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Previous studies have shown that infants perceptually differentiate certain non-native contrasts at
6—8 months but not at 10—12 months of age, whereas differentiation is evident at both ages in
infants for whom the test contrasts are native. These findings reveal a language-specific bias to be
emerging during the first year of life. A developmental decline is not observed for all non-native
contrasts, but it has been consistently reported for every contrast in which language effects are
observed in adults. In the present study differentiation of Englishd/dsy English- and
French-speaking adults and English- and French-learning infants at two(@&g8sand 10-12
months was compared using the conditioned headturn procedure. Two findings emerged. First,
perceptual differentiation was unaffected by language experience in the first year of life, despite
robust evidence of language effects in adulthood. Second, language experience had a facilitative
effect on performance after 12 months, whereas performance remained unchanged in the absence of
specific language experience. These data are clearly inconsistent with previous studies as well as
predictions based on a conceptual framework proposed by Burpiaph Psycholing7, 201-240

(1986]. Factors contributing to these developmental patterns include the acoustic properties of
/d—0/, the phonotactic uniqueness of Englishl,/and the influence of lexical knowledge on
phonetic processing. @001 Acoustical Society of AmericdDOI: 10.1121/1.1362689

PACS numbers: 43.71.Ft, 43.71.An, 43.71.1HRK]]

I. INTRODUCTION rated versus breathy voiced contrast-#t/ and the Salish
(Nthlakampy glottalized velar versus uvular ejective stop
One of the major accomplishments of early childhood iscontrast, /k—q/. The results clearly showed that English-
learning to understand one or more languages. As a first steparming infants at 6-8 months of age were able to differen-
the infant faces the challenge of learning to recognize thjate these non-native phonetic contrasts even though English
meaningful patterns in the speech stream, including the seggjyits could not, and that 10- to 12-month-old English in-
mental units that distinguish words in their native languagefants exhibited a decline in perception of these non-native
We now know that infants come well equipped for this task.contrasts when compared to infants in the younger age
Numerous studies show that infants as young as 1 month @froup. They subsequently replicated this pattern using a lon-
age are already able to differentiat wide range of pho- gjtudinal design and also tested three 11- to 12-month-olds
netic contrasts including native contrasts and non-native cofiftom g Hindi-speaking family and three 11- to 12-month-
trasts that are difficqlt for adults to distinguise.g., Eimas  5|4s from a Salish-speaking family. The results confirmed
etal, 1971; for a review see Best, 1994Research has also the |anguage-specific nature of the decline in perceptual
firmly established that these initial perceptual abilities appeagijities between 6 and 12 months of age. More recently, the
to shift from an unconstrained, language-general formsame pattern of decline has also been shown using a
towards a more restricted, language-specific pattern by thgapityation/dishabituation procedure for English infants
end of the first year of life. This conclusion is supported by;asted on the Salish contra&estet al, 1995 and for Japa-
evidence that infants can differentiate certain non-native congaqe infants tested on English /r{Tkushimaet al, 1994, a

trasts at 6-8 months of age but not at 10-12 monthsyonirast which is notoriously difficult for Japanese adults.
whereas a decline is not observed in infants for whom the A yeacline in perceptual differentiation in the first year

test contrasts are native. This finding was first reported by, g 5150 heen shown in English-learning infants for several
Werker and colleagL_Jes. They investigated the effec‘gs of ag8yn-native vowel contrasts, including Norwegian #y<Best

and language experience on cross-language phonetic PErceR-al, 1997 and the German /u—y/ and /U—YPolka and

tion in a series of studies using the conditioned headturiyerker 1994, In the latter study, language effects emerged
procedure(Werker et al, 1981; Werker and Tees, 1983, popyeen 4 and 6 months of age, suggesting that language
19844. They tested English-learning infants at several ag€gects hegin to emerge earlier in development for vowel
on several non-native contrasts including the Hindi retrofleX.nirasts than for consonant contraistee also Kuhkt al.
versus dental stop contrast-{t, the Hindi voiceless aspi- 1992. Best(1995: Bestet al, 1990 has also reported poor
perceptual differentiation by English-learning infants at
3Electronic mail: Ipolka@po-box.mcgill.ca 10-12 months of age for several additional non-native con-
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sonant contrasts from Zulu, including a lateral fricative voic-tion of phonetic perception that reflects advances in linguis-
ing contrast, a velar voiceless aspirated versus ejective stdfr processingWerker and Pegg, 1992; Werker al.,, 1995.
contrast, and a plosive versus explosive bilabial stop con- The finding that differentiation declines between 6 and
trast. For the Norwegian and the German vowel contrastd2 months for some non-native contrasts but not for others is
and for two of these Zulu contrasts, English adults’ differen-clearly established in the literature, but is not yet well ex-
tiation of the non-native contrasts was very good, indicatingplained. The fact that decline is observed during infancy for
that infant perception may decline even when language efron-native contrasts that are easily differentiated by adults
fects are not evident in adults. reveals that, although infants are beginning to recognize
Several studies have reported there to be no evidence sbme segmental aspects of their native language, their per-
a perceptual decline for certain other non-native contrasts ineptual structures are still immature. It is not clear whether
the first year of life. One study using a visual habituationinfants are simply able to recognize some phonetic catego-
procedurgBestet al., 1988 showed that English adults and ries and not others, or whether infants have formed any cat-
English infants between 6 and 14 months of age were able tegories that are comparable to mature listeners. A better un-
differentiate the non-native Zulu apical/lateral click conso-derstanding of the facts that underlie divergent development
nant contrast. These sounds are unlike any English phonetjatterns in cross-language phonetic perception can help ad-
category, and English adults did not even perceive them adress this issue.
speech. Bestl1991; Bestet al., 1990 reported that both En- Best (1995 has proposed that, for adults, language ef-
glish adults and English 10- to 12-month-olds were able tdects are evident for some contrasts but not others because
differentiate the Ethiopian ejective 'fpt’/ contrast. Like- there are differences in the way in which the contrasting
wise, using the conditioned headturn procedure, Polka andon-native phones relate to the native phonology. She has
Bohn (1996 failed to find any effects of age or language developed a perceptual assimilation modeAM) that is
experience when English-learning and German-learning inable to account for some differences in adult differentiation
fants at both 6—8 and 10—-12 months of age were tested dpased on assimilation patteriBest, 1990, 1993, 1994a,
the English &—¢/ contrast, which is not phonemic in Ger- 1994h. Although it is difficult to assess assimilation patterns
man, and the German /u-y/ contrast, which is not phonemi infants, it may be possible to gain some understanding of
in English? German and English infants showed good dif- how the native phonology is beginning to shape perception
ferentiation on both contrasts; adult perception of the nonduring infancy by comparing adult and infant differentiation
native contrasts in these studies was also very good. Theser non-native contrasts that conform to different assimila-
studies confirm that a simple loss-due-to-lack-of-exposure otion patterns in adults. To date, this line of investigation has
lack-of-attention explanation is inadequate to account for deshown that perceptual declines occur with non-native con-
velopmental changes in phonetic perception. trasts that adults assimilate equally well to the same native
Overall, the findings to date have been taken as evidengeghonological category, referred to as a single category as-
that for some phonetic contrasts language experience servsinilation (Bestet al, 1995. In comparison, perceptual dif-
to maintain perceptual differentiation in the first year of life, ferentiation is maintained for controls that cannot be assimi-
which otherwise declines when relevant language experiendated within the native phonological space, referred to as a
is lacking. However, it is important to note that absence ofnonassimilatedNA) pattern, such as the Zulu click contrast
language experience does not lead to a complete loss in panentioned abovéBest et al., 1988. However, results are
ception. As mentioned above, infants have shown declinegconsistent for two other assimilation patterns. Different
for non-native contrasts that non-native adults can easily difoutcomes have been reported for contrasts in which each
ferentiate. As well, training studies with adults have shownphone is a good match to a different native category, referred
that differentiation of difficult and rarely heard non-native to as a two-categoryTC) pattern. Specifically, Best found
contrasts can be achieved with sufficient trainitgg., that English infants at 10—12 months were able to discrimi-
Jamieson and Morosan, 1986; Logeinal., 1991; Morosan nate the Ethiopian /p-t'/ contrast but not the Norwegian
and Jamieson, 1989; Pisoet al, 1982; Tees and Werker, /y—ua/ contrast or the Zulu lateral fricative voicing contrast;
1984 or when sensitive testing procedures are employedll three of these contrasts conformed to a TC assimilation
(e.g., Werker and Tees, 1984ISeveral other findings also pattern for English adults. Likewise, results are also incon-
argue against an interpretation of developmental decline assstent for contrasts in which both phones are assimilated to
simple effect of exposure. Pegg and Werk&997 found a single native category but differ in goodness of fit, referred
that perceptual differentiation also declines between 6—8 antb as a category-goodne§SG) pattern. Specifically, Polka
10-12 months for a contrast that has an allophonic status iand Werker(1994 found a decline for two CG vowel con-
the native language. This finding highlights the importancerasts, whereas Polka and Bofit996 found that differen-
of functional status of the phoneme contrast rather than mergation was maintained for two other CG vowel contrasts.
allophonic exposure to maintain perception. Lalonde andBest also found poor performance at 10—12 months for the
Werker (1995 have also shown that developmental declineZulu voiceless aspirated versus ejective stop contrast; En-
in phonetic perception occurs in synchrony with age-relatedjlish adults assimilated this contrast as a CG pat(Best,
advances in general cognitive abilities such as visual categd-995. Clearly, more research involving a wider range of
rization and object permanence. Taken together these findion-native contrasts is needed to extend and refine PAM to
ings argue for an interpretation of age-related changes iexplain phonetic perception in infancy.
cross-language speech perception as a functional reorganiza- Burnham(1986 has provided a more specific prediction
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regarding developmental patterns for different phoneme corsubjects for the adults and 10- to 12-month-olds but no dif-
trasts which is based on their relative position on a “robust—ference to be evident for 6- to 8-month-olds. Thus, with re-
fragile” continuum. This continuum is defined with respect spect to developmental patterns, we expected to find evi-
to acoustic salience and frequency of occurrence across ladence of maintenancé.e., no change with agefor the
guages, such that robust contrasts are high in acoustic sknglish group and developmental decline beginning at
lience and occur frequently in the world’s languages andl0O—12 months in the French group.
fragile contrasts are low in acoustic salience and occur rarely  These results are predicted for three reasons. First, this
across languages. Although databases exist to establish thetcome follows clearly from previous findings given that, in
latter values, no metric is available to quantify acoustic saevery study to date, when a language effect is evident in
lience. According to Burnham, perceptual reorganization ocadult perception a decline in differentiation has been ob-
curs at two points in development. The first reorganizatiorserved in the first year of life for infants from the non-native
occurs early in development, within the first year, and affectgroup. Second, as outlined above, previous adult studies in-
perception of fragile contrasts; the second reorganization odlicate that Francophone adults assimilate English /d/ ahd /
curs later, around 5—6 years of age, and may affect differerto a single category in their native language. Thus, percep-
tiation of robust non-native contrasts. tual decline during infancy is consistent with Best's PAM

