, 1986). This suggests that the younger children in this
study may have had difficulty understanding the concept of
the word-initial /r/-/l/ phonemes in English minimal-pair words
used in the testing and training programs. Individual variation
in Japanese children’s phonetic development (see e.g., Arai
& Mugitani, 2016) may have also affected their /r/-/l/ learning
(Flege et al., 2021).

In addition, it should be noted that training never provides
the same language environment that native monolinguals have
when they learn their L1. For example, high-variability training
techniques do not fully provide the range of phonetic input that
L1 monolinguals receive through their language development.
Moreover, training requires learners to focus on contrasts (e.g.,
/r/ vs. /l/), which is not an explicit part of L1 language learning
(Flege, 2021).

That being said, there was a learning advantage in the pre-
sent training study. Previous /r/-/l/ training work had found a
ceiling of about 15% in identification improvement regardless
of the number of training sessions (Bradlow et al., 1997,
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1999; Iverson et al., 2005; Lively et al., 1993, 1994; Logan
et al., 1991; MacKain et al., 1981). In our adult work, we have
unsuccessfully attempted to exceed this 15% ceiling by manip-
ulating acoustic cues (Iverson et al., 2005) and by combining
identification and discrimination training methods (Shinohara
& Iverson, 2018). The present study trained younger learners,
and we were able to exceed the 15% ceiling: Japanese speak-
ers from 7 to 18 years old (i.e., both children and adolescents)
improved word-initial /r/-/l/ identification accuracy by 24.7% on
average (SD = 17.2). Although we continue to hope that better
training outcomes will be found for adults, one way forward
might be to increase the use of computer-based training while
new English learners are still in school.

Japanese speakers also improved their production identifia-
bility and the degree of F3 distinction in their production. We
hypothesized that Japanese speakers would improve both
identifiability and F3 distinction for the contrast after training,
and that the younger learners who improved their perception
more than adults would also improve their production more
than adults (Baker et al., 2008; Kartushina & Frauenfelder,
2014). Although the former hypothesis was supported, no
effects of age were observed in the improvements of produc-
tion identifiability or F3 production distinction. Given this null
result, it could be concluded that production and perception
improvements are not related. However, the improvement rate
of production identifiability was positively correlated with that of
perceptual identification and that of F3 sensitivity at the English
/r/-/l/ boundary. While only two significant correlations may not
strongly suggest that there is a common underlying factor gov-
erning all perception and production abilities, it may be unlikely
that these two abilities are completely independent. Bradlow
et al. (1997) trained adult Japanese speakers using a high vari-
ability identification training method but found there was no
correlation between their improvements in perception and pro-
duction. Shinohara and Iverson (2018) had a similar finding for
identification and discrimination training for Japanese speak-
ers learning the English /r/-/l/ contrast. Those previous studies
concluded that the learning may progress at different rates
within each subject. The cause of the inconsistent result
between the present and previous studies is not clear.

A question remains open on how L2 perception and produc-
tion are related. SLM proposes that perception learning pre-
cedes production and that L2 perception accuracy places an
upper limit on production accuracy (Flege & Bohn, 2021).
The results of the /r/-/l/ training studies for Japanese speakers
could be seen to support this hypothesis: /r/-/l/ perceptual train-
ing improves production (Bradlow et al., 1997; Shinohara &
Iverson, 2018), and the improvement in perception is corre-
lated with the improvement in production in the present study.
However, finding correlations in improvement between percep-
tion and production does not mean that perceptual improve-
ment always precedes production improvement. Indeed,
Hattori (2009) demonstrated that Japanese speakers can
improve their /r/-/l/ production by production training without
perception improvement. It is difficult to test correlations with
small sample sizes and to examine whether there is an under-
lying common factor governing both L2 perception and produc-
tion learning. We did not find an age effect on correlation
between perception and production improvements, but the
important fact is that people have the ability to integrate their
perception and vocal tract gestures for their L2 learning
(Flege & Bohn, 2021).

