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Abstract

This article presents an account of how early language experience can impede the acquisition of

non-native phonemes during adulthood. The hypothesis is that early language experience alters

relatively low-level perceptual processing, and that these changes interfere with the formation and

adaptability of higher-level linguistic representations. Supporting data are presented from an experi-

ment that tested the perception of English /r/ and /l/ by Japanese, German, and American adults. The

underlying perceptual spaces for these phonemes were mapped using multidimensional scaling and

compared to native-language categorization judgments. The results demonstrate that Japanese adults

are most sensitive to an acoustic cue, F2, that is irrelevant to the English /r/-/l/ categorization.

German adults, in contrast, have relatively high sensitivity to more critical acoustic cues. The results

show how language-specific perceptual processing can alter the relative salience of within- and

between-category acoustic variation, and thereby interfere with second language acquisition.
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1. Introduction

Exposure to speech during childhood alters neural organization such that individuals,
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born capable of learning any language, develop perceptual and cognitive processes that are

specialized for their native language. The changes in neural organization are evident when

an individual tries to learn a second language as an adult. The second-language speech can

be difficult to segment into words and phonemes, different second-language phonemes can

sound as if they are the same, and the motor articulations of the second language can be

difficult to reproduce.

What causes the transition from a language-general to a language-specific pattern of

perception? Early research (e.g. Eimas, Siqueland, Jusczyk, & Vigorito, 1971) demon-

strated that infants are born with perceptual sensitivities for speech that parallel some

aspects of adult categorical perception (i.e. higher perceptual resolution near phoneme

boundaries than within categories; Liberman, Harris, Hoffman, & Griffith, 1957), and can

exhibit these perceptual sensitivities even for phonemes that are not used in their parents’

language (e.g. Streeter, 1976). Based on these findings, researchers theorized that newborn

infants are innately endowed with a universal set of phonetic feature detectors that encode

speech into linguistic units (Eimas & Corbit, 1973). It was thought that these feature

detectors atrophy during development if they are not used, such that adults retain only

the feature detectors that were stimulated by their native language (Eimas, 1975).

This early conception of perceptual development has been proven false in at least two

ways. First, it now seems that the initial perceptual abilities of infants reflect auditory

processing, not innate linguistic structures; animals can exhibit the same perceptual sensi-

tivities (e.g. Kuhl & Miller, 1975). Second, the atrophy hypothesis has been falsified (e.g.

Werker & Tees, 1984); adults maintain the ability to distinguish some non-native

phonemes to which they have had little exposure (Best, McRoberts, & Sithole, 1988),

and lose the ability to distinguish some non-native phonemes that they have heard in the

allophonic variation of their native language (see MacKain, 1982). Instead of atrophy, it

appears that the perceptual abilities of infants are actively changed to reduce perceptual

sensitivity within native phoneme categories (Kuhl, 1992, 1998, 2000; Kuhl, Williams,

Lacerda, Stevens, & Lindblom, 1992; Werker, 1994). These perceptual changes can make

it difficult for adults to distinguish non-native phonemes, depending on the degree to

which the native and non-native phonemes conflict (Best, 1994; Flege, 1995; Harnsberger,

2001).

It is uncertain which levels of processing are altered by language experience. The

predominant view has been that auditory processing is unaffected by language exposure,

and that the observed changes in perception are due to higher-level linguistic processes,

such as phonological encoding (Best, 1994) or speech-specific selective attention (Pisoni,

Lively, & Logan, 1994). The central fact supporting this view is that adults can acquire,

with varying success, even the most difficult non-native phonemes if they receive training

(see Pisoni et al., 1994; Rvachew & Jamieson, 1995). In addition, adults can, at least

within some experimental tasks, exhibit the ability to discriminate acoustic differences

between non-native phonemes that they cannot correctly categorize linguistically (Werker

& Tees, 1984). It thus seems clear that adults do not permanently lose the auditory

resolution necessary to distinguish non-native speech sounds.

More recent evidence, however, suggests that language exposure may indeed affect

auditory processing. Neurophysiological studies with adults (Näätänen et al., 1997;

Sharma & Dorman, 2000; Winkler et al., 1999; Zhang, Kuhl, Imada, Kotani, & Pruitt,
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2001) have found that language-specific perceptual sensitivities are present in the

mismatch-negativity (MMN) event-related potential as well as its magnetic equivalent.

