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This study investigated acoustic characteristics of American English liquids produced by native

English (NE) and native Japanese (NJ) speakers reported in Aoyama, Flege, Guion, Akahane-

Yamada, and Yamada [(2004). J. Phonetics 32, 233–250]. For a larger longitudinal study, the data

were collected twice to investigate the acquisition of American English by the NJ speakers (Time

1, Time 2). Aoyama, Flege, Guion, Akahane-Yamada, and Yamada [(2004). J. Phonetics 32,

233–250] evaluated productions of /l/ and /�/ in the NE and NJ adults and children (16 participants

each) using NE speakers’ perceptual judgments and showed that the NJ children’s production of /�/

improved from Time 1 to Time 2. In the current study, four acoustic parameters (duration, F1, F2,

and F3) were measured in 256 tokens each of English /l/ and /�/. Results showed that some acoustic

parameters, such as F2, changed from Time 1 to Time 2 in the NJ speakers’ productions, indicating

improvements. However, the NJ speakers’ productions were different from the NE speakers’ pro-

ductions in almost all acoustic parameters at both Time 1 and Time 2. Results suggest that the

improvements in the NJ children’s productions of /�/ reported in Aoyama, Flege, Guion, Akahane-

Yamada, and Yamada [(2004). J. Phonetics 32, 233–250] were due to a combination of changes,

not due to a change in one acoustic parameter such as F3 in /�/.
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I. INTRODUCTION

The perception and production of English /l/ and /�/ by

native Japanese (NJ) speakers have been studied extensively

(e.g., Aoyama et al., 2004; Bradlow et al., 1997; Flege et al.,
1995, 1996; Goto, 1971; Hattori and Iverson, 2009; Larson-

Hall, 2006; Yamada, 1995). In general, previous studies indi-

cate that Japanese speakers’ perception scores are well

below those of native English (NE) speakers for both identi-

fication (e.g., Flege et al., 1996; Hattori and Iverson, 2009)

and discrimination (e.g., Aoyama et al., 2004; Guion et al.,
2000). In production, Japanese speakers’ English /l/ is often

misidentified as /�/ by NE speakers, and vice versa (Aoyama

et al., 2004; Guion et al., 2000). In short, the contrast

between English /l/ and /�/ seems to be particularly difficult

for NJ speakers, although some previous studies demon-

strated that extensive laboratory training can improve

Japanese speakers’ perception of /l/ and /�/ (Bradlow et al.,
1997; Bradlow et al., 1999).

It has been hypothesized that Japanese speakers’ diffi-

culty with English /l/ and /�/ is due to perceptual assimilation

patterns of English /l/ and /�/ in relation to the Japanese tap

/Q/. In a perceptual assimilation experiment, Guion et al.
(2000) demonstrated that Japanese speakers identified both

English /l/ and /�/ as the Japanese tap /Q/, with equal good-

ness-of-fit ratings. In Aoyama and Flege (2011), NJ speakers

also identified both English /l/ and /�/ as the Japanese tap /Q/.

However, when the Japanese speakers were asked to rate the

goodness-of-fit of English /l/ and /�/ in reference to the

Japanese tap /Q/, the similarity rating was higher for /l/ than

for /�/. In British English, Hattori and Iverson (2009) used

identification and best exemplar experiments to determine

perceptual assimilation patterns of /l/ and /�/ by Japanese

speakers. The results suggested that British English /l/ and

/�/ both assimilate to the Japanese tap /Q/, but to a different

degree. That is, Japanese speakers perceived British English

/l/ as a more similar sound to the Japanese tap /Q/ than

British English /�/ is to the Japanese /Q/. Overall, the above

studies suggest that English /l/ and /�/ are perceived as equiv-

alent to the same Japanese category, the Japanese tap /Q/, by
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NJ speakers. In terms of the degree of similarity, English /�/

is perceived as being more deviant from the Japanese tap /Q/

than English /l/ is.

The Speech Learning Model (SLM; Flege, 1995)

hypothesized that the more “dissimilar” a sound in the sec-

ond language (L2) is, the more likely L2 learners discern the

differences. Consequently, the SLM hypothesized that the

L2 learners will more likely improve on more dissimilar

sounds than less dissimilar sounds. Aoyama et al. (2004)

investigated NJ adults’ and children’s perception and pro-

duction of English /l/ and /�/ to test these hypotheses of the

SLM. In Aoyama et al. (2004), NE speakers perceptually

evaluated Japanese adults’ and children’s productions of /l/,

/�/, and /w/ by choosing a response from the choices that

were provided (l, r, w, d, dr, br, bl, ml on a computer screen).

The results showed that the NJ children’s production of

English /�/, but not /l/, significantly improved over the course

of 1 year. However, the acoustic nature of the observed

improvement in Aoyama et al. (2004) is not known, because

the productions of English /l/ and /�/ were evaluated by

native American English speakers’ perceptual judgments

(i.e., intelligibility scores).

The present study aims to investigate the acoustic char-

acteristics of Japanese children’s productions of American

English liquids to examine the changes observed in Aoyama

et al. (2004) at a finer level. The secondary aim of the pre-

sent study is to compare the acoustic nature of English

liquids between native speakers and Japanese L2 speakers of

English.