In summary, we found that younger Japanese speakers,
particularly adolescents, had an advantage in terms of improv-
ing their perception of the English /r/-/l/ contrast, but there
remain uncertainties about what actually improved. Previous
work has identified F3 sensitivity as the main driver of
individual differences in English /r/-/l/ identification (Hattori &
Iverson, 2009), but, in the present study, changes in F3 sensi-
tivity were more strongly linked to the improvement of produc-
tion than that of perception. Iverson et al. (2005) concluded
that phonetic training for Japanese learners worked by apply-
ing the existing L1 category representations for the /r/-/l/ iden-
tification, but that does not explain why younger learners, who
likely have less developed L1 representations, learned better.
It may be that better understanding the initial state of the lear-
ner (e.g., quality and quantity of the input, and details of exist-
ing category representations) will provide a way forward. It may
also be true that the extensive literature on phonetic training
with adults is not completely relevant for young learners, and
that more general auditory and attention factors (e.g., Holt
et al., 2018) might be more influential for young learners than
are factors related to L1 category interference.
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A. Statistical analyses reports



Table 3
Statistical analysis for the identification test.

Fixed factor (contrast) Estimate SE z p

(Intercept) 0.36 0.04 8.49 < .001 ***
Group (training vs. control) �0.14 0.03 �4.52 < .001 ***
Block (pre vs. post) �0.13 0.01 �8.88 < .001 ***
/r/-/l/ Position (initial vs. others) �0.08 0.02 �3.49 < .001 ***
/r/-/l/ Position (medial vs. cluster) �0.08 0.04 �2.04 .041 *
Log age (linear) 20.88 3.85 5.43 < .001 ***
Log age (quadratic) �5.94 4.16 �1.43 > .05
Group (training vs. control): Block (pre vs. post) 0.13 0.01 8.96 < .001 ***
Group (training vs. control): /r/-/l/ Position (initial vs. others) 0.04 0.01 3.78 < .001 ***
Group (training vs. control): /r/-/l/ Position (medial vs. cluster) �0.01 0.02 �0.56 > .05
Block (pre vs. post): /r/-/l/ Position (initial vs. others) 0.07 0.01 6.31 < .001 ***
Block (pre vs. post): /r/-/l/ Position (medial vs. cluster) 0.03 0.02 1.78 .075 .
Group (training vs. control): Log age (linear) 1.07 3.36 0.32 > .05
Group (training vs. control): Log age (quadratic) �2.87 4.23 �0.68 > .05
Block (pre vs. post): Log age (linear) 3.14 2.13 1.47 > .05
Block (pre vs. post): Log age (quadratic) 5.88 2.09 2.82 < .01 **
/r/-/l/ Position (initial vs. others): Log age (linear) 1.05 1.48 0.71 > .05
/r/-/l/ Position (medial vs. cluster): Log age (linear) �3.99 2.50 �1.60 > .05
/r/-/l/ Position (initial vs. others): Log age (quadratic) 1.59 1.49 1.06 > .05
/r/-/l/ Position (medial vs. cluster): Log age (quadratic) �2.36 2.50 �0.95 > .05
Group (training vs. control): Block (pre vs. post): /r/-/l/ Position (initial vs. others) �0.06 0.01 �5.24 < .001 ***
Group (training vs. control): Block (pre vs. post): /r/-/l/ Position (medial vs. cluster) �0.01 0.02 �0.75 > .05
Group (training vs. control): Block (pre vs. post): Log age (linear) 0.004 2.09 0.002 > .05
Group (training vs. control): Block (pre vs. post): Log age (quadratic) �4.90 2.06 �2.38 .018 *
Group (training vs. control): /r/-/l/ Position (initial vs. others): Log age (linear) �5.13 1.47 �3.50 < .001 ***
Group (training vs. control): /r/-/l/ Position (medial vs. cluster): Log age (linear) 5.28 2.54 2.08 .037 *
Group (training vs. control): /r/-/l/ Position (initial vs. others): Log age (quadratic) �3.38 1.48 �2.29 .022 *
Group (training vs. control): /r/-/l/ Position (medial vs. cluster): Log age (quadratic) �0.11 2.48 �0.04 > .05

Table 4.1
Statistical analysis for the auditory discrimination test for the primary acoustic cue (F3 sensitivity at the English /r/-/l/ phoneme boundary).