These measures are thought to reflect the resolution of pre-attentive auditory processing,

and the localization of these language-specific effects to the auditory cortex has been

supported using MEG and fMRI (Guenther, Nieto-Castanon, Tourville, & Ghosh, 2000;

see Näätänen, 2001 for a review). Developmental studies, using behavioral measures

(Kuhl et al., 1992) as well as MMN (Cheour et al., 1998; Kuhl & Coffey-Corina, 2001),

have demonstrated that infants exhibit language-specific perceptual sensitivities for

phonetic units between 6 and 12 months of age, prior to the age that word meanings are

thought to be acquired. Kuhl (1994, 1998, 2000) has proposed that the mapping between

acoustics and perception becomes warped based on the statistical distribution of speech

sounds in the infant’s ambient language, reducing perceptual sensitivity near distribution

peaks or prototypes (Iverson & Kuhl, 1995, 1996, 2000; Kuhl, 1991; Kuhl et al., 1992) and

facilitating later stages of language acquisition. The changes in perception due to language

experience are almost certainly speech-specific, and thus can be considered, by definition,

to be phonetic rather than purely auditory (see Diesch, Biermann, & Luce, 1998; Näätä-

nen, 2001; Sharma & Dorman, 2000; Winkler et al., 1999). The current evidence thus

suggests that the perceptual changes due to language experience occur at an early phonetic

or late auditory level, prior to the recognition or categorization of speech in terms of

higher-level linguistic units.

The aim of the present study was to reconcile these views, to understand how language

experience could alter relatively low levels of processing without permanently blocking

the ability to acquire non-native phonemes during adulthood. The experiments specifically

examined the English /r/-/l/ contrast. Three groups of listeners with varying linguistic

backgrounds were tested: Japanese speakers, who have a well-documented difficulty in

acquiring English /r/ and /l/ (e.g. Goto, 1971; Miyawaki et al., 1975); German speakers,

who have no marked difficulty acquiring this phonetic contrast, but do not have a phoneme

like English /r/; and American English speakers, for whom these are native phonemes.

Multidimensional scaling (MDS) and signal detection theory were used to map the percep-

tual spaces underlying these phonemes. Identification and goodness judgments were used

to characterize how these sounds related to each listener’s native phoneme categories. The

results were analyzed to see how the perceptual spaces for English /r/ and /l/ were altered

by native-language exposure and to hypothesize how the structure of the perceptual spaces

could affect the acquisition of English /r/ and /l/.

2. Method

2.1. Participants

Twenty-four native speakers of Japanese were tested in Tokyo, 12 native speakers of

German were tested in Berlin, and 19 native speakers of English1 were tested in Seattle.
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All participants had been raised in monolingual homes, and had not learned other

languages prior to attending school. All Japanese and German speakers had received

English language instruction in school, for an average duration of 7.2 years for German

speakers and 7.5 years for Japanese speakers. No Japanese speakers had lived abroad.

German speakers had spent an average of 2.6 months visiting English-speaking countries.

2.2. Stimuli

The stimuli were 18 /ra/ and /la/ tokens from a previous study (Iverson & Kuhl, 1996).

They were synthesized (Klatt & Klatt, 1990) to model natural citation speech recordings of

an adult female native American English speaker. As shown in Fig. 1, the stimuli varied in

the frequencies of the second (F2) and third (F3) formants during the consonant closure, to

create a two-dimensional stimulus grid with the frequencies equally spaced on the mel

scale (Stevens, Volkmann, & Newman, 1937). The stimuli were identical in all other

respects. During the closure, F1 was 351 Hz and F4 was 4512 Hz; the bandwidths were

200, 100, 150, and 100 Hz, to match the formant amplitudes of the natural recordings.

During the vowel, the formant frequencies for F1–F4 were 796, 1221, 2973, and 4512; the

bandwidths were 200, 100, 150, and 400.

2.3. Procedure

2.3.1. Identification and goodness

Participants identified each stimulus in terms of their own native-language phonemes,

and rated whether the stimulus was a good exemplar of that category on a scale from 1

(bad) to 7 (good). Each session had a practice block of 18 trials (one trial for each

stimulus), and an experimental block of 36 trials (two trials for each stimulus).

2.3.2. Similarity scaling

Participants rated the acoustic similarity of stimulus pairs (350 ms ISI) on a scale from 1

(dissimilar) to 7 (similar). Each session had a practice block of 36 trials (randomly selected

pairs), and an experimental block of 306 trials (every possible pair of the 18 stimuli, in

both presentation orders, with no stimulus being paired with itself). The results were
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1996). The stimuli varied in terms of the second (F2) and third (F3) formants during the initial consonant. The

formant frequencies were spaced equally on the mel scale (Stevens et al., 1937).



analyzed using MDS (Kruskal, 1964) to map the perceptual space underlying these

stimuli. The procedure placed the stimuli in a two-dimensional Euclidean space such

that perceptually similar stimuli were placed close together and dissimilar stimuli were

placed far apart, maximizing the fit between distances and similarity using an inverse

monotonic function.