A. Acoustic characteristics of English /l/ and /�/

The acoustic differences between American English

prevocalic /l/ and /�/ are well established in adult native

speakers of English. It has been demonstrated that the third

formant (F3) is the main acoustic cue to differentiate /�/

from /l/ in adult native speakers of American English (Espy-

Wilson, 1992; Ingvalson et al., 2012). The F3 is usually

below 2000 Hz for prevocalic /�/, whereas the F3 for prevo-

calic /l/ was around 2500 Hz in Espy-Wilson (1992). Due to

a lower F3 in /�/ than in /l/, the distance between the second

formant (F2) and F3 is also smaller for /�/ than for /l/. Espy-

Wilson (1992) suggested that the F3-F2 distance of 3.5 Bark

differentiates prevocalic /l/ from /�/, because the F3-F2 dis-

tance is typically larger than 3.5 for /l/ and smaller than 3.5

for /�/. There are several other acoustic cues for distinguish-

ing /l/ and /�/ in perception including the first formant (F1)

transition, the onset of F2, and duration (Ingvalson et al.,
2011; Polka and Strange, 1985; Yamada and Tohkura,

1992). However, the lower F3 in /�/ than in /l/ appears to be

the primary cue in differentiating /l/ and /�/ in English

(Hattori and Iverson, 2009; Ingvalson et al., 2011).

It is also known that American English liquids, espe-

cially /�/, are acquired relatively late by children (McGowan

et al., 2004; Sander, 1972; Smit et al., 1990). Smit et al.
(1990) reported that NE-speaking children’s productions of

/�/ did not reach 90% “acceptance level” (p. 781) until about

7 yr of age. Idemaru and Holt (2013) reported that produc-

tion accuracy of both /l/ and /�/ was around 90% among

4.5 yr olds. Both Idemaru and Holt (2013) and Smit et al.
(1990) indicated that NE-speaking children’s /l/ and /�/ are

almost always perceived as accurate by age 8 and 9 yr.

The development of /l/ and /�/ has also been studied

acoustically in NE-speaking children. Dalston (1975)

reported that 3- to 4-yr old children’s productions of /l/ and

/�/ were not as clearly differentiated as adults’ productions

acoustically, although their /l/ and /�/ productions were per-

ceived as correct and acoustically distinguishable from each

other. More recently, Idemaru and Holt (2013) studied the

production development of /l/ and /�/ by NE-speaking chil-

dren between ages 4 and 8 yr. It was found that children’s

productions of /l/ and /�/ were acoustically differentiated by

F3 in all groups, including the 4-yr olds. On the other hand,

their productions of /l/ and /�/ were not differentiated by the

F3-F2 distance until age 5. In the older groups, productions

of English /l/ and /�/ were clearly differentiated by both F3

and the F3-F2 distance. Taken together, the above studies

suggest that NE-speaking children’s productions of /l/ and

/�/ are perceived accurately by adults and acoustically well-

distinguished by approximately 8 yr of age.

B. Japanese speakers’ productions of English /l/
and /

r

/

Japanese L2 speakers’ productions of English /l/ and /�/

have been studied extensively (e.g., Aoyama et al., 2004;

Flege et al., 1995; Ingvalson et al., 2011; Larson-Hall,

2006), although most studies analyzed their productions

through perceptual judgments by NE speakers. Previous

studies indicated that Japanese speakers’ production accu-

racy of both English /l/ and /�/ is lower than NE speakers

(e.g., Aoyama et al., 2004; Ingvalson et al., 2011). Flege

et al. (1995) demonstrated that Japanese speakers could learn

to produce English /l/ and /�/ accurately if they have had

extensive experience using English. Two groups of Japanese

speakers participated in Flege et al. (1995): “experienced”

Japanese speakers with over 20 yr of length of residence

(LOR) in the U.S. and “inexperienced” Japanese speakers

with less than 2 yr of LOR. NE speakers identified the

Japanese speakers’ productions of /l/ and /�/ by using forced-

choice response alternatives (“definitely L,” “probably L,”

“possibly L”, “possibly R,” “probably R,” and “definitely

R”). Flege et al. (1995) showed that experienced Japanese

speakers’ productions of /l/ and /�/ were identified as the

intended sound more than 95% of the time by NE speakers.

In comparison, inexperienced Japanese speakers’ produc-

tions were identified as the intended sound between 80% and

90% of the time. In Flege et al. (1995), NE-speaking judges

also rated the degrees of foreign accent in consonant-vowel

syllables with an initial /l/ or /�/ (e.g., /lA/ and /�A/). Results

showed that experienced Japanese speakers’ productions

received lower ratings (i.e., stronger accent) than NE speak-

ers’ productions, even though their /l/ and /�/ were identified

as the intended segment.

Experienced and inexperienced Japanese speakers’ pro-

ductions of /l/ and /�/ were then acoustically analyzed in

Flege et al. (1995). Acoustically, F1 and F2 in /�/ did not dif-

fer between the NE speakers and the Japanese speakers, but
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F3 was higher in the Japanese speakers’ productions than in

the NE speakers’ productions. For /l/, the Japanese speakers’

productions did not differ from the NE speakers’ in F1 and F3,

but the F2 was higher in the Japanese speakers’ productions

than in the NE speakers’ productions. These results indicate

that, even though the experienced Japanese speakers’ produc-

tions were almost always identified as the intended sound, their

productions of /l/ and /�/ were acoustically different from the

native speakers’ productions in both /l/ and /�/. Based on these

results, Flege et al. (1995) suggested that acoustic analysis can

provide insights and details that are not observed in native

speakers’ perceptual judgments.

Saito and Munro (2014) studied the production develop-

ment of English /�/ by adult Japanese learners of English.

Acoustic “benchmarks” (p. 460) were used in the analysis of

English /�/ produced by Japanese L2 learners of English with

differing LOR in Canada. F1, F2, F3, and transition duration

were measured in /�/ produced by L2 Japanese speakers as

well as by native Canadian English speakers. Results showed

that F3 was higher in Japanese speakers’ /�/ than in NE speak-

ers’ /�/ (14.5 to 15.5 Bark vs 12.5 Bark). Japanese speakers

produced target-like F2 with less than 1 year of LOR in

Canada, indicating some improvements (Saito and Munro,

2014). Saito and Lyster (2012) also studied Japanese L2

learners’ production of /�/ acoustically. The results showed

that the F3 was higher in the NJ speakers’ /�/ (around

2500 Hz) than the NE speakers’ /�/ (around 1700 Hz). In addi-

tion, Saito and Lyster (2012) showed that F3 is an important

aspect for NE listeners when they judged the goodness of

Japanese speakers’ production of /�/. That is, the tokens of /�/

with a lower F3 (around 2200 Hz) were judged to be “very

good” while those with a higher F3 (around 2800 Hz) were

judged to be “very poor” by NE-speaking judges (p. 616).