Clearly, developmental data on additional non-nativemodel. Third, English /d/ andd/ are short, low-amplitude
contrasts are needed to better understand the basis for divérthones, 3/ is among the weakest sounds that occur in En-
gent patterns in cross-language phonetic perception. Thalish (Fletcher, 1953; Ling and Ling, 1978and the /d¢/
present study was designed to address this need by examigPntrast is also quite rare across languages of the world
ing the effects of age and language experience on the petMaddieson, 1984 According to Burnham, these facts de-
ception of a stop—fricative contrast, /4 by French- and fine this contrast as fragile, and thus, perception of this con-
English-speaking adults, and French- and English-learning’aSt is expected to decline in the first year for non-native
infants. This contrast is phonemic in English but not inlisteners.
French, which has a dental voiced stop, /d/, but lacks either 3 \\etHoDS
/el or /6] phoneme.

There is abundant anecdotal evidence supporting th&- Stimuli

claim that French Canadians typically substitute /d/ fofr / The stimuli consisted of two sets of naturally produced
and /t/ for b/ when they attempt to produce the English gnglish minimal work pairs, /bot—vot(“boat’—“vote” )
interdental fricatives. Several studies also indicate that thignd /doz-d0z/ (“doze”—“those” ). The /b—v/ pair was se-
production error is due, at least in part, to problems in periected as a control for task performance because it is present
ceptual differentiation of these phonglamieson and Moro- in both English and French and it contrasts the same manner
san, 1986, 1989; Morosan and Jamieson, 1989; Werkeflasses and similar place differences asild-Specifically,
et al, 1992. These researchers report that French Canadiagach contrast consists of a voiced stop versus a nonsibilant
adults who are learning English perceive Englishds an  fricative with a small difference in place of articulation. It
instance of French /d/ and Englisb//as an instance of was considered important to use a comparable control con-
French /t/, and thus describing a single category assimilatiofrast given previous findings suggesting that perception of
pattern for English /d&/. To date, Morosan and Jamieson fricatives may be more difficult for infants even in their na-
(1989 have reported the most detailed assessment of Frafive languageEilers and Minifie, 1975; Eileret al, 1977;
cophone perception of this stop—fricative contrast. They exHolmberget al, 1977. Using this control, we could be con-
amined the perception of /d/ versus /d/ by Francophones ifident that differences in performance with fif-can be at-
the context of a study designed to examine the effects ofributed to effects of age or language experience over and
training on perception of Engliste£d/ by Quebec French- above any effects of stimulus salience.
speaking adults. They used both natural /d/ addspeech Multiple instances of boat, vote, doze, and those were
tokens and a synthesized/ o /d/ continuum. Their results recorded as produced in a short carrier phigdaimber 1,
indicate that the Francophones had difficulty identifying thethose™) by a 26-year-old male monolingual native Canadian
natural tokens correctly. In particular, Francophones hadtnglish speaker. These stimuli were digitized at a sampling
problems identifying thed/ items with the shortest frication rate of 10 kHz(12-bit resolution; low-pass filtered at 4.8
durations, which suggests that they were relying only on thé&Hz) using a Macintosh llfx computer witllACSPEECHSOft-
frication duration due to differentiate this contrast. Theirware. Four /bot/, four /vot/, five /doz/, and fivéaz/ tokens
identification of the /d&/ continuum also failed to show a were selected so that the items within each contrast had
clear categorization of the series. matching values with respect to fundamental frequency,
In the present study, we examined perceptual differenvowel amplitude, and five durational measutpsevoicing,
tiation of the English /d&/ contrast by English-speaking and total syllable, vowel, closure, and final burst/fricatiothis
Canadian French-speaking adults and English-learning anehsured that neither contrast could be differentiated by at-
Canadian French-learning infants at 6—8 and 10—12 month®nding to extraneous acoustic differences that are not reli-
of age using the conditioned headturn procedure. We expeetble cues to the phonetic contrast. In the final set, the /bot/
to replicate the effects of age and language experience firgind /vot/ tokens had a mean duration of 325 ms
reported by Werker and colleagues. Specifically, we expedirange=285.5-327.4 msand the /doz/ andbz/ tokens had
performance to be poorer for French compared to Englista mean duration of 443.4 m&ange=405.7-479.1 ms
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TABLE I. Acoustic cues distinguishing the initial consonants for the /bot—vot/ stimuli and s -stimuli.
The* denotes a cue with completely nonoverlapping values;ttlinotes a cue in which average values differ
but there is some degree of overlap.