Fixed factor (contrast) Estimate SE z p

(Intercept) 0.01 0.13 0.08 > .05
Group (training vs. control) �0.15 0.07 �2.03 .042 *
Block (pre vs. post) �0.14 0.04 �3.28 < .01 **
Log age (linear) 18.15 4.58 3.97 < .001 ***
Log age (quadratic) �10.00 4.60 �2.18 .030 *
Group (training vs. control): Block (pre vs. post) 0.10 0.04 2.32 .020 *
Group (training vs. control): Log age (linear) 7.59 4.56 1.66 .096 .
Group (training vs. control): Log age (quadratic) 11.44 4.60 2.49 .013 *
Block (pre vs. post): Log age (linear) �0.25 2.57 �0.10 > .05
Block (pre vs. post): Log age (quadratic) �2.18 2.59 �0.84 > .05
Group (training vs. control): Block (pre vs. post): Log age (linear) �2.66 2.57 �1.03 > .05
Group (training vs. control): Block (pre vs. post): Log age (quadratic) �5.24 2.61 �2.00 .045 *

Table 4.2
Statistical analysis for the auditory discrimination test for the secondary acoustic cue (F2 sensitivity at the English /r/-/l/ phoneme boundary).

Fixed factor (contrast) Estimate SE z p

(Intercept) �0.10 0.12 �0.83 > .05
Group (training vs. control) �0.03 0.06 �0.50 > .05
Block (pre vs. post) �0.22 0.03 �6.53 < .001 ***
Log age (linear) 9.39 4.06 2.32 .021 *
Log age (quadratic) �12.07 4.08 �2.96 < .01 **
Group (training vs. control): Block (pre vs. post) �0.01 0.03 �0.37 > .05
Group (training vs. control): Log age (linear) 6.02 4.05 1.49 > .05
Group (training vs. control): Log age (quadratic) 5.11 4.08 1.25 > .05
Block (pre vs. post): Log age (linear) 1.72 2.15 0.80 > .05
Block (pre vs. post): Log age (quadratic) �1.42 2.12 �0.67 > .05
Group (training vs. control): Block (pre vs. post): Log age (linear) �4.28 2.14 �2.00 .046 *
Group (training vs. control): Block (pre vs. post): Log age (quadratic) �2.32 2.13 �1.09 > .05
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Table 4.3
Statistical analysis for the auditory discrimination test for the irrelevant acoustic cue (F3 sensitivity within the English /r/ category).

Fixed factor (contrast) Estimate SE z p

(Intercept) �0.49 0.13 �3.83 < .001 ***
Group (training vs. control) �0.05 0.04 �1.14 > .05
Block (pre vs. post) �0.05 0.03 �1.46 > .05
Log age (linear) 4.06 2.77 1.46 > .05
Log age (quadratic) �1.11 2.76 �0.40 > .05
Group (training vs. control): Block (pre vs. post) 0.02 0.03 0.59 > .05
Group (training vs. control): Log age (linear) �0.68 2.78 �0.25 > .05
Group (training vs. control): Log age (quadratic) 7.40 2.76 2.68 < .01 **
Block (pre vs. post): Log age (linear) �5.54 2.14 �2.59 < .01 **
Block (pre vs. post): Log age (quadratic) 4.00 2.14 1.87 .061 .
Group (training vs. control): Block (pre vs. post): Log age (linear) 2.77 2.13 1.30 > .05
Group (training vs. control): Block (pre vs. post): Log age (quadratic) �0.92 2.13 �0.43 > .05

Table 5
Statistical analysis for the category discrimination test.