These studies showed that F3 is an important acoustic cue for

the production of /�/ for Japanese L2 learners of English.

These studies also showed that F3 may be more difficult than

other cues, such as F2, for Japanese speakers to acquire.

The primary aim of the present study is to investigate

the acoustic characteristics of the productions of English /l/

and /�/ by NJ-speaking children. Aoyama et al. (2004) sug-

gested that the Japanese children’s productions of English /�/

improved more than their productions of /l/ over the course

of 1 year. The present study analyzes their productions

acoustically to examine what contributed to the perceived

improvement in the Japanese children’s production of /�/.

The secondary aim of the present study is to examine overall

differences between NE speakers and Japanese L2 speakers

of English in the acoustic nature of English /l/ and /�/.

II. METHOD

A. Participants

The participants were 16 NJ-speaking adults and 16 NJ

children, as well as 16 NE-speaking adults and 16 NE chil-

dren (see Table I). All of the NJ participants were born in

Japan, and most of them were living in Houston or Dallas,

Texas, at the time of testing. All of the NJ adults had studied

English for at least 6 years in Japan, whereas only one NJ

child had studied English before his arrival in the U.S. The

NJ children began attending English-speaking schools upon

arriving in the U.S.

B. Data collection

Data collection was conducted twice for each participant

to study the effect of L2 learning for a larger longitudinal

study (Aoyama et al., 2004, Aoyama and Guion, 2007;

Aoyama et al., 2008; Oh et al., 2011). The NJ participants’

mean LOR in the U.S. was 0.5 yr at the first time of testing

(Time 1), and their mean LOR was 1.6 yr at the second time

(Time 2). The NE participants were tested in Birmingham,

Alabama. They were also tested twice, 1 year apart. In both

the NJ and NE groups, the adults were the parents of the

children. Eighty-three adults and children originally partici-

pated at Time 1. Only 16 each of NJ adults and children

were available for testing at Time 2 due to relocations.

Sixteen each of NE adults and children were retained in the

study in order to have an equal number of participants in the

four groups.

C. Elicitation

All participants were tested in a quiet room in their

homes, or at the University of Alabama at Birmingham.

Twenty-six English words were elicited 3 times from each

participant to examine a variety of consonants and vowels for

the larger longitudinal study. The participant wore a head-

mounted microphone (Shure SM10A, Shure, Niles, IL) con-

nected to a DAT tape recorder (Sony TCD-D8, Sony, Tokyo,

Japan). For the first elicitation, an auditory model was played

via a loudspeaker. At the same time, a picture and an equiva-

lent word in Japanese were displayed in Japanese orthography

on the screen of a laptop computer. For the second and third

elicitations, the pictures were displayed without an auditory

model. The auditory model for the word was played only

when the participant was uncertain about what word to say.

The order of display for the 26 pictures was randomized for

each participant and for each of the three elicitations.

The participants’ productions were digitized at

22.05 kHz with 16-bit amplitude resolution. Two tokens of

two words, light and write, with an initial /l/ and /�/, were

analyzed for each participant at each time of testing. In

Aoyama et al. (2004), tokens of leaf and read were also

included in the production analysis. In the present analysis,

only light and write were analyzed because comparing the

vowel context (/a/ vs /i/) was beyond the scope of the study.

A set of 26 words was elicited from each participant 3 times.

TABLE I. Characteristics of the NE and NJ participants. LOR ¼ LOR in

the U.S. in years. Age ¼ chronological age in years at Time 1. Standard

deviations in parentheses.

Gender Mean age

Mean LOR

Time 1 Time 2

NE adults 7m/9f 40.3 (4.7) — —

NE children 10m/6f 10.6 (2.1) — —

NJ adults 8m/8f 39.9 (3.8) 0.5 (0.2) 1.6 (0.3)

NJ children 9m/7f 9.9 (2.4) 0.4 (0.2) 1.6 (0.3)
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Two of the three productions (first and third repetitions) were

used in the production analysis. The first and third repetitions

were originally selected to compare productions with an audi-

tory model and without an auditory model in Aoyama et al.
(2004). The first and third repetitions were simply treated as

two tokens of the same word in Aoyama et al. (2004) and the

present study because no statistically significant differences

were found between them in a preliminary analysis.

D. Data analysis

There were a total of 256 tokens of /l/ and 256 tokens of

/�/ for analysis (4 groups � 16 participants � 2 tokens � 2

times of testing per consonant). Acoustic measurements were

conducted using Praat (Boersma and Weenink, 2019).

Consonantal duration, F1, F2, and F3 frequencies were mea-

sured because these acoustic parameters differentiate English

/l/ and /�/ (Espy-Wilson, 1992) and were measured in previ-

ous studies of Japanese speakers’ productions of /l/ and /�/

(Flege et al., 1995). For F1, F2, and F3, measurements were

taken at a slightly different point in /l/ and /�/ following Flege

et al. (1995). This decision was made because acoustic char-

acteristics that define /l/ and /�/ are different from each other

(Espy-Wilson, 1992). For /l/, the formant frequencies were

measured at the consonantal midpoint. Frequencies were

measured at the midpoint instead of the onset for /l/, because

formants were not always evident for the syllable-initial /l/s

and there are abrupt shifts in the formant pattern at the onset

and/or offset of the consonant (Dalston, 1975; Espy-Wilson,

1992). For /�/, F1, F2, and F3 frequencies were measured at

the point where F3 was the lowest. This decision was made

because a low F3 is the hallmark of American English /�/, fol-

lowing Espy-Wilson (1992), Flege et al. (1995), and Saito

and Munro (2014).

