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There is increasing evidence that during the latter half of their first year, infants begin
learning about the organization of sound patterns in their native language. The present study
investigated whether American infants are sensitive to the frequency with which certain
phonetic patterns appear in English words. Two types of lists of monosyllables were pre-
sented using the headturn preference procedure. High-probability lists contained items with
phonetic patterns that occur frequently in English words. Low-probability lists were com-
posed of items with phonetic patterns that appear infrequently in English words. Nine-
month-olds, but not 6-month-olds, listened significantly longer to the high-probability lists.
A follow-up experiment indicated that the 9-month-olds’ preference for the high-probability
lists occurs even when the lists are matched in terms of vowel quality. We discuss the
implications of this preference for frequently appearing phonetic patterns for word recog-

nition and the development of the mental lexicon.

Language learning depends, in large part,
on the encoding and storage of representa-
tions of sound patterns of words in mem-
ory. In particular, the infant must acquire a
mental lexicon consisting of phonetic rep-
resentations that are sufficiently structured
and detailed to eventually allow for the
rapid and efficient recognition of spoken
words exhibited by adults. There are at
least two major tasks that infants face in
learning to recognize spoken words: First,
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infants must learn to discriminate among
the speech sounds that make up words and,
second, they must learn something about
the patterns of sounds in their native lan-
guage. There is a growing body of evidence
that demonstrates infants’ early capacities
for discrimination as well as their remark-
able sensitivities to regularities in the sound
patterns of their native language.

Infants’ capacities for perceiving fine dis-
tinctions among speech sounds have now
been well documented (Aslin, Pisoni, &
Jusczyk, 1983; Jusczyk, in press; Kuhl,
1987). Moreover, the broad capacities that
infants have for distinguishing among
speech contrasts that could occur in any
language appear to become more refined
and tuned more specifically to native lan-
guage contrasts at some time during the
first year of life (Best, 1991; Best & McRob-
erts, 1989; Best, McRoberts, Goodell,
Womer, -Insabella, Klatt, Luke, & Silver,
1990; Best, McRoberts, & Sithole, 1988;
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Werker & Lalonde, 1988; Werker, Lloyd,