Fixed factor (contrast) Estimate SE z p

(Intercept) �0.15 0.10 �1.53 > .05
Group (training vs. control) �0.21 0.05 �4.31 < .001 ***
Block (pre vs. post) �0.24 0.05 �5.30 < .001 ***
Log age (linear) �2.61 4.35 �0.60 > .05
Log age (quadratic) �6.83 4.45 �1.54 > .05
Group (training vs. control): Block (pre vs. post) 0.19 0.04 5.10 < .001 ***
Group (training vs. control): Log age (linear) 8.50 4.30 1.98 .048 *
Group (training vs. control): Log age (quadratic) 8.17 4.32 1.89 .059 .
Block (pre vs. post): Log age (linear) 1.00 3.45 0.29 > .05
Block (pre vs. post): Log age (quadratic) 1.62 3.42 0.48 > .05
Group (training vs. control): Block (pre vs. post): Log age (linear) �0.53 3.43 �0.15 > .05
Group (training vs. control): Block (pre vs. post): Log age (quadratic) �6.75 3.41 �1.98 .048 *

Table 6
Statistical analysis for the improvement through 10 training sessions.

Fixed factor (contrast) Estimate SE z p

(Intercept) 1.11 0.19 5.74 < .001 ***
Session (linear) 0.14 0.02 8.21 < .001 ***
Log age (linear) 3.94 8.67 0.45 > .05
Log age (quadratic) �13.14 9.46 �1.39 > .05
Session (linear): Log age (linear) �3.30 0.95 �3.47 < .001 ***
Session (linear): Log age (quadratic) 2.80 0.98 2.86 < .01 **

Table 7
Statistical analysis for the English /r/-/l/ production identifiability.

Fixed factor (contrast) Estimate SE z p

(Intercept) 0.92 0.14 6.60 < .001 ***
Group (training vs. control) �0.24 0.09 �2.73 < .01 **
Block (pre vs. post) �0.17 0.05 �3.57 < .001 ***
Log age (linear) 23.04 7.12 3.24 < .01 **
Log age (quadratic) �6.39 7.26 �0.88 > .05
Group (training vs. control): Block (pre vs. post) 0.17 0.05 3.72 < .001 ***
Block (pre vs. post): Log age (linear) �6.17 3.63 �1.70 .089 .
Block (pre vs. post): Log age (quadratic) 1.23 3.65 0.34 > .05

Table 8
Statistical analysis for the F3 distinction for the English /r/-/l/ production.

Fixed factor (contrast) Estimate SE t p

(Intercept) 2677.95 54.19 49.42 < .001 ***
Group (training vs. control) �5.20 35.11 �0.15 > .05
Consonant (R vs. L) 140.26 42.43 3.31 .011 *
Block (pre vs. post) �6.28 9.84 �0.64 > .05
Log age (linear) 1688.22 1420.56 1.19 > .05
Log age (quadratic) 1152.93 1418.59 0.81 > .05
Group (training vs. control): Consonant (R vs. L) �29.90 9.84 �3.04 < .01 **
Group (training vs. control): Block (pre vs. post) 10.34 9.84 1.05 > .05
Consonant (R vs. L): Block (pre vs. post) 30.06 9.82 3.06 < .01 **
Group (training vs. control): Log age (linear) �624.09 1420.56 �0.44 > .05
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Fig. 9. Boxplots (top) of the normalized F2 frequency of English /r/ and /l/ produced by Japanese speakers assigned to control (left) and training (right) groups, for pre test (white boxes)
and post test (black boxes), and scatterplots (bottom) of the normalized F2 frequency of English /r/ (red) and /l/ (blue) along with age for pre test (circle dots) and post test (triangle dots).
The lines in the scatterplots represent the loess regression curves for pre test (solid lines) and post test (dashed lines).

Table 8 (continued)

Fixed factor (contrast) Estimate SE t p

Group (training vs. control): Log age (quadratic) 184.91 1418.58 0.13 > .05
Consonant (R vs. L): Log age (linear) 3259.88 391.74 8.32 < .001 ***
Consonant (R vs. L): Log age (quadratic) �304.12 392.63 �0.78 > .05
Block (pre vs. post): Log age (linear) �849.15 398.71 �2.13 .033 *
Block (pre vs. post): Log age (quadratic) 420.62 397.48 1.06 > .05
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post) �20.97 9.84 �2.13 .033 *
Group (training vs. control): Block (pre vs. post): Log age (linear) 262.95 398.72 0.66 > .05
Group (training vs. control): Block (pre vs. post): Log age (quadratic) 253.11 397.47 0.64 > .05
Consonant (R vs. L): Block (pre vs. post): Log age (linear) 687.20 391.75 1.75 .080 .
Consonant (R vs. L): Block (pre vs. post): Log age (quadratic) �142.79 392.52 �0.36 > .05
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Table 9
Statistical analysis for the F2 distinction for the English /r/-/l/ production.