The duration of the entire initial consonant was measured

for both English /l/ and /�/. The onset of the initial consonant

was identified by visual inspection of the wideband spectro-

gram and waveform. The onset of the vowel was identified as

the beginning of the vowel steady state. The consonant dura-

tion was measured as the interval between the onset of the

consonant and the onset of the steady state of the vowel.

Acoustic measurements were first made by trained ana-

lysts. Then, all of the 512 tokens were checked, and re-

measured if necessary, by K.A. There was one token of /l/

that had an overlapping noise and was excluded from the

acoustical analysis. For this NJ child, the values from one

token of /l/ were used for statistical analysis at Time 1.

Values from two tokens each of /l/ and /�/ were averaged for

all other cases. To normalize the formant values, F1, F2, and

F3 frequencies were converted from hertz to Bark using the

formula provided in Eq. (1) (Traunm€uller, 1990)

z ¼ 26:81= 1þ 1960=fð Þ½ � � 0:53: (1)

III. RESULTS

A. Duration

Table II summarizes the duration (in ms) and formant

frequencies (in Hz) of the productions of /l/. The descriptive

statistics indicate that the duration of /l/ was longer in the NJ

adults’ productions than in the NE adults’ productions. The

NJ children’s productions were comparable to the NE child-

ren’s at Time 1, but were shorter at Time 2 than at Time 1.

Table III summarizes the duration (in ms) and formant

frequencies (in Hz) of the productions of /�/. The descriptive

statistics indicate that the duration of /�/ was also longer in

the NJ adults’ productions than in the NE adults’ productions

on average. The NJ children’s /�/ was comparable to the NE

children’s /�/ in duration at Time 1. At Time 2, the NJ child-

ren’s /�/ was shorter than the NE children’s /�/.

The duration data were analyzed using Multivariate

Analysis of Variance (MANOVA). The dependent variables

were durations of /l/ and /�/ (averaged over two tokens for each

speaker at each time of testing). Independent variables were

Age (2 levels), Language (2 levels) (between subjects), and

Time (2 levels) (within subjects). This analysis yielded a signif-

icant simple effect of Age, F(2, 59)¼ 3.56, p¼ 0.04; Wilks’ K

TABLE II. Duration (in ms) and formant frequencies (in Hz) for /l/.

Standard deviations in parentheses.

Duration F1 F2 F3

NE adults Time 1 76 427 1116 2914

(19) (65) (211) (331)

Time 2 81 417 1111 2878

(23) (58) (192) (312)

NE children Time 1 80 468 1245 3128

(25) (72) (180) (496)

Time 2 83 507 1238 2999

(34) (96) (222) (283)

NJ adults Time 1 108 413 1491 2504

(37) (45) (316) (426)

Time 2 106 431 1499 2443

(31) (70) (227) (409)

NJ children Time 1 81 517 1854 2907

(26) (55) (277) (390)

Time 2 63 563 1464 2934

(20) (111) (209) (501)

TABLE III. Duration (in ms) and formant frequencies (in Hz) for /�/.

Standard deviations in parentheses.

Duration F1 F2 F3

NE adults Time 1 85 476 1109 1641

(23) (86) (136) (216)

Time 2 91 505 1161 1679

(33) (52 (115) (159)

NE children Time 1 90 550 1277 1719

(33) (72) (159) (130)

Time 2 101 532 1289 1779

(39) (77) (172) (219)

NJ adults Time 1 100 437 1273 2004

(24) (78) (302) (366)

Time 2 114 447 1206 1900

(48) (74) (233) (312)

NJ children Time 1 92 478 1533 2517

(36) (89) (334) (451)

Time 2 70 552 1341 2361

(23) (145) (251) (325)
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¼ 0.89, partial g2 ¼ 0.11. The interaction between Language

�Age was also significant, F(2, 59)¼ 5.60, p¼ 0.006; Wilks’

K ¼ 0.84, partial g2 ¼ 0.16. All other simple effects, two-way

interactions, and the three-way interaction were non-significant.

The univariate tests were conducted as a follow-up for

the MANOVA. The alpha level was adjusted to p¼ 0.025

for univariate tests because there were two dependent varia-

bles (/l/ and /�/) (p¼ 0.05 divided by 2). The interaction

between Language � Age was significant for both /l/ and /�/

[for /l/, F(1, 60) ¼ 10.21, p¼ 0.002, partial g2 ¼ 0.15; for

/�/, F(1, 60) ¼ 5.92, p¼ 0.02, partial g2 ¼ 0.09]. The

univariate tests indicated that the NE adults’ and children’s

duration did not differ statistically significantly (p> 0.05),

but that the NJ adults’ productions of both /l/ and /�/ were

longer than the NJ children’s productions (p< 0.05).

B. F1

Tables II and III also show formant frequencies (in Hz)

for the productions of /l/ and /�/. Figure 1 displays the box-

plot of F1 (in Bark) of both /l/ and /�/ in the four groups. The

NJ adults’ mean F1 of /l/ was comparable to the NE adults’

but the NJ children’s mean F1 of /l/ was higher than NE

children’s. For /�/, the NJ adults’ mean F1 was lower than

the NE adults’ F1. The NJ children’s mean F1 was lower

than the NE children’s at Time 1, but was similar to the NE

children’s at Time 2, indicating improvement in this acoustic

parameter.

The F1 values in Bark were analyzed using MANOVA.

The dependent variables were F1 values in Bark for /l/ and /�/

averaged over two tokens for each participant at each time of

testing. Independent variables were Age (2 levels), Language (2

levels) (between subjects), and Time (2 levels) (within subjects).