2.3.3. Discrimination

Participants heard pairs of stimuli (250 ms ISI) and judged whether they were the same

or different. Half were same pairs, containing two repetitions of the same stimulus. Half

were different pairs, containing stimuli that varied in F3 along the stimulus series (all had

the same F2, 1003 Hz). Subjects completed a practice block of 20 trials (two same and two

different for each stimulus pair), and an experimental block of 480 trials (48 same and 48

different for each stimulus pair). The results were analyzed using a differencing model of

signal detection theory (Macmillan & Creelman, 1991) to calculate perceptual sensitivity

(i.e. the ability to detect a stimulus difference) for each stimulus pair.

3. Results

As shown in Fig. 2, the underlying perceptual spaces for these stimuli were affected by

language experience. The MDS analyses modeled at least 90% of the variance in each set.

The order of stimuli along each dimension matched their formant frequencies (i.e. the

horizontal dimension corresponded to F3 and the vertical to F2), but the distances between

neighboring stimuli were distorted relative to the equally spaced stimulus grid. American

listeners were most sensitive to differences in F3 that distinguished /r/ and /l/ (stretching

the MDS space in the middle of the F3 dimension), and were less sensitive to acoustic

differences among excellent exemplars of these phonetic categories (shrinking the MDS

space near the ends of the F3 dimension). In contrast, Japanese listeners were more

sensitive to variation in F2 than F3, and had no marked stretching of the perceptual

space in the middle of the F3 dimension. German listeners had MDS solutions for these

stimuli that were more related to those of American listeners; there was stretching of the

perceptual space in the middle of the F3 series and shrinking near the lowest and highest

values of F3.

The discrimination results (Fig. 3) agreed with the MDS solutions. American listeners

had higher sensitivity near the /r/-/l/ boundary than within each category. Japanese listen-

ers had increasing sensitivity as F3 increased, with no peak in sensitivity at the English /r/-

/l/ boundary. Statistical comparisons of the American and Japanese data revealed that

Japanese listeners had significantly higher sensitivity within the English /r/

(tð41Þ ¼ 23:3, P ¼ 0:002) and /l/ (tð41Þ ¼ 25:1, P , 0:001) categories; American listen-

ers had significantly higher sensitivity at the phoneme boundary (tð41Þ ¼ 3:5, P ¼ 0:001).

German listeners had sensitivity patterns that were similar to those of Americans. Statis-

tical comparisons of the American and German data revealed that German listeners had

significantly higher sensitivity within the English /r/ category (tð29Þ ¼ 22:1, P ¼ 0:046),

but sensitivity was not significantly different within the /l/ category (tð29Þ ¼ 21:3,

P ¼ 0:214), or at the boundary (tð29Þ ¼ 20:76, P ¼ 0:450).
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The identification and goodness results (Fig. 2) provide clues about the causes of these

differences in perceptual sensitivity. Japanese adults assimilated these stimuli into their /r/

category, but the strength of the assimilation varied with F2 frequency (stimuli with lower

F2 frequencies began to sound like /w/). Their greater sensitivity to F2 may have been

caused by this category assimilation (see Best, 1994), although there was no clear evidence

for a perceptual magnet effect (Iverson & Kuhl, 1996; Kuhl, 1991) because no stimuli

were good exemplars of Japanese phonemes. German adults heard these stimuli as good

exemplars of their /l/ and as poor exemplars of their uvular fricative. Their category
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Fig. 2. Goodness, identification, and MDS solutions for Japanese, German, and American listeners. In the goodness

and identification graphs, the size of the circle indicates the average goodness rating (larger circle for higher

goodness), and the shading indicates the most frequently chosen phonetic category for that stimulus in terms of

the listeners’ native language (black for the respective /r/ sounds in Japanese, German, and English; white for /l/

sounds in German and English, and /w/ in Japanese). The numbers within the circles list the average goodness

ratings and the identification percentages for the predominant phonetic category. The MDS solutions are geometric

representations of the average similarity ratings for these stimuli. The lines between stimuli reflect their spacing in

the stimulus grid (see Fig. 1), and the length of the lines reflects perceptual sensitivities for these acoustic differences

(perceptually similar stimuli are placed close together; perceptually dissimilar stimuli are placed far apart).



boundary was less sharp than for American listeners, and they likewise had broader

stretching of the perceptual space in the middle of the F3 dimension. There was evidence

for a perceptual magnet effect for German /l/; the best exemplar had a higher F2 than did

those of American English listeners, corresponding with a shrinking of the perceptual

space at higher F2 values.