Fixed factor (contrast) Estimate SE t p

(Intercept) 1699.43 42.40 40.08 < .001 ***
Consonant (R vs. L) 112.30 37.50 3.00 .017 *
Group (training vs. control) 19.47 20.77 0.94 > .05
Block (pre vs. post) �16.24 6.34 �2.56 .010 *
Log age (linear) �385.52 840.75 �0.46 > .05
Age (quadratic) 1199.74 839.09 1.43 > .05
Consonant (R vs. L): Group (training vs. control) �24.56 6.33 �3.88 < .001 ***
Consonant (R vs. L): Block (pre vs. post) 18.97 6.33 3.00 < .01 **
Group (training vs. control): Block (pre vs. post) 26.40 6.34 4.17 < .001 ***
Consonant (R vs. L): Log age (linear) 932.64 257.63 3.62 < .001 ***
Consonant (R vs. L): Log age (quadratic) �192.65 255.81 �0.75 > .05
Group (training vs. control): Log age (linear) �818.75 840.74 �0.97 > .05
Group (training vs. control): Log age (quadratic) �405.80 839.09 �0.48 > .05
Block (pre vs. post): Log age (linear) �132.16 257.74 �0.51 > .05
Block (pre vs. post): Log age (quadratic) 362.72 255.83 1.42 > .05
Consonant (R vs. L): Group (training vs. control): Block (pre vs. post) �15.83 6.33 �2.50 .013 *
Consonant (R vs. L): Group (training vs. control): Log age (linear) 87.99 257.61 0.34 > .05
Consonant (R vs. L): Group (training vs. control): Log age (quadratic) 684.60 255.80 2.68 < .01 **
Consonant (R vs. L): Block (pre vs. post): Log age (linear) 242.58 257.60 0.94 > .05
Consonant (R vs. L): Block (pre vs. post): Log age (quadratic) 22.85 255.80 0.09 > .05
Group (training vs. control): Block (pre vs. post): Log age (linear) �672.09 257.74 �2.61 < .01 **
Group (training vs. control): Block (pre vs. post): Log age (quadratic) 17.60 255.83 0.07 > .05
Consonant (R vs. L): Group (training vs. control): Block (pre vs. post): Log age (linear) 107.00 257.60 0.42 > .05
Consonant (R vs. L): Group (training vs. control): Block (pre vs. post): Log age (quadratic) 529.12 255.80 2.07 .039 *
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B. Other acoustic analyses of the English /r/-/l/ production

Fig. 9 displays the F2 frequencies of English /r/ and /l/
sounds produced for pre and post tests by Japanese speakers
assigned to control and training groups. It was hypothesized
that Japanese adults would learn to produce a lower F2 for
/r/ and a higher F2 for /l/ after training, as do native English
speakers (Hattori, 2009; Hattori & Iverson, 2009; Lotto et al.,
2004; Polka & Strange, 2005; Yamada & Tohkura, 1992). That
being said, English-speaking children aged from 5 to 8 years
tend to raise F2 for /r/ and to lower F2 for /l/, as well as produc-
ing a lower F3 for /r/ and a higher F3 for /l/ (Dalston, 1975;
Idemaru & Holt, 2013, 2011; Ingvalson et al., 2011; Lotto
et al., 2004; McGowan et al., 2004); Japanese children could
improve similarly.

The best-fitting linear mixed effects model for the F2 analy-
sis demonstrated that there was a significant 3-way interaction
of consonant, group, and testing block, b = �15.83, SE = 6.33,
t = �2.50, p = .013, suggesting that Japanese speakers
increased their F2 distinction for the English /r/-/l/ contrast after
training (higher F2 for /l/ and lower F2 for /r/). In addition, the 4-
way interaction of consonant, group, testing block, and the
quadratic function of age was also significant, b = 529.12,
SE = 255.80, t = 2.07, p = .039. This suggests that adolescents
in the training group increased F2 distinction more than did
adults and children, compared to the control group (see the
scatterplots). See Table 9 for detailed statistical results.