Difference
Cue between
Mean Range Mean Range status means
b/ NI
Noise duration(ms) 7.8 5.3-10.4 35.9 27.3-43 * 28.1
Noise amplitudedB) 53.5 49.6-55.8 59 56.9-62.2 * 55
F2 at onsetHz) 1172 1129-1210 1241 1210-1272 + 69
F2 change(Hz) 455 10-81 58.7 10-142 13.3
/d/ 16/
Noise durationms) 16.2 7.7-20.4 18% 8.5-39.8 2.4
Noise amplitudgdB) 53.7 50.1-56.7 5622 51.4-66 2.5
F2 at onsetHz) 1746 1699-1790 1536 1455-1699 + 210
F2 change(Hz) 604 550-681 456 336-631 + 148

#These values reflect only four of the five items because aperiodic noise energy could not be measured for one
item.

The final stimulus set was redigitized to a 386 PC using  Formant frequencies were measured for each item using
BLISS (Mertus, 1990 and swiFT software(sampling rate of MACSPEECH LAB Il software via an LPC algorithrfl3 poles
10 kHz, 12-bit resolutionto conduct adult and infant per- using the procedure described in Polke095. A 24-ms
ceptual testing. Four monolingual English-speaking adultsHamming window was centered at successive 12.5-ms loca-
were asked to identify the initial consonant in each item andions within each syllable, and measures were taken at the
to comment on any unclear items. All four adults reportedonset of voicing until voicing offset. Table | contains for-
that all 18 items were clear, unambiguous examples of thghant frequency measures corresponding2at the onset of
intended words, confirming that the stimuli were high inte"voicing and ther2 frequency change. The latter measure was
Iig_ible for native adults. These _adult judgments were pb—deﬁned as the extent 2 frequency change between the
tained in the same room and using the same setup, delivef,set and midpoint of the syllable, that is, during the initial
system, and intensity level that was used in the infant ang formant transition. The midpoint measure was taken at 50
adult testing. ms from the onset for /bot/ and /vot/ tokens and at 137.5 ms

Acoustic analyses of the selected tokens were performefl,m, yhe onset for /doz/ andséz/ tokens. These locations
to identify the cues distinguishing each stop/nonsibilant fri-

) i As sh in Table | th | includ orrespond to a point within each syllable which is close to
cative pair. As shown n 'able ’.t €se analyses INCIUUeQ, hare F2 reaches a frequency maximum for /bot/ and /vot/
several measures of the initial aperiodic noise portion of eac

. Fbkens and to wher&2 reaches a frequency minimum for
token as well as formant frequency measures. In this tabl%oz/ and d0z/ tokens

s o
an asterisk™) in the cue status column indicates that there As expected, given the place differences in these con-

were completely nonoverlapping distributions of the measure . . e found that on average tF2 onset frequencies were
for the contrasting phones. These cues provide highly reli- .

able information to distinguish the contrast. A pls) in higher for /v/ than for /b/ and were considerably higher for

this column denotes a measure for which there is a substaﬁq/ than for &/ (Fant, 1970. For /b—vi, the meark2 d|ffer—_
tial difference in average values for the contrasting phonegr'lce.was.small and there was one pair of /,b/ and v/ items
but some degree of overlap is present. Although these cud¥th identical values. For /a3, the mean difference was
are less systematic they may also be useful in distinguishingUCh larger than for /b—v/ and again there was one pair of
the contrast. Measures with no asterisk or plus are similafd/ @nd 8/ stimuli with the same value. Given the manner
across the contrasting phones and provided little or no infordifferences in these contrasts, we expected to find evidence
mation to help distinguish the contrast. fqr more rapld F2 transitions for the stops relative to the
The duration of the initial aperiodic nois@.e., stop fricatives (Pickett, 1999. Because our measures &2
burst or fricative energywas measured by simultaneously changes are computed over the same syllable durations, a
referring to waveform and spectrographic displays. The avdreater=2 change indicates more ragi@ change. For /b—v/
erage amplitude of the initial noise portion of the syllablethere was no clear difference or trend in the extentaf
was measured for the segment beginning at the onset of afgrmant change. With respect to the &l—contrast, F2
prevoicing to the onset of periodicity of the vowel. For the change showed a clear tendency to be larger for /d/ than for
/b—v/ contrast, the initial noise segment was shorter and ledd/, but there was some overlap in values for /d/ add /
intense for /b/ than /v/ and there was no overlap of values fotokens. Thus, overall, for /bot/~/vot/, there are clear differ-
either measure. For /@4 the duration and average ampli- ences in aperiodic noise wherefé2 differences are present
tude of the initial noise segment differed only slightly be-but less systematic. In comparison, for /doz/-
tween the /d/ andd/ items and there was considerable over-/00z/, aperiodic noise cues are absent wheféasues are
lap in both values. prominent.

2193 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Polka et al.: New developmental pattern 2193



B. Subjects C. Procedure

Twenty-nine adults(19 females, 10 malg¢sand 42 Infants were tested in the headturn procedure using the
healthy, full-term infantg21 females, 21 mal¢served as protocol described in Polka and Werk@i994). In this pro-
subjects. The adult subjects included 15 monolingual Frenchedure a syllable is played from a loudspeaker every 1500
speakerg§mean=24, range 19 to 35 yegrand 14 monolin- ms and at random intervals this background syllable changes
gual English speakerémean=21, range=18 to 28 years  to a target syllable for a brief interval. Testing began by first
Two additional adults, one French speaker and one Englisonditioning the infant to turn his/her head toward a visual
speaker, were excluded as they failed to meet the criteriofeinforcer when a change in the background syllable oc-
(described belowwith the /b—v/ control contrast. All adults curred. Correct headturns are reinforced by the activation of
reported having normal hearing and were paid for their para2 Visual reinforcefan electromechanical animal that moyes
ticipation. The English adults had resided in the province oftnd the verbal praise of an assistant. We implemented this
Quebec for less than 4 years, and had only classroom instruBfocedure as a category change paradigm in which the back-
tion in French at the introductory level. None of the Englishground and the target consist of multiple tokens of each syl-
adults listened to French radio or TV and none could speak ible type. o _
second language fluently. Francophone subjects were native Percept_lon of eac_h stop/fricative contrast was tested in a
speakers of Canadian French and had no more than basi'9le session. The infant was seated on the parent's lap
high school English instruction. All Francophone adults re-2€ross a small table from an experiment&d). The loud-
sided in Quebec most of their lives. Some of the Francoph-speaker and an array of four visual reinforcers, located be-
one adults occasionally listened to English radio or TV buthind & smoked Plexiglas panel, were located to the left of the
none was a fluent speaker of a second language. parent and infant. Both the parent and E1 I|sFened to vocal

The infant sample included 23 babies between 6 and ghusic over headphones to prevent them from influencing the

months of age: 10 French-leamnifigean=7:15, range=6:02 mfant's behavior. A second experi.ment(QZ) located out-
to 8:16 and 13 English-learning infantsnear=7:04, range s@e the test room observed the infant through a one-way
=6:00 to 8:10; and 19 babies between 10 and 13 months oiW'ndOW and operated the computer.

age: 9 French-learningmeanr=10:24, range 10:00 to 11:25 h _T?e tsessmr! began with ? c_(:n(talltllonmgtﬁtage Itn which
and 10 English-learning infantsnearn=10:07, range=10:00 € Infant was given an opportunity fo fearn e contingency

to 10:25. To get 42 infant subjects to complete the entirebetween the consonant change and the visual reinforcer.