The simple effects of Age, Language, and Time were signifi-

cant, F(2, 59) ¼ 3.54 to 15.00, p¼ 0.04 to 0.001; Wilks’ K
¼ 0.66 to 0.89, partial g2 ¼ 0.11 to 0.34. The three-way interac-

tion (Time � Language � Age) was also significant, F(2, 59)

¼ 3.28, p¼ 0.045; Wilks’ K ¼ 0.90, partial g2¼ 0.10.

The univariate tests showed that the Time � Language

� Age interaction was significant for /�/ but not for /l/ [for /l/

F(1, 60) ¼ 0.31, p¼ 0.58; for /�/, F(1, 60) ¼ 5.32, p¼ 0.025,

partial g2 ¼ 0.08]. The tests indicated that the NJ children’s

F1 for /�/ was higher at Time 2 than at Time 1 (p< 0.05),

indicating improvement in the production of /�/. No signifi-

cant difference was found in the other groups.

C. F2

Tables II and III summarize F2 frequencies in Hz, and

Fig. 2 displays the boxplot of F2 in Bark for the productions

of /l/ and /�/ in the four groups. For /l/, the NJ adults’ mean

F2 was higher than the NE adults’ mean F2. The NJ child-

ren’s mean F2 was higher than all other groups’ mean values

at Time 1. Their F2 was lower at Time 2 than at Time 1 and

was comparable to the NJ adults’ values (see Fig. 2). The

NE adults’ and children’s mean F2 values were similar for

both /l/ and /�/, indicating F2 was not an acoustic cue that

differentiates /l/ and /�/ in the NE speakers’ productions. The

NJ adults’ mean F2 in /�/ was comparable to the NE speak-

ers’ F2. The NJ children’s mean F2 in /�/ was higher than

other groups’ mean F2, although it decreased from Time 1

to Time 2, showing improvement in /�/.

The F2 values in Bark were analyzed using MANOVA.

The dependent variables were F2 for /l/ and /�/ in Bark, aver-

aged over two tokens for each participant at each time of test-

ing. Independent variables were Age (2 levels), Language

(2 levels) (between subjects), and Time (2 levels) (within sub-

jects). The simple effects of Age, Language, and Time were

significant, F(2, 59) ¼ 5.79 to 31.87, p< 0.005; Wilks’ K
¼ 0.48 to 0.83, partial g2 ¼ 0.16 to 0.52. The three-way inter-

action (Language � Age � Time) was significant, F(2, 59)

¼ 6.52, p¼ 0.003; Wilks’ K ¼ 0.82, partial g2 ¼ 0.18. Two-

way interactions (Age � Time, and Language � Time) were

also significant, F(2, 59) ¼ 6.04 and 6.91, p< 0.004; Wilks’

K ¼ 0.83 and 0.81, partial g2 ¼ 0.19 and 0.17.

The univariate tests showed that the Language � Age

� Time interaction was significant for /l/ but not for /�/ [for

/l/, F(1, 60) ¼ 12.78, p¼ 0.001, partial g2 ¼ 0.18; for /�/,

FIG. 1. (a) F1 in /l/ and /�/ in the NE groups. (b) F1 in /l/ and /�/ in the NJ

groups. Note: Box plots indicate 25th and 75th percentile. The line in the

box indicates the mean. The whiskers indicate one standard deviation above

and below the mean.
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F(1, 60) ¼ 0.27, p¼ 0.60, partial g2 ¼ 0.004]. The post hoc
tests indicated that the NJ children’s F2 for /l/ was higher at

Time 1 than at Time 2 (p< 0.05), but no significant differ-

ence was found in the other groups. Overall, the results indi-

cated that the NJ children’s F2 for /l/ decreased from Time 1

to Time 2, showing improvement, while no change was

observed in the other groups.

D. F3

Tables II and III summarize F3 frequencies in Hz for

the productions of /l/ and /�/, and Fig. 3 displays the boxplot

of F3 in Bark for both /l/ and /�/ in the four groups. For /l/,

the NJ adults’ mean F3 was lower than the NE adults’ mean

F3. The NJ children’s mean F3 of /l/ was comparable to the

NE children’s F3. For the NE adults’ and children’s /�/, the

values were between 1600 and 1800 Hz, and were mostly

consistent with previous studies (Espy-Wilson, 1992). These

results confirmed that a low frequency of F3 is the primary

acoustic parameter that distinguishes /l/ from /�/ in

American English. The F3 values in the NJ adults’ and

children’s /�/ were higher than in the NE adults’ and child-

ren’s /�/. The NJ adults’ and children’s mean F3 values indi-

cated that their productions of /�/ differed from the NE

speakers’ /�/ in this crucial acoustic parameter.

The F3 values in Bark were analyzed using MANOVA.

The dependent variables were F3 in Bark for /l/ and /�/, aver-

aged over two tokens for each participant at each time of test-

ing. Independent variables were Age (2 levels), Language (2

levels) (between subjects), and Time (2 levels) (within sub-

jects). The simple effects of Age and Language were signifi-

cant, F(2, 59) ¼ 11.57 and 54.96, p< 0.001; Wilks’ K ¼ 0.72

and 0.35, partial g2 ¼ 0.28 to 0.65. The three-way interaction

(Language � Age � Time) was non-significant, F(2, 59)

¼ 0.25, p¼ 0.77; Wilks’ K ¼ 0.25. Two two-way interactions

(Language � Age, and Language � Time) were significant,

FIG. 2. (a) F2 in /l/ and /�/ in the NE groups. (b) F2 in /l/ and /�/ in the NJ

groups. Note: Box plots indicate 25th and 75th percentile. The line in the

box indicates the mean. The whiskers indicate one standard deviation above

and below the mean.

FIG. 3. (a) F3 in /l/ and /�/ in the NE groups. (b) F3 in /l/ and /�/ in the NJ

groups. Note: Box plots indicate 25th and 75th percentile. The line in the

box indicates the mean. The whiskers indicate one standard deviation above

and below the mean.
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F(2, 59) ¼ 4.22 and 3.55, p< 0.05; Wilks’ K ¼ 0.86 and

0.89, partial g2 ¼ 0.13 and 0.11.