Fig. 10 displays the difference between the F3 and F2 fre-
quencies of Japanese speakers’ /r/-/l/ productions for pre
and post tests. It was hypothesized that both Japanese adults
and children would learn to produce the smaller F3–F2 differ-
ence for /r/ and the larger difference for /l/ after training, as
do native English speakers (Aoyama et al., 2019; Espy-
Wilson, 1992). The 3-way interaction of group, consonant,
and testing block was not significant, b = �5.84, SE = 9.26,
t = �0.63, p > .05, and the 4-way interaction of group, conso-
nant, testing block, and the quadratic function of age was mar-
ginally significant, b = �646.18, SE = 372.98, t = �1.73,
p = .083. These results suggest that there were no training
effects on the F3–F2 difference (see the boxplots), and that
age did not significantly affect the training effects (see the scat-
terplots). See Table 10 for detailed statistical results.

Fig. 11 displays the steady state duration of Japanese
speakers’ English /r/-/l/ productions for pre and post tests.
Steady state duration was defined as the period from the onset
of periodicity to the beginning of transition (Ingvalson & Holt,
2011). Previous studies show that Japanese speakers tend
to be more sensitive to duration cues than to the primary
acoustic cue (i.e., F3) (Hattori, 2009; Iverson et al., 2005).
Therefore, it was hypothesized that Japanese speakers would
learn to produce a shorter steady state duration for /r/ and a
longer steady state duration for /l/, as do native English speak-
ers (Hattori, 2009; Hattori & Iverson, 2009; Kent & Read,
2002).

The linear mixed effects model for the steady state dura-
tion analysis demonstrated that there was a significant 3-
way interaction of group, consonant, and testing block,
b = �1.77, SE = 0.82, t = �2.16, p = .031. This suggests that
Japanese speakers in the training group improved their /r/-/l/
production distinction (i.e., longer duration for /l/ and shorter
duration for /r/) but that those in the control group did not
change their distinction as much (see the boxplots). Although
the 4-way interaction of group, consonant, testing block, and
quadratic function of age was marginally significant,
b = 54.48, SE = 33.03, t = 1.65, p = .099, the 4-way interac-
tion of group, consonant, testing block, and the linear func-
tion of age was significant, b = 107.95, SE = 33.10,
t = 3.26, p < .01. These results suggest that younger learners
improved their /r/-/l/ production distinction more than did the
older learners in the training group but that this age effect
was not observed in the control group. See Table 11 for
detailed statistical results.



Table 10
Statistical analysis for the F3–F2 difference for the English /r/-/l/ production.

Fixed factor (contrast) Estimate SE t p

(Intercept) 957.18 27.26 35.12 < .001 ***
Group (training vs. control) �17.78 25.58 �0.70 > .05
Consonant (R vs. L) 31.46 13.21 2.38 .044 *
Block (pre vs. post) 11.88 9.26 1.28 > .05
Log age (linear) 1904.17 1033.05 1.84 .069 .
Log age (quadratic) 544.85 1033.65 0.53 > .05
Group (training vs. control): Consonant (R vs. L) �9.63 9.26 �1.04 > .05
Group (training vs. control): Block (pre vs. post) �16.28 9.26 �1.76 .079 .
Consonant (R vs. L): Block (pre vs. post) 12.11 9.26 1.31 > .05
Group (training vs. control): Log age (linear) 169.25 1033.05 0.16 > .05

(continued on next page)

Fig. 10. Boxplots (top) of the F3–F2 difference of English /r/ and /l/ produced by Japanese speakers assigned to control (left) and training (right) groups, for pre test (white boxes) and
post test (black boxes), and scatterplots (bottom) of the F3–F2 difference of the English /r/ (red) and /l/ (blue) along with age for pre test (circle dots) and post test (triangle dots). The
lines in the scatterplots represent the loess regression curves for pre test (solid lines) and post test (dashed lines).
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Fig. 11. Boxplots (top) of the steady state duration of English /r/ and /l/ produced by Japanese speakers assigned to control (left) and training (right) groups, for pre test (white boxes)
and post test (black boxes), and scatterplots (bottom) of the steady state duration of the English /r/ (red) and /l/ (blue) along with age for pre test (circle dots) and post test (triangle dots).
The lines in the scatterplots represent the loess regression curves for pre test (solid lines) and post test (dashed lines).