o . o Only a single exemplar of each syllable type was used in the
procedure, an additional 68 babi€s2 English; 34 French conditioning stage. Once the infant had made at least three

were tested but their data were excluded for the following . gy .
o o ; consecutive correct anticipatory headturns, the testing stage
reasons: failed to meet criterion with /b—v/ on day A ( b Conditioning continued ub to a maximum of 20 trials
=37)# fussed during testingn=7); failed to meet retest egan. oning -a up )
N . i During the testing stage multiple tokens of each syllable type
criterion on day Z{desprlbed be.IO\]v(n=.9), unable to return were presented as the background and target stimuli. Also,
for _second test sessiom € 10); technical problems Or €X' hoth change and contrgho-changg trials were presented
perimenter error l{=>5). Parents reported that infants had according to a semirandom schedule in which no more than
normal hearing and none had been treated for an ear infegg oo consecutive control or change trials could occur. In the
tion in the month prior to the study. Parents were providedegying stage, E2 initiated trials when the infant was in a
with two small gifts as tokens of our appreciation. “state of readiness’(facing E1, not fussing, etc.E2 was
Language experience of each infant was assessed Vifing to the trial type and pushed a button when she observed
parent interview. For the English infants, English was they headtum during the trial interval. The visual reinforcer was
native language of both parents; however, for five infantsyctiyated automatically on a change trial when E2 recorded a
one or both of the parents were bilingdaflowever, in every headtyrn within a 4.5-s window; three syllables are presented
case both parents had learned English very early in lifegyring this interval. A retraining protocol was also imple-
spoke it fluently, and preferred to speak English. The lanmented during the test stage to provide up to six retraining
guage used by the parents and directed to the baby was Efa|s (change trials that are automatically reinforced if no
g“sh, Other relatiVeS, Caregivers, and ViSitorS interacted Witmeadturn OCCUDS Performance on retraining tria's was ex-
the baby in English. For each of these infants, the languaggluded from all data analyses. Twenty-five trials were pre-
in the home with respect to TV and radio was English.  sented during the testing stage; approximately 55 percent of
For the French infants, Canadian French was the nativehe test trials were change trials and 45 percent were control
tongue of both parents except for one infant, whose mother'gia|s®
native language was Romanian, a language which does not |nfant testing was conducted in a sound-treated cham-
contain interdental fricatives. Some of the parents could als@er. The stimuli presentation was controlled on-line from an
speak some English but all of them preferred to speak inBM format computer via a data Translation DT2801 D/A
French. Thus, for every infant in the French group the lanboard and stimuli were routed through a Yamaha AX-350
guage used by the parents and directed to the baby wasnplifier for delivery at an intensity of 68 dBfat approxi-
French. Other relatives, caregivers, and visitors also intermate ear level of the babwia a Cyrus 780 loudspeaker.
acted with the baby in French. The language in the hom&omputer software controlled the stimulus delivery, activa-
with respect to TV and radio was predominantly French bution of the reinforcers, and trial selection, and recorded hits,
including some English for 8 of the 19 French infants. misses, correct rejections, and false alarms.
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Adult subjects were tested using the same basic proce 100 )
dure as the infants. Each adult was seated in the same cha B English
as the parents had used and was read a short set of instru O French
tions that instructed them to raise their hand after hearing ¢
sound change. The reinforcers were activated just as with th:
infants. Thus, adults experienced the same masking effect
created by the noiséf any) and also received feedback for
their correct responses. In the conditioning stage, adults wer:
given a minimum of three and a maximum of six condition-
ing trials. In testing only 25 test trials were presented; no
retraining trials were presented.

80

iterion

60 -

40 1

20 A

D. Design

Proportion reaching cr

Each subject was tested on both contrasts. With the in- 0- — '
fants, testing was completed in two sessions conducted ol 6-8 months  10-12 months Adults
different days, with /bot/—/vot/ on day 1 and /doziez/ on AGE GROUP
day 2. Infant pilot testing with /bot/—/vot/ revealed that dif- , _ G' .0. _ o
ferentiation was more difficult when /bot/ was the baCk-FIG' 1. Proportion of subjects reaching criterion on differentiation of/d—

' h dl .

ground than when /vot/ was played as the background. Fol” eéc age and anguage group .
lowing this, it was decided that all infants would be testeddefined because we found that very few infants could com-
with /vot/ as the backgrountand /bot/ as the targetThis  Plete the /b—v/ retest. These data and our observations indi-
would allow a greater number of babies to succeed in th&€ated that presenting the retest immediately following the
control condition and would also prevent differences in per/d—0/ test was too taxing for many infants. To meet criterion

formance with the control condition from influencing perfor- 2, the infant had to respond correctly on seven out of eight
mance in the test condition. Only infants who met a mini-consecutive trials and show an overall accuracy greater than

mum criterion of eight out of ten consecutive correct 60% on day 1. Thus, these infants could fall below the 8/10
responses in the testing phase on day 1 were invited to coffiterion on both /d&/ and the /b—v/ retest on day 2, but
tinue the experiment on day 2. they were required to show a higher level of performance on
On day 2, infants were tested on the /do&bz/ con- day 1 compared to criterion 1 infanftd\ine infants met cri-
trast. For this condition, the direction was counterbalancederion 2; five French infantgtwo 6- to 8-month-olds; three
between subjects such that half were tested with /doz/ as thed- to 12-month-oldsand four English infantsthree 6- to
background stimulus and half were tested o0/ as the ~8-month-olds; one 10- to 12-month-gld=ach analysis was
background. If a minimum criterion of 8/10 correct was notfépeated with criterion 2 babies removed from the sample
met on day 2, a retest was immediately implemented usin@”d in every case the pattern of results obtained was identi-
the /vot/—/bot/ stimuli from day 1. The retesting was con-Cal-
ducted until the 8/10 minimum criterion had been met or a  The proportion of subjects reaching an 8/10 criterion on
maximum of 15 test trials was administered. The retest wa&d—0/ is shown for each age and language group in F|g.. 1.
conducted to determine whether the infant was still on taskover 55% of the subjects in every group reached this crite-
and thus to assess whether poor performance was due Sgg)n. Chi-squares were conducted to determine whether the
cifically to difficulty differentiating the test stimuli or due to Proportion of subjects reaching criterion in each group was
general inattentiveness and/or fatigue. different for those subjects tested on a /d/dbdhange ver-
The adult test protocol differed from that of the infants SUS those tested on &/ /to /d/ change. No direction effects
in three ways. First, French- and English-speaking adultg/ere evidentin any of the groups; thus, all subsequent analy-
were tested in a single session in which both stimulus pair§es Were conducted on proportions collapsed across direction
were tested: /vot/—/bot/ followed by /dozsez/. Second, the  Of change. Chi-squares were computed to assess the effect of
direction of change was counterbalanced across subjects f¥1guage in each age group. The_ re;ult; showed that signifi-
both contrasts. Finally, adults were not given a retest follow-cantly more adults reached the criterion in the English group

ing poor performance on /dozdz/. than in the French group§2=6.64, p<001 Thepropor-
tion of French and English infants reaching criterion did not

differ for either the 6- to 8-month-olds or the 10- to 12-
month-olds. Separate analyses of proportichPRO9 as
Data obtained from 42 babies were included in ourdescribed by Marascuiltl966 were conduced for each lan-
analyses. Each of these babies provided evidence that she/yeage group to analyze effects of a@-8 months versus
could perform the headturn procedure by meeting one or twd0-12 months versus adylt¥he ANPRO analyses failed to
criteria. To meet criterion one, the infant had to respondeach significance for either language group. Thus, there
correctly on eight out of ten consecutive trials on /b—v/ onwere no age differences in either language group with re-
day 1 and either on /d3# or on the /b—v/ retest on day 2. spect to the proportion of individual subjects reaching crite-
Thirty-three babies met this criterion. Infants were also in-rion.
cluded if they met a second criterion. A second criterion was  To analyze for more subtle effects of age and language

Ill. RESULTS
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FIG. 3. Mean A-prime scores on differentiation of &-in each age and

FIG. 2. Mean A-prime scores on differentiation of /b—v/ in each age andlanguage group. Error bars sho#l to —1 SD.

language group. Error bars showl to —1 SD.