The univariate tests showed that the Language � Age

interaction was significant for /�/ but not for /l/ [for /�/, F(1,

60) ¼ 8.17, p¼ 0.006, partial g2 ¼ 0.12; for /l/, F(1, 60)

¼ 3.02, p¼ 0.09]. The tests indicated that the NJ children’s

F3 for /�/ was higher than the NJ adults’ F3 (p< 0.05), but no

significant difference was found between the NE adults and

NE children. The univariate tests also showed that the

Language � Time interaction was significant for /�/ but not

for /l/ [for /�/, F(1, 60) ¼ 6.49, p¼ 0.013, partial g2 ¼ 0.10;

for /l/, F(1, 60) ¼ 0.07, p¼ 0.79]. The post hoc tests indicated

that the NJ speakers’ F3 for /�/ was lower at Time 2 than at

Time 1, indicating improvement in this acoustic parameter.

Overall, the NJ speakers’ F3 for /�/ was higher than the

NE speakers’ F3 (Fig. 3). The NJ speakers’ F3 (adults and chil-

dren combined) was lower at Time 2 than at Time 1, indicating

a change toward more accurate production of American

English /�/. No statistically significant change was found for F3

in the NJ adults’ and children’s productions of /l/.

E. F2-F1 and F3-F2 distance

Figure 4 presents scatterplots of the F2-F1 distance (x
axes) and the F3-F2 distance (y axes) in Bark for the NE

adults (left panel) and the NE children (right panel). Espy-

Wilson (1992) demonstrated that the F3-F2 distance is a

major acoustic cue that distinguishes /l/ from /�/ in American

English, in addition to a low F3 in /�/. Figure 4 demonstrates

that NE adults’ and children’s productions of /l/ and /�/ were

clearly differentiated by the distance between F3 and F2.

Figure 5 presents scatterplots of the F2-F1 distance (x
axes) and the F3-F2 distance (y axes) in Bark for the NJ

adults. The left panel in Fig. 5 shows the NJ adults’ produc-

tions at Time 1, and the right panel shows their productions

at Time 2. The NJ adults’ /l/ and /�/ were not clearly differ-

entiated from each other for either the F2-F1 or the F3-F2

distance. Espy-Wilson (1992) reported that the F3-F2 differ-

ence of 3.5 Bark as the boundary that separates /l/ from /�/,

because the F3-F2 difference is typically larger than 3.5

Bark for /l/ and smaller than 3.5 Bark for /�/. Figure 5 shows

that the F3-F2 difference for both /l/ and /�/ was lower than

6.0 Bark in the NJ adult speakers’ productions.

Figure 6 presents scatterplots of the F2-F1 distance (x
axes) and the F3-F2 distance (y axes) in Bark for the NJ chil-

dren. The left panel in Fig. 6 shows the NJ children’s pro-

ductions at Time 1, and the right panel shows their

productions at Time 2. The NJ children’s /l/ and /�/ were not

clearly differentiated from each other by either the F2-F1 or

FIG. 4. Scatter plots of the F2-F1 and F3-F2 distances (in Bark) of English /l/ and /�/ produced by the NE adults (the left panel) and the NE children (the right

panel). Time 1 and Time 2 values were combined.

FIG. 5. Scatter plots of the F2-F1 and F3-F2 distances (in Bark) of English /l/ and /�/ produced by the NJ adults. The left panel shows the Time 1 data. The

right panel shows the Time 2 data.
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the F3-F2 distance, and their productions appear to be more

widely dispersed than the NJ adults’ productions. The F3-F2

distance for both /l/ and /�/ ranged from 0 to 8 in the NJ

children’s productions, indicating the two sounds were not

differentiated by the F3-F2 distance, unlike in the NE speak-

ers’ productions.

In sum, results showed that the NJ children’s produc-

tions of liquids changed in some acoustic measures from

Time 1 to Time 2, including F1 in /�/ and F2 in /l/. The NJ

adults’ and children’s F3 in /�/ decreased from Time 1 to

Time 2, showing improvement in the crucial acoustic param-

eter for distinguishing English /l/ and /�/. In addition, results

showed that the NJ adults’ and children’s productions of

English /l/ and /�/ differed from the NE adults’ and child-

ren’s productions in almost all acoustic parameters both at

Time 1 and Time 2. The NJ adults’ productions of /l/ and /�/

were longer in duration than the NE adults’ productions,

while the NJ children’s /l/ and /�/ were shorter than the NE

children’s. The NJ adults’ and children’s /�/ had a lower F1

than the NE adults’ and children’s. The F2 in the NJ groups’

productions of /l/ was higher than the NE groups’ produc-

tions of /l/. The critical acoustic parameter, F3 in /�/, was

higher in the NJ adults’ and children’s productions than in

the NE adults’ and children’s productions.

IV. DISCUSSION

The primary aim of the present study was to investigate

the acoustic characteristics of American English liquids by

NJ-speaking children. Using NE speakers’ perceptual judg-

ments, Aoyama et al. (2004) reported that the NJ children’s

productions, especially their production of /�/, improved

over the course of 1 year of residence in the U.S. The results

of the present study indicated that there were some changes

between Time 1 and Time 2 in the NJ adults’ and children’s

productions. The mean F1 in the NJ children’s /�/ was higher

at Time 2 than at Time 1, and their F2 in /l/ was lower at

Time 2 than at Time 1. In addition, the F3 in the NJ speak-

ers’ (adults and children combined) /�/ was lower at Time 2

than at Time 1. These changes were in the right direction

compared to the NE speakers’ productions, indicating

improvements in the NJ speakers’ productions of American

English /l/ and /�/. However, the changes did not occur spe-

cifically in the NJ children’s production of /�/, as one would

expect from the results in Aoyama et al. (2004). Changes in

acoustic parameters were observed in the NJ adults’ produc-

tions as well as the NJ children’s productions, and they were

observed in both /l/ and /�/.