Table 10 (continued)

Fixed factor (contrast) Estimate SE t p

Group (training vs. control): Log age (quadratic) �65.29 1033.65 �0.06 > .05
Consonant (R vs. L): Log age (linear) 2296.43 374.16 6.14 < .001 ***
Consonant (R vs. L): Log age (quadratic) �264.80 373.09 �0.71 > .05
Block (pre vs. post): Log age (linear) �828.26 374.21 �2.21 .027 *
Block (pre vs. post): Log age (quadratic) 59.23 373.02 0.16 > .05
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post) �5.84 9.26 �0.63 > .05
Group (training vs. control): Consonant (R vs. L): Log age (linear) 391.17 374.15 1.05 > .05
Group (training vs. control): Consonant (R vs. L): Log age (quadratic) �167.76 373.08 �0.45 > .05
Group (training vs. control): Block (pre vs. post): Log age (linear) 855.05 374.21 2.29 .023 *
Group (training vs. control): Block (pre vs. post): Log age (quadratic) 364.91 373.02 0.98 > .05
Consonant (R vs. L): Block (pre vs. post): Log age (linear) 477.15 374.01 1.28 > .05
Consonant (R vs. L): Block (pre vs. post): Log age (quadratic) �116.07 372.97 �0.31 > .05
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post): Log age (linear) �199.86 374.02 �0.53 > .05
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post): Log age (quadratic) �646.18 372.98 �1.73 .083 .
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Table 11
Statistical analysis for the steady state duration of the English /r/-/l/ production.

Fixed factor (contrast) Estimate SE t p

(Intercept) 60.34 3.63 16.62 < .001 ***
Group (training vs. control) 3.18 2.73 1.16 > .05
Consonant (R vs. L) 1.28 2.53 0.51 > .05
Block (pre vs. post) 0.76 0.82 0.93 > .05
Log age (linear) 351.55 110.51 3.18 < .01 **
Log age (quadratic) �383.23 110.37 �3.47 < .001 ***
Group (training vs. control): Consonant (R vs. L) �3.80 0.82 �4.64 < .001 ***
Group (training vs. control): Block (pre vs. post) �0.42 0.82 �0.52 > .05
Consonant (R vs. L): Block (pre vs. post) 1.08 0.82 1.32 > .05
Group (training vs. control): Log age (linear) 390.51 110.51 3.53 < .001 ***
Group (training vs. control): Log age (quadratic) 142.74 110.37 1.29 > .05
Consonant (R vs. L): Log age (linear) �102.13 33.10 �3.09 < .01 **
Consonant (R vs. L): Log age (quadratic) 62.59 33.04 1.89 .058 .
Block (pre vs. post): Log age (linear) �79.11 33.11 �2.39 .017 *
Block (pre vs. post): Log age (quadratic) 45.28 33.03 1.37 > .05
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post) �1.77 0.82 �2.16 .031 *
Group (training vs. control): Consonant (R vs. L): Log age (linear) 24.82 33.10 0.75 > .05
Group (training vs. control): Consonant (R vs. L): Log age (quadratic) 22.50 33.04 0.68 > .05
Group (training vs. control): Block (pre vs. post): Log age (linear) �15.75 33.11 �0.48 > .05
Group (training vs. control): Block (pre vs. post): Log age (quadratic) �68.48 33.03 �2.07 .038 *
Consonant (R vs. L): Block (pre vs. post): Log age (linear) �25.28 33.10 �0.76 > .05
Consonant (R vs. L): Block (pre vs. post): Log age (quadratic) �47.35 33.03 �1.43 > .05
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post): Log age (linear) 107.95 33.10 3.26 < .01 **
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post): Log age (quadratic) 54.48 33.03 1.65 .099 .
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Fig. 12 displays the transition duration of Japanese speak-
ers’ English /r/-/l/ productions for pre and post tests. The tran-
sition duration was defined as the period from the offset of the
steady state of the target consonant to the onset of the steady
state of the following vowel (Ingvalson et al., 2011). It was
hypothesized that Japanese speakers would learn to produce
a longer transition for /r/ and a shorter transition for /l/ after
training, as do native English speakers (Hattori, 2009; Hattori
& Iverson, 2009; Kent & Read, 2002).