in the adults intersubject variability is clearly higher in the
experience on perceptual performance, we computeffrench group compared to the English group. The A-prime
A-prime scores for each subject on each conftasprime  scores on the /d3/ contrast were analyzed in a three-way
is a nonparametric index of sensitivifgimilar to d-prim¢, ~ age(6—8 months, 10-12 months, adiltsy language(En-
which ranges from 0 to {with 1 being a perfect score, 0.5 glish, French by direction(d to &; & to d ANOVA. Neither
representing changeThe A-prime scores reflect each indi- the main effect of direction nor any interactions of direction
vidual subject’s hit rate corrected for their rate of false alamgith the other factors were significant. As expected, the main
(Grier, 1971.° Mean A-prime values are plotted for differ- effect of languagg F(1,59)=6.85, p<0.01] was signifi-
entiation of the /b—v/ and /d contrasts in Figs. 2 and 3, cant, showing that overall the English subjects performed
respectively; error bars show the range corresponding to plugetter than the French subjects. The main effect of age was
and minus 1 standard deviation. For the /b—v/ contfigf.  also significant [F(2,59)=18.90, p<0.01]. Subsequent
2), the mean A-prime scores for the English and the FrencA'ukey pairwise comparisonsp(0.01) revealed that the
groups are almost identical at each age. For /b—v/, the varRdults did significantly better than both groups of infants,
ability in performance is similar for French and English sub-whereas the infant groups did not differ from each other. The
jects in the 6—8 month group and in the adult group, whereagnly interaction to approach significance was age by lan-
the older French infants show less variability compared tcguage[F(2,59)=2.72, p<0.07].'° Simple effects analyses
the older English infants. To assess whether there were difvere conducted to probe the age by language interaction.
ferences among the groups on differentiation of the /b—v/The effect of language was significant only for the adults
control contrast, the A-prime scores were submitted to a twofF(1,59)=13, p<0.01], consistent with the ANPRO re-
way age(6—8 months, 10-12 months, adiltsy language sults. The effect of age was significant for the English sub-
(English, French analysis of variancdANOVA). As ex-  jects[F(2,34)=47.29, p<0.000%, but not for the French
pected, the main effect of language and the age by languag@ibjects. Subsequent Tukey pairwise comparisons showed
interaction failed to reach significance. There was a mairthat the English adults performed better than both infant
effect of age[F(2,59)=29.36, p<0.01]. Subsequent groups ©<0.01) but there was no significant difference be-
Tukey pairwise comparisonsp&0.01) showed that the tween the two infant groups.
adults performed better than both infant groups, but the two
infant groups did not differ.

_ For the /d-®/ contrast(Fig. 3), A-prime scores show IV. DISCUSSION

divergent patterns of performance across the two language
groups. For the English subjects, mean A-prime scores in- The present experiment provided a cross-language com-
crease with age with a very large increase between infanfgarison of perceptual differentiation of the stop—fricative
and adults. For the French subjects, mean A-prime scores faontrast /d-6/ by English- and French-learning infants, and
the 6- to 8-month-olds and the 10- to 12-month-olds areEnglish- and French-speaking adults. Overall, the findings
almost identical, whereas A-prime scores for the Frenclwere inconsistent with our predictions regarding language
adults are higher. With age, intersubject variability increaseaffects and development patterns. With respect to language
for the French subjects and decreased for the English suleffects, we observed a robust effect of language experience
jects. Intersubject variability is similar for French and En-in the adults, as expected. French adults were consistently
glish subjects at 6—8 months, whereas at 10—12 months aness accurate and showed greater intersubject variability
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compared to English adults. With respect to the 6- toeffects at 10 to 12 months of age for contrasts that fit the SC
8-month-olds, there was no evidence of a language effect iassimilation pattern for non-native adults and that earlier
any of our analyses, also as expected. However, contrary tindings describe Francophone perception of Englisho/d—
our predictions, the 10- to 12-month-olds failed to show anas fitting this pattern. The high variability in performance of
effect of language experience. At this age, English andur French adults led us to question the latter conclusion.
French infants did not differ either in the proportion reachingTherefore, we also gathered some data on assimilation of this
a preset criterion or in A-prime scores. There was only oneontrast from the last six French adults that we tested using
subtle sign of any difference in the older infants, i.e., inter-procedures outlines by BegBestet al, 1996 for making
subject variability was observed to be higher in the oldersuch assessmertsFour different assimilation patterns were
French infants compared to the older English infants. Thus, aupported in these data. One subject’s data were consistent
robust effect of language experience was observed in adultsith a two-categoryTC) pattern in that he identified English
but not in infants. /d/ and b/ as good matches to “d” and “th,” respectively.

With respect to developmental patterns, the English and hree of the subjects selected “d” to label both /d/ and /
French listeners differed, but the specific development patene of these subjects showed a single-cate¢®G) pattern
terns did not match our predictions. For English listenersand the other two subjects supported a category-goodness
comparable performance levels were maintained across bof€G) pattern. The two remaining subjects did not fit a clear
infant ages, whereas there was clear evidence of an increaassimilation pattern in that they selected both “d” and “th”
in performance between 10—12 months and adulthood. Thi® identify each phon& Overall, this effort revealed that
developmental pattern is statistically supported in analysis ofnost French adults confuse /d/ ard fo varying degrees,
A-prime scores and there is a clear trend towards the samghereas a small subset of French adults perceived English
pattern in the proportion of infants reaching a preset crite/d/ as similar to French /d/ and recognized Engliéh ds
rion. These results indicate that for native listeners, percepseing a non-native phorfé. The order of performance
tual differentiation of /d-®/ improves with increasing age among these six subjects also appears predictable from their
and language experience after 12 months of age. assimilation data, with the TC subject showing the best per-

For French listeners, there were no significant changeformance, the two confused subjects and the SC subject do-
in differentiation of the /d8/ with increasing age. No age ing the poorest, and the two CG subjects falling in between.
effects were found in analyses of A-prime scores, or proporThus, the high intersubject variability in the French adults’
tion reaching criterion. Greater intersubject variability wasperformance is consistent with the observed differences in
noted in the French adults and the older French infants comassimilation pattern. Given these findings, perhaps the
pared to the younger French infants. These findings suggegteater intersubject variability found in the older French in-
that, for French listeners, the level of perceptual differentiafants relative to the older English infants is indeed tied to
tion observed in infancy is maintained across developmentdifferences in language experience.

It is important to note that analysis of A-prime scores for It is also possible that the absence of clear language
the /b—v/ contrast showed the same pattern of age differencedfects for this contrast at 10—12 months is due—at least in
(adults>6—-8=10-12 for both English and French subjects. part—to the acoustic properties of these contrasting phones.
This finding further confirms that the divergent patterns ob-As mentioned earlier, /d/ and// are short, low-amplitude
served in French and English subjects’ differentiation ofphonegPickett, 1999 and 6/ has been reported to be among
/d—0/ are attributable to differences in language experiencethe weakest phones present in EngliEtetcher, 1953; Ling

Overall, our data fail to confirm our initial predictions and Ling, 1978 Thus, it could be that it is more difficult for
regarding effects of age and language experience. Insteathfants to attend to such acoustically weak units. In fact,
two new findings emerged in the present study. First, percepseveral earlier studies have suggested that infants have
tual differentiation of /d®/ in the headturn paradigm ap- greater difficulty differentiating contrasts involving nonsibi-
pears to be unaffected by language experience in the firdant fricatives even in their native languagglers and Mini-
year of life, even though very clear language effects are evifie, 1975; Eilerset al, 1977; Holmberget al, 1977. Two
dent in adults. Second, it appears after 12 months of agaspects of our data further support this claim. First, our at-
language experience has a facilitative effect on perception dfition due to inability to meet criterion with the /b—v/ con-
this contrast, in that significant age-related increase in differtrol contrast was quite high in each infant group. Second, we
entiation of /d-®/ is evident in the English groups but no found that 70 percent of the infants in each group were able
change is evident in the French groups. to meet our criterion on /d3/. In comparison, successful