The secondary aim of the present study was to compare

the acoustic nature of liquids between native speakers and

Japanese L2 speakers of American English. The results

showed that the NJ adults’ and children’s productions of

both liquids were different from the NE speakers’ produc-

tions in almost all acoustic parameters. Most importantly,

the F3 in /�/, a critical acoustic parameter for the distinction

between /l/ and /�/, was higher in the NJ adults’ and child-

ren’s /�/ productions than in the NE adults’ and children’s

productions both at Time 1 and Time 2.

For the durational aspect, the NJ groups’ productions

showed different characteristics from those of the NE groups.

In particular, the NJ children’s productions of both liquids were

shorter than the NJ adults’ liquids at both times of testing (see

Tables II and III). In the same group of participants, Aoyama

and Guion (2007) showed that the children’s overall utterances

were longer than the adults’ (NE and NJ combined). Oh et al.
(2011) also showed no consistent differences between the same

NJ adults and children in vowel duration. One possibility of the

differences in duration is that the NJ children’s productions

were acoustically similar to the Japanese tap /Q/ at least in the

durational aspect, because the Japanese tap /Q/ is shorter than

both English liquids (Hattori and Iverson, 2009; Saito and

Munro, 2014). In Saito and Munro (2014), the F1 transition

duration in /�/ were longer in the Japanese speakers with longer

LOR in Canada, showing improvement with increasing experi-

ence in the L2. It is possible that, as the NJ children gain more

experience, durations of their liquids will become longer. It is

puzzling as to why the NJ adults’ /l/ and /�/ were the longest

compared to all three groups. As Aoyama and Guion (2007)

suggested, there may be some prosodic differences between the

NE and NJ groups, and possibly between adults and children.

We speculate that prosodic differences also contribute to differ-

ences in segmental durations observed in the present study.

FIG. 6. Scatterplots of the F2-F1 and F3-F2 distances (in Bark) of English /l/ and /�/ produced by the NJ children. The left panel shows the Time 1 data. The

right panel shows the Time 2 data.
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Some changes were observed in the spectral aspects of

the NJ adults’ and children’s productions. According to

Saito and Munro (2014), an acoustic benchmark for F2 for

English /�/ ranged from 7.9 to 11.0 in Bark. Saito and

Munro’s (2014) benchmark for F2 ranged from 11.8 to 13.2

in Bark for the Japanese tap /Q/. In the current study, the

mean F2 in the NJ adults’ /�/ was within the range of

English /�/ at both Time 1 and Time 2 (mean 9.9 and 9.6,

respectively) (see Fig. 2). The F2 in the NJ children’s /�/ at

Time 1 (mean 11.1) was higher than Saito and Munro’s

(2014) benchmark. At Time 2, the NJ children’s F2 in /�/

(mean 10.3) was within the range for English /�/ suggested

by Saito and Munro (2014). The NJ children’s F2 in /l/ at

Time 1 (mean 12.4) was within the range for the Japanese

tap /Q/, suggesting that their productions of /l/ were similar

to the Japanese /Q/ in F2. The F2 in /l/ decreased from Time

1 to Time 2 (mean 12.4 vs 10.9) indicating improvement for

this acoustic parameter. These results on F2 may lend sup-

port for Saito and Munro’s (2014) claim that F2 is a

“familiar cue” (p. 456) for Japanese speakers in learning to

produce a new category in English. Furthermore, results of

the present study suggest that their claim may extend to the

production development of English /l/ as well.

The benchmark for F3 for English /�/ in Saito and

Munro (2014) ranged from 11.4 to 12.6 in Bark. The NE

adults’ and children’s F3 values were, as expected, within

this range (see Fig. 3). The NJ adults’ mean F3 values in /�/

were higher than the NE adults’ (12.9 at Time 1 and 12.6 at

Time 2), and they were slightly above or at the upper end of

Saito and Munro’s (2014) benchmark. The NJ children’s

mean F3 values (14.4 at Time 1 and 14.1 at Time 2) were

higher than the benchmark. In fact, the NJ children’s F3 val-

ues were within the range of benchmark for the Japanese tap

/Q/ (14.5–15.7 in Bark). Although statistical tests indicated

that the F3 decreased from Time 1 to Time 2 in the NJ

adults’ and children’s /�/, F3 was still higher in the NJ speak-

ers’ /�/ than in the NE speakers’ /�/ at Time 2.

As mentioned earlier, a low F3 is the hallmark of

English /�/ (Espy-Wilson, 1992). Saito and Lyster (2012)

suggested that tokens of /�/ are considered as “good enough”

(p. 622) when the F3 was between 2200 and 2300 Hz in

Japanese speakers’ productions. In the current study, the

mean F3 in the NJ adults’ /�/ tokens were 2004 Hz at Time 1

and 1900 Hz at Time 2, suggesting their /�/ tokens were in

the good enough range suggested by Saito and Lyster

(2012). The NJ children’s mean F3 (mean 2517 Hz at Time

1 and 2361 Hz at Time 2), on the other hand, were above the

good enough range. This was a somewhat surprising finding,

because one would expect the improvement in the produc-

tion of English /�/ in Aoyama et al. (2004) would involve

larger changes in the most critical acoustic parameter. Saito

and Munro (2014) also suggested that F3 may be more diffi-

cult for Japanese speakers to acquire than F2 and transition

duration, because F3 is not a primary cue in the Japanese

phonetic system.

Perhaps the status of F3 in English and Japanese holds

the key to Japanese speakers’ difficulty with English liquids.

It is well documented that a low F3 in /�/ is the crucial dif-

ference between English /l/ and /�/ (e.g., Espy-Wilson,

1992). In perception, Hattori and Iverson (2009) suggested

that “representation of F3” (p. 478) for /l/ and /�/ may be

closely related to Japanese speakers’ ability to identify them.