4. General discussion

It had long been known (e.g. Goto, 1971; Miyawaki et al., 1975) that Japanese adults are

relatively insensitive to F3 differences near the English /r/-/l/ boundary, and the present

study replicates this fact. However, the results also demonstrate that it is not the case that

Japanese adults are entirely unable to discern differences among these phonemes; Japanese

adults are more sensitive to variation along a dimension, F2, that is mostly irrelevant to the

English /r/-/l/ categorization, and can have high within-category sensitivity to F3 differ-

ences, particularly for /l/. Japanese adults thus have a distorted perceptual space for these

phonemes, but not a total lack of perceptual sensitivity (i.e. the critical acoustic variation is

not filtered out; see Trubetzkoy, 1958/1969). In contrast, the perceptual space for German

adults approximates that of American English speakers, being stretched near the English

/r/-/l/ boundary and shrunk within each category.

The perceptual spaces of Japanese adults are thus miss-tuned for acquiring the English

/r/-/l/ contrast, making acoustic variation that is irrelevant to categorization more salient

than the critical differences in F3. These perceptual spaces are hypothesized to interfere

with acquisition in at least two ways. First, Japanese adults could be prone to form

erroneous category representations for /r/ and /l/, by relying on acoustic cues, such as

F2, that are perceptually salient but not reliable or robust for categorization. In fact,
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Yamada (1995) has found that Japanese adults form these types of erroneous category

representations, giving more weight to secondary acoustic cues than to F3. Second, high

sensitivity to irrelevant acoustic differences could create problems akin to Garner inter-

ference (Garner, 1974), requiring focused attention and longer processing times to detect

the critical F3 differences, even for Japanese adults who have formed correct category

representations based on F3. These hypotheses extend Kuhl’s (1992, 1994, 2000) Native

Language Magnet Theory to further detail how perceptual warpings affect speech percep-

tion.

It is telling that the most successful training procedures for teaching English /r/ and /l/ to

Japanese adults have involved multi-talker high-variability stimulus sets (e.g. Logan,

Lively, & Pisoni, 1991). Training procedures involving smaller stimulus sets are easier

to learn, but do not readily generalize to new stimuli (Strange & Dittmann, 1984). Training

with larger stimulus sets may generalize better, because the variability provides informa-

tion about which cues are most robust and trains individuals to ignore irrelevant variation.

Likewise, enhancement of acoustic cues, in infant-directed (Kuhl et al., 1997) or signal-

processed (e.g. McCandliss, Fiez, Protopapas, Conway, & McClelland, 2002; Zhang et al.,

2001) speech, may improve early stages of learning by making the most robust acoustic

cues more salient.

The results from German listeners are compatible with this interpretation of the Japa-

nese results. German listeners may not have a marked difficulty acquiring English /r/ and

/l/ because their perceptual sensitivities, although subtly different from those of American

English speakers, do not interfere with learning this categorization (see Hallé, Best, &

Levitt, 1999 for related data on French speakers). German listeners retain a sensitivity

peak for F3 differences near the English /r/-/l/ boundary that all individuals likely have at

birth (Eimas, 1975), and do not acquire increased sensitivity to F2 variation. They thus find

the acoustic differences that are critical to the English /r/-/l/ categorization to be more

salient than irrelevant differences, which facilitates category learning.

The present results do not provide additional proof that perceptual changes resulting

from language experience occur at an auditory or early-phonetic level, but they help show

how such an account is plausible. Previous theorists have suggested that the perceptual

changes that occur as an adult learns a second language result from modifications of

higher-level linguistic processes (e.g. Best, 1994; Flege, 1995; Pisoni et al., 1994). The

current theory is in agreement with this view that higher-level processes are changed, but

further asserts that lower-level perceptual processes can interfere with the adaptability of

these higher-level processes. It is likely too that lower-level perceptual processes are

modified during adult second language acquisition (see Tremblay, Kraus, Carrell, &

McGee, 1997), due, for example, to top-down effects of category learning (Guenther,

Husain, Cohen, & Shinn-Cunningham, 1999; Guenther et al., 2000) or changes in the

strength of connections between peripheral and cortical neurons (McCandliss et al., 2002).

This theory is compatible with the hypothesis (e.g. Flege, 1995; Kuhl, 1994, 1998,

2000; McCandliss et al., 2002) that the decline of language acquisition abilities from

infancy through adulthood results from the interference of previous experience on percep-

tion. The changes in perceptual processing due to language experience may be self-rein-

forcing, because initial exposure to language will alter how all subsequent speech sounds

are perceived. That is, a loss of perceptual sensitivity for non-native phoneme contrasts
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may be difficult to reverse in adulthood, because perceptual resolution would have become

reduced for the types of acoustic variation that are most critical for training. Adults may

thus become neurally committed (Kuhl, 2000) to a particular network structure for analyz-

ing language, due more to this type of self-reinforcing perceptual interference than to any

age-related biological limitations.
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