How do we explain our finding that perceptual differen- differentiation has been observed in 80 to 90 percent of 6- to
tiation of this contrast does not appear to be strongly affecte8-month-olds tested on other consonant contrasts in studies
by language experience within the first year of life? We havausing the same procedure and similar or even higher criteria
identified several plausible explanations; they are not mutu¢e.g., Werkeret al, 1981; Werker and Tees, 1984a
ally exclusive. First, within the framework provided by PAM Recall that Burnhan{1986 has claimed that language
(Best, 1995, it is conceivable that effects of language expe-effects emerge earlier in developméduring the first year
rience for this contrast are subtle because of the way iffior contrasts that meet two criteria that form the definition of
which this contrast relates to the phonology of French. Rea fragile contrast, i.e., low acoustic salience and rare occur-
call that previous studies have consistently shown languageence among languages of the world. Given that thed/d—
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contrast clearly fits this definition, our findings are clearly similation patterns for the latter. The use of natural speech in
inconsistent with the hypothesis. Indeed, our findings appeahis study does not allow us to isolate such differences. Fur-
to suggest the opposite—that fragile contrasts remain unather research using synthetic stimuli is needed to investigate
fected by language experience in the first year of life. Perthe relationships between age, language experience, cue sa-
haps acoustically weak contrasts are less vulnerable to pelience, and assimilation patterns.

ceptual decline when relevant language experience is lacking The second finding in this study concerns the differences
because, although they can, infants do not readily attend tbetween infants and adults. Previous developmental cross-
such differences. If so, then contrary to Burnham’s proposallanguage studies generally support a maintenance view of
an acoustically weak contrast appears to delay rather than tanguage experience. In the maintenance view, specific lan-
promote the onset of language specific tuning. guage experience serves to prevent a developmental decline

The unique phonotactic properties of Englisii may in perceptual differentiation for some contrasts. However,
also contribute to the absence of language effects during imur data indicate that language experience serves to facilitate
fancy. The phonem@/ occurs with a very high frequency in perception of /d/ after 12 months of age; in the absence of
initial position in spoken English, but only in function words language experience, adult performance is still comparable
(Morgan, Shi, and Allopenna, 1986-unction words are less to the level observed in infancy. It should be noted that
salient forms in natural discourse given that they are shoriadults have been shown to perform better than infants in
contain unstressed vowels, are typically not produced in isoseveral previous cross-language studiesy., Polka and
lation, and are not highlighted by intonatidgMorgan, Shi, Werker, 1994; Polka and Bohn, 1996; Beztal, 1990.
and Allopenna, 1996 Recent findings show that newborns However, these differences have been observed either only
are sensitive to the correlated acoustic and phonologicakithin non-native listeners or within both native and non-
properties that distinguish content and function wof8ki,  native listeners and thus indicate more general age-related
Werker, and Morgan, 1999Moreover, at 6 months of age changes. The differences in perceptual differentiation ob-
infants prefer to listen to content words over function words,served between English infants and adults in the present
thus showing that infants are paying more attention to constudy most likely reflect some general age-related differences
tent words than function word$hi and Werker, 2001 Ac-  in task performance between these two age groups. However,
cordingly, recognition of phonetic elements that appear exgiven that the comparison of French adults and infants fails
clusively in function words, such aé// may not occur until  to reveal comparable improvement indicates that some of the
infants begin to focus their attention on this class of syntactiage effects in the English group are attributable to a facilita-
elements. tive effect of language experience.

An interesting connectionist model recently proposed by It is worth considering why a maintenance view has
Behnke(1998 allows for both of the latter two possibilities found clear support in the previous research while evidence
to explain why language effects emerge later in developmerit support of facilitation is lacking. There are at least two
for some phonetic contrasts than for others. According taeasons. First, previous studies supporting a maintenance
Behnke, delays may occur either because general limitationgew have typically examined dichotomous measures of per-
in auditory processing during infancy make it difficult for ceptual performance, such as a preset criterion or presence/
infants to differentiate certain phonetic contragtsy., con- absence of release from habituation, and thus have not al-
trasts involving brief or low-amplitude phoneand/or be- ways considered more subtle quantitative differences in
cause differentiation of some contrasts may remain difficuliperformance. Second, they have typically not included a
until the child has gained lexical knowledge that serves tacomplete control group of native listeners at each age to
fine-tune phonetic processing. compare with the non-native listeners. With the opportunity

A fourth plausible account for the lack of language ef-to compare both native and non-native subjects in each age
fect in our infants is that we may not have selected the righgroup, the interpretation of continuous measures of percep-
level of analysis to isolate language effects in perception ofual accuracy becomes more meaningful. Thus, our data
this contrast. In this study, we described language differenceslaborate rather than challenge previous findings because the
with respect to the presence versus absence of specifaesign used here permits us to bring more information to the
phones in French versus English. There are considerable datgerpretation of developmental patterns.
to support an approach in which language-specific process- Although a facilitative effect of language experience
ing is described in terms of the perceptual weighting of theon phonetic differentiation has not been clearly demonstrated
acoustic cues underlying a given contrgstarnsberger, in any previous developmental cross-language study, this
1999. Thus, to isolate effects of language experience, it mayinding is not surprising. None of the current models of
be more meaningful to consider the multiple cues underlyingphonetic development claim that phonetic perception is
this stop—fricative contrast and the relative salience of eachdult-like in a 1-year-old. Moreover, a facilitative role
for French and English listeners. Morosan and Jamiesonf language experience is entirely consistent with the litera-
(1989 suggest that French and English adults differ in perture on development of phonemic perception. Studies of pho-
ceptual weighting of cues to the /d/contrast. Their per- nemic perception in children learning English show that
ceptual data suggest that French adults rely on frication duaccuracy in phoneme perception improves during the pre-
ration to identify /. Thus, differences in cue weighting may school years such that perception of most native pho-
contribute to the poorer performance and greater variabilittnemic contrasts becomes adult-like between 2 and 10
in older French infants and French adults and the varied asrears of age(Templin, 1957; Barton, 1980; Luksaneey-
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anawinet al, 1997. A great deal of research has focused onCanada awarded to the first auti®lo. OGP0105397 We
early infancy, yet there is much to be learned about the rolevould like to thank the adults, parents, and infants who par-
of language experience in phonetic development duringicipated in this study and also the following individuals who
childhood. Werker and Tedg4983 reported that 4-, 8-, and contributed to the data collection phase of the study: Lynne
12-year-olds, as well as adults, had difficulty differentiatingHerscovitch, Elisabeth Christe, Rachel Clarke, Miranda En-
two Hindi contrasts that were difficult for 10- to 12-month- twistle, Domenic Haines, and Michelle Hayhoe.

olds and adults. For the Hindi voicing contrast, none of the

4-year-olds they tested was able to reach criterion, wheredspeech perception tasks used with infants generally do not assess the limits
about half of the older children and adults did. Burnham of their sensory capacities. For this reason we use the term differentiation
(1986 has reported simiar fincings showing a dip in identi- 11°09%eLL = Paver ) B e lar e pecept) eastres o
fication of a non-native voicing contrast at 6 years followed specific demands on memory, attention, and motivation.

by some recovery in performance in older children ancdPA different dialect of German was used in this study than in Polka and
adults. It is not clear what factors contribute to these later\Werker(1994 reported above; see Polka and Bali896 for further dis-