Yet both Saito and Munro (2014) and the current study sug-

gest that F3 may be a more difficult phonetic aspect for NJ

speakers to acquire than other cues. The mismatch between

the importance of F3 in English /�/ and inattention to F3 by

Japanese speakers may be the source of this well-known dif-

ficulty in production and perception of English /l/ and /�/ by

Japanese L2 speakers of English.

In addition to F3, the distance between F3 and F2 is an

important acoustical cue in distinguishing English /�/ from

/l/ (Espy-Wilson, 1992). The F2-F1 and F3-F2 distances

(Fig. 4) showed that the NE adults’ and children’s /l/ and /�/

were clearly differentiated by the F3-F2 distance. Espy-

Wilson (1992) demonstrated that English /l/ has a larger

F3-F2 distance than /�/, with a difference of 3.5 Bark as a

reference point. In both the NE adults’ and children’s pro-

ductions, the F3-F2 distances were greater than 4.0 Bark for

/l/ and smaller than 4.0 Bark for /�/. This finding is consistent

with Idemaru and Holt (2013) that NE-speaking children’s

productions of /l/ and /�/ are differentiated in both F3 and

F3-F2 distance by age 8.

In comparison, the F3-F2 distances were smaller than

6.0 for both /l/ and /�/ in the NJ adults’ productions (Fig. 5).

The NJ children’s /l/ and /�/ productions appear to be over-

lapping on both the F3-F2 and F2-F1 distances (Fig. 6).

Figure 5 also suggests that the F2-F1 distance may be

smaller for /�/ and larger for /l/ in the NJ adults’ productions.

These findings suggest that the NJ adults and children may

be differentiating American English /l/ and /�/ with acoustic

parameters that are not crucial for native speakers of

American English, such as the F2-F1 distance, rather than

the primary cues, a low F3 in /�/ and the F3-F2 distance.

Interestingly, this finding coincides with previous studies

that Japanese speakers use cues other than F3, both in pro-

duction (Lotto et al., 2004; Saito and Munro, 2014) and in

perception (Ingvalson et al., 2012).

The results of the current study are also consistent with

Flege et al. (1995), who reported that experienced Japanese

speakers’ /l/ and /�/ productions were acoustically different

from the NE speakers’, even though the Japanese speakers’

productions were almost always identified as the intended seg-

ment by the NE speakers. The current study and Flege et al.
(1995) suggest that the Japanese speakers’ /l/ and /�/ produc-

tions can be identified as the intended segments in intelligibil-

ity judgments, although the acoustic characteristics of the

liquids are clearly different from native speakers’ productions.

It is possible that Japanese L2 speakers of English are differ-

entiating /l/ from /�/ in a different way than native speakers of

English, and these differences may not appear in perceptual

evaluation by NE speakers. Based on a holistic study of L2

acquisition, Abrahamsson and Hyltenstam (2009) demon-

strated that there are subtle linguistic differences between

native speakers and L2 speakers, even when L2 speakers are

perceived as native-like in overall “nativelikeness” (p. 252).

The results of the present study and these previous studies

show that there are fine differences between native speakers’
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and L2 speakers’ speech that are not readily observable

through perceptual evaluations by native speakers.

Taken together, the changes observed in acoustic char-

acteristics in this study do not appear to be specific to the

production of /�/ in the NJ children, as previously suggested

by perceptual evaluations of the same /l/ and /�/ productions

in Aoyama et al. (2004). Why did the NJ children’s /�/ pro-

ductions improve considerably in Aoyama et al. (2004),

even though the present study showed that the NJ children’s

productions of both /l/ and /�/ were acoustically quite differ-

ent from the NE speakers’ productions at Time 2? One factor

is that the NE speakers’ judgments in Aoyama et al. (2004)

were based on a forced-choice task. That is, the NE-

speaking listeners in Aoyama et al. (2004) gave a response

from the choices that were provided (l, r, w, d, dr, br, bl, ml
on a computer screen). The NJ children’s production of /�/

likely changed enough from Time 1 to Time 2 for NE speak-

ers to identify them as “r” more often, even though acoustic

characteristics of their /�/ production were still different

from the NE speakers’ /�/. If there was an additional task of

goodness rating in Aoyama et al. (2004), the differences in

the quality of both /l/ and /�/ might have been observed.

In Aoyama et al. (2004), improvements were also

observed in the NJ children’s perception of /l/ and /�/. It can-

not be concluded from Aoyama et al. (2004) that the NJ chil-

dren improved specifically on /�/, because their perceptual

abilities were assessed by a discrimination task between /l/

and /�/. Likewise, the results of the present study do not

directly support or reject the NJ children’s perceptual learn-

ing of /l/ and /�/. It is not possible to conclude if perceptual

learning in the NJ children occurred only for /�/, or for both

liquids, from the acoustical analysis of the present study.

In sum, the results of the present study showed that there

were acoustic differences in their production of /l/ and /�/

between the two times of data collection in the NJ adults and

children. These differences observed between Time 1 and

Time 2 are in the direction closer to the NE speakers’ values,

indicating improvements in production. However, the NJ

speakers’ productions were different from the NE speakers’

productions in almost all acoustic parameters both at Time 1

and Time 2. The results of our current study suggest that,

acoustically, the observed improvements in the NJ children’s

/�/ in Aoyama et al. (2004) were likely due to a combination

of changes in both /l/ and /�/, rather than a change in a single

acoustic parameter, such as F3 in /�/. In short, the present

study adds to the complexity of the case of Japanese speak-

ers’ acquisition of English /l/ and /�/. It also underscores the

importance of studying L2 speech production using percep-

tual judgments as well as acoustic analysis, because the two

types of analyses provide different yet complementary per-

spectives into L2 speech acquisition.
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