The linear mixed effects model for the transition analysis
demonstrated that there was a significant 3-way interaction
of group, consonant, and testing block, b = 1.57,
SE = 0.31, t = 5.12, p < .001. This result suggests that Japa-
nese speakers in the training group improved their production
distinction (longer transition for /r/ and shorter transition for /
l/) after training, compared to those in the control group (see
the boxplots). The significant 4-way interaction of group, con-
sonant, testing block, and the quadratic function of age,
b = �48.58, SE = 12.33, t = �3.94, p < .001, and the margin-
ally significant interaction of group, consonant, testing block,
and the linear function of age, b = �22.10, SE = 12.36,
t = �1.79, p = .074, suggest that age affected the training
effect. Younger learners improved their distinction more than
older learners, but children did not improve as much as ado-
lescents (see the scatterplots). See Table 12 for detailed sta-
tistical results.



Fig. 12. Boxplots (top) of the transition duration of English /r/ and /l/ produced by Japanese speakers assigned to control (left) and training (right) groups, for pre test (white boxes) and
post test (black boxes), and scatterplots (bottom) of the transition duration of the English /r/ (red) and /l/ (blue) along with age for pre test (circle dots) and post test (triangle dots). The
lines in the scatterplots represent the loess regression curves at pre test (solid lines) and post test (dashed lines).

Table 12
Statistical analysis for the transition duration of the English /r/-/l/ production.

Fixed factor (contrast) Estimate SE t p

(Intercept) 26.95 0.99 27.25 < .001 ***
Group (training vs. control) �0.40 0.62 �0.65 > .05
Consonant (R vs. L) �6.36 0.83 �7.65 < .001 ***
Block (pre vs. post) 0.83 0.41 2.02 .068 .
Log age (linear) 4.73 24.94 0.19 > .05
Log age (quadratic) �67.54 24.89 �2.71 < .01 **
Group (training vs. control): Consonant (R vs. L) 1.53 0.31 5.02 < .001 ***
Group (training vs. control): Block (pre vs. post) �1.71 0.35 �4.85 < .001 ***
Consonant (R vs. L): Block (pre vs. post) �1.51 0.37 �4.04 < .01 **
Group (training vs. control): Log age (linear) 61.39 24.94 2.46 .016 *
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Table 12 (continued)

Fixed factor (contrast) Estimate SE t p

Group (training vs. control): Log age (quadratic) 52.17 24.89 2.10 .039 *
Consonant (R vs. L): Log age (linear) �45.94 12.36 �3.72 < .001 ***
Consonant (R vs. L): Log age (quadratic) 31.31 12.33 2.54 .011 *
Block (pre vs. post): Log age (linear) 18.32 14.22 1.29 > .05
Block (pre vs. post): Log age (quadratic) �15.35 14.18 �1.08 > .05
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post) 1.57 0.31 5.12 < .001 ***
Group (training vs. control): Consonant (R vs. L): Log age (linear) �45.11 12.36 �3.65 < .001 ***
Group (training vs. control): Consonant (R vs. L): Log age (quadratic) �41.22 12.33 �3.34 < .001 ***
Group (training vs. control): Block (pre vs. post): Log age (linear) 44.87 14.21 3.16 < .01 **
Group (training vs. control): Block (pre vs. post): Log age (quadratic) 13.34 14.18 0.94 > .05
Consonant (R vs. L): Block (pre vs. post): Log age (linear) 7.22 12.36 0.58 > .05
Consonant (R vs. L): Block (pre vs. post): Log age (quadratic) 5.08 12.33 0.41 > .05
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post): Log age (linear) �22.10 12.36 �1.79 .074 .
Group (training vs. control): Consonant (R vs. L): Block (pre vs. post): Log age (quadratic) �48.58 12.33 �3.94 < .001 ***
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