. . . cussion of the discrepant results in these two studies.
Changes In phonetlc perception. Werker and T&E283 3Comparisons of several different spectral representations of the initial ape-

suggest that the rigid processing strategies often displayed byodic noise segments failed to reveal differences for either contrast.
4-year-olds may make it especially difficult for them to at- “Attrition due to poor performance on the /b—v/ control contrast was similar

tend to nonphonemic differences. Burnham has propose@cross the infant groups; English 6- to 8-month-el84%, French 6- to
that a decli t6 It of i d att 8-month-olds=38%, English 10- to 12-month-olés37%, and French 10-
at a decline at 6 years occurs as a result ot Increased alteh}s 1>_month-olds=23%.

tion to phonemic structure typically encouraged at the onsefor four of these infants the fathers also spoke Armenian, French, Ukra-
of formal educatio(Burnhamet al,, 1991; Burnham, 1986 nian, or Italian; for one infant the mother also spoke Italian, and for one

TE ; ot ; infant both parents also spoke Italian.
Our finding that percepiual differentiation did not ®Five additional trials were presented if the infant was within 2 trials of

chapge in the abseljce of |anguage experience was more .S%aching the 8/10 criterion. A slightly higher proportion of change trials is
prising. In all previous studies, clear language effects inoften used with infants to ensure sufficient reinforcement to sustain task

adults have been associated with a decline in perceptual difperformance.

ferentiation at an earlier point in development. It is pOSSIbleS(.)ml.a de_bate surrounds the calculation of probability of attaining a preset
criterion in the headturn procedure. However, regardless of calculation

the}t djfferentiation of this contrast does decline at a later method usedp levels are always lower for 7/87.5% than for 8/1080%)
point in development and then eventually recovers to thefor a 25-trial sample, probability estimate for both criteria is at least 0.05.

level observed in infancﬁ/s. Research underway in our lab Six of the nine infants meeting criterion 2 got 9/10 correct on day 1; the
will address this issue. Nevertheless, the present pattern @ft'mated probability for this criterion is at least 0.01. .
very analysis of A-prime scores reported here was repeated using percent

results suggests that when differentiation of a contrast is dif-correct as the dependent variable and produced the same pattern of results.
ficult in infancy there is no further development decline, °The formula used was

whereas relevant language experience can act to boost this a'—o 54 (H—FA)(1+H—FA)/[4H(1-FA)],

initial level of perception. For such contrasts advances in

linguistic processing may be essential to fine-tune phoneti@é‘l’h‘:;eH:plror_’on;on of h'tts amﬁizpmp";ﬂ?”_o: falsf alarmsh, -
perception to levels observed in mature native listeners. Ac- C’;m‘fF";‘g‘"ggSfG"sf T)rieonof,%”ec scores This Inferaction was gty signii-

Cordm_g|y1 for S_UCh con_trast_s 'jObUSt Ia_nguage effects m_ay nmiA language by age by contrast ANOVA including both contrasts revealed
be evident until such linguistic maturity has been achieved. a main effect for contrast and a language by contrast interaction. Simple

In this case, such contrasts may be especially useful to in-effect analysis of contrasts revealed that French subjects performed worse

; ; i _on /d-9/ than on /b—v/ whereas performance on the two contrasts did not
vestigate the influence of language processing in the devel differ for English subjects. Simple effects of analysis of language also

opment of phonetic perception. showed that language effects were evident forddsut not for /b—v/.
In summary, the present study has shown that perceptuéfollowing the headturn task, these subjects were asked to identify the

differentiation of /d-8/ is not influenced by language expe- initial consonant in each doze, those, boat, and vote syllable using a closed

. . . . . _ response sdb, p, d, t, th, v, or otherand then to immediately rate how
rience in the first year of life, but is Clearly affected by lan well the item matched their selection on a scale ¢fdry poor matchto

guage experience by adulthood. Further research is needed tg (very good match We included “th” as a response alternative because
determine whether this pattern of age and language effects igrancophone adults are generally aware that English contains this prob-
observed in other test paradigms or for other phonetic con-lematic “th” sound.

- . . 3This outcome most likely reflects an unsuccessful attempt to guess when
trasts. Our future research will also aim to establish when they are hearing “th.” y pfog

facilitation effects emerge in perception of the fd-€on-  4jith the closed-set identification task used we cannot be sure that French
trast, to determine whether a decline in Francophone percep-adults can accurately label Englisht br simply chose the “th” response
tion is evident at this point in development, and to identify instead of “other” (which was never chosg¢mwhen they were not sure

. e what sound they heard.
factors that contribute to the facilitative effect observed fors, may be that the Francophone adults’ minimal exposure to English is

this contrast. relevant to a possible recovery. Of interest in this respect, we noted that
differences in amount of exposure to English among the Francophone
adults(measured via a questionnai@pear to be unrelated to /d-dif-
ferentiation accuracy.

ACKNOWLEDGMENTS Y

This work was supported in part by a scholarship fromBarton, D.(1980. “Phonemic perception_in childr_en,” iChild Phonology
Fonds pour la Formation de Chercheurs et 'AidéaaRe- Volume 2: Perceptlorpdlted by G. Yeni-Komshian, J. Kavanagh, and C.
A. Ferguson(Academic, New York pp. 97-116.
cherche to the second author as well as a grant from thgennke, K.(1999. “The acquisition of phonetic categories in young in-

Natural Science and Engineering Research Council of fants: A self organizing artificial neural network approacMPI Series in

2199 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Polka et al.: New developmental pattern 2199



Psycholinguistic§Ponsen and Looijen bv, Wageningen Jamieson, D., and Morosan, D. @989. “Training new, non-native speech
Best, C. T.(1990. “Adult perception of non-native contrasts differing in  contrasts: A comparison of the prototype and perceptual fading tech-

assimilation to native phonological categories,” J. Acoust. Soc. 8&). niques,” Can. J. Psycho#3, 88—96.

S177. Kuhl, P. J., Williams, K. A., Lacerda, F., Stevens, K. N., and Lindblom, B.
Best, C. T.(199]). “Phonetic influences on the perception of non-native  (1992. “Linguistic experience alters phonetic perception in infants by 6

speech contrasts by 6-8- and 10-12-month-olds,” Paper presented at themonths of age,” Scienc&55 606—608.

meeting of Society for Research in Child Development, Seattle, WA, alonde, C. E., and Werker, J. FL995. “Cognitive influences on cross-

April. language speech perception in infancy,” Infant Behav. O&y459-475.
Best, C. T.(1993. “Emergence of language-specific constraints in percep-| jng, D., and Ling A.(1979. Aural Rehabilitation(Alexander Graham Bell

tion of non-native speech perception: A window on early phonological association for the Deaf, Washington, RC

development,” inDevelopmental Neurocognition: Speech and Face Pro-| ggan, J. S, Lively, S. E., and Pisoni, D. BL99). “Training Japanese

cessing in the First Year of Lifedited by B. de Boysson-Bardies, S. de  |isteners to identify English /r/ and /I/,” J. Acoust. Soc. ABS, 874—886.

Schonen, P. Jusczyk, P. MacNeilage, and J. Moftdawer, Dordrecht |,y saneeyanawin, S., Burnham, D. K., Francis, E., and Pansott&9ds).
Best, C. T.(1994a). “Learning to percewe the sound patt(_ern of EngI|s_h,”‘ M “The role of L1 background and L2 instruction in the perception of fri-

Advances in Infancy Researattlited by C. Rovee-Collier and L. Lipsitt cative contrasts: Thai and English children and adults,” Asia Pac. J.

(Albex, Hillsdale, NJ. Speech, Lang. Hea®, 25-42.

Best, C. T2(1.994b' . The emergence _of_ngtlve-langu?ge phonological in- Maddieson, 1.(1984. Patterns of Sound$Cambridge University Press,
fluences in infants: A perceptual assimilation model, Time Development .
Cambridge, England

of Speech Perception: The Transition From Speech to Spoken Word ) . ) . .
edited by J. Goodman and H. C. Nusba(MiT Press, Cambridge, MA i)lgra“scggl)loésla 2'9(01966' Large scale multiple comparison,” Psychol.
Best, C. T.(1995. “A direct realist view of cross-language speech percep- ull. 69, eI ) . )
Mertus, J(1990. BLIss User’s Manual(Brown University, Providence, RI

tion,” in Speech Perception and Linguistic Experience: Issues in Cross ; . ;
Language Researctedited by W. Strangé€York, Baltimore, pp. 171— Morg_an, J. L., Shi, R"_ and AIIopgnna, R1999. “Perceptual basis 9f .
204, rudimentary grammatical categories: Toward a broader conceptualization

Best, C. T., Faber, A., and Levitt, A1996. “Perceptual assimilation of of bootstrapping,” inSignal to Syntaxedited by J. L. Morgan and K.
non-native vowel contrasts to the American English vowel system,” J. Demuth(Erlbaum, Mahwah, NJ pp. 263—-283.

Acoust. Soc. Am99, 2602A). Morosan, D. E., and Jamieson, D. &989. “Evaluation of a technique for
Best, C. T., McRoberts, G. W., Goodell, E., Wormer, J. S., Insabella, G., training new speech contrasts: Generalization across voices, but not word
Kim, P., Klatt, L., Luke, S., and Silver, §1990. “Infant and adult per- position or task,” J. Speech Hear. R&2, 501-511.

ception of non-native speech contrasts differing in relation to the listener's®egg, J. E., and Werker, J. £.997. “Adult and infant perception of two
native phonology,” Paper presented at Meeting of the International Con- English phones,” J. Acoust. Soc. Ari02 3742-3753.

ference on Infant Studies, Montreal, April, 1990. Pickett, J. M.(1999. The Acoustics of Speech Communicatiétlyn and
Best, C. T., McRoberts, G. W., Lafleur, R., and Silver-Isenstadl 205. Bacon, Needham Heights, MA
“Divergent developmental patterns for infants’ perception of two non- Pisoni, D. B., Aslin, R. N., Perey, A. J., and Hennessy, B11982. “Some
native consonant contrasts,” Infant Behav. D&8, 339—350. effects of laboratory training on identification and discrimination of voic-
Best, C. T., McRoberts, G. W., and Sithole, N. (1988. “Examination of ing contrasts in stop consonants,” J. Exp. Psychol. Human Percept. Per-

perceptual reorganization for nonnative speech contrasts: Zulu click dis- form 8, 297—314.
crimination by English-speaking adults and infants,” J. Exp. Psychol.:Polka, L.(1995. “Lingusitic influences in adult perception of non-native
Human Percept. Perform4, 345-360. vowel contrasts,” J. Acoust. Soc. Ar87, 1286—1296.

Best, C., Singh, L., Bouchard, J., Connelly, G., Cook, A., and Faber, A.polka, L., and Bohn, O-§1996. “A cross-language comparison of vowel
(1997). “Developmental changes in infants’ discrimination of non-native  perception in English-learning and German-learing infants,” J. Acoust.
vowels that adults assimilate to two native categories,” Poster presented atgoc, Am.100, 577—592.
the Meeting of Society of Research in Child Development, 3—6 April Polka, L., and Werker, J. F1994. “Developmental changes in perception

1997. . of non-native vowel contrasts,” J. Exp. Psychol. Human Percept. Perform.
Burnham, D. K.(1986. “Developmental loss of speech perception: Expo- o 421_435.

sure to and experience with a first language,” Appl. PsycholM@01—  gpi 'R and Werker, J. R2002. “Six-month-old infants preferences for
240. . lexical over grammatical words,” Psychol. S@i2, 71-76.
Burnham, D. K., Earnshaw, L. J., and Clark, J(E99)). “Development of Shi, R., Werker, J. F., and Morgan, J. (1999. “Newborn infants’ sensi-

categorical identification of native and non-native bilabial stops: Infants, .. . h . . :
. . tivity to perceptual cues to lexical and grammatical words,” Cognifi@
children and adults,” J. Child Languadss, 231-260. Blly—szl P 9 gniden

Eilers, R. E., and Minifie, F. D(1975. “Fricative discrimination in early Tees, R. C., and Werker, J. F.984. “Perceptual flexibility: Maintenance

infancy,” J. Speech Hear. Resg, 158-167. or recovery of the ability to discriminate non-native speech sounds,” Can
Eilers, R. E., Wilson, W. R., and Moore, J. 977. “Developmental : ' '
NLo7) P J. Psychol38, 579-590.

changes in speech discrimination in infants,” J. Speech Hear. Bgs.

766—780 Templin, M. C.(1957. Certain Language Skills in ChildrefUniversity of
Eimas, P. D., Siqueland, E. R., Jusczyk, P., and Vigoritd,971). “Speech Mlnn_esota Press_, Minneapalis . L L

perception in infants,” Sciencé71, 303—306. Tsushima, T., Takizawa, O., Sasaki, M _Shlrak_h S, N|sh|,_ K., Kohno, M.,
Fant, G.(1970. Acoustic Theory of Speech Productiéfhe Hague, Mou- Menyuk, P., and Best, 01994. “Discrimination of English /r-l/ and

ton). /w-y/ by Japanese infants at 6—12 months: Language-specific develop-
Fletcher, H.(1953. Speech and Hearing in Communicati¢van Nostrand, ~ Mental changes in speech perception abilities,”Rroceedings of the

Princeton, NJI International Conference on Spoken Language Processgiogyistical So-
Grier, J. B.(1971). “Nonparametric indexes for sensitivity and bias: Com-  Ciety of Japan, Vol. 4, pp. 1695-1698.

puting formulas,” Psychol. Bull75, 424—429. Werker, J. F., Frost, P. E., and McGurk, £992. “Cross-language influ-

Harnsberger, J. D(1999. “The effect of linguistic experience on percep-  €nces on bimodal speech perception,” Can. J. Psyeltl551-568.
tual similarity among nasal consonants: A multidimensional scaling analyWerker, J. F., Gilbert, J. H. V., Humphrey, K., and Tees, R.(1281).
sis,” Research on Spoken Language Processing, Progress R8p2e7— “Developmental aspects of cross-language speech perception,” Child
239. Dev. 52, 349-353.

Holmberg, T. L., Morgan, K. A., and Kuhl, P. K1977. “Speech percep- ~ Werker, J. F., Lloyd, V., Pegg, J. E., and Polka,(L995. “Putting the
tion in early infancy: Discrimination of fricative consonants,” Presented at baby in the bootstraps: Toward a more complete understanding of the role
the 94th Meeting of the Acoustical Society of America, Miami Beach, FL, of input in speech processing,” iignal to Syntaxedited by J. Morgan

12-16 December 1997. and K. Demuth(Erlbaum, Hillsdale, N)] pp. 427-447.

Jamieson, D. G., and Morosan, D. @986. “Training non-native speech ~ Werker, J. F., and Pegg, J. B1992. “Infant speech perception and pho-
contrasts in adults: Acquisition of Englisb//~/6/ contrast by francoph- nological acquisition,” inPhonological Development: Models, Research,
ones,” Percept. Psychophy40, 205-215. and Implicationsedited by C. Ferguson, L. Menn, and C. Stoel-Gammon

2200 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Polka et al.: New developmental pattern 2200



(York, Parkton, MD, pp. 285-312. Evidence for perceptual reorganization during the first year of life,” Infant
Werker, J. F. and Tees, R. 1983. “Developmental changes across child-  Behav. Dev.7, 49-63.

hood in the perception of non-native speech sounds,” Can. J. Psyghol. Werker, J. F., and Tees, R. (1984b. “Phonemic and phonetic factors in

278-286. adult cross-language speech perception,” J. Acoust. Soc.75mL866—
Werker, J. F., and Tees, R. (19844. “Cross-language speech perception:  1878.

2201 J. Acoust. Soc. Am., Vol. 109, No. 5, Pt. 1, May 2001 Polka et al.: New developmental pattern 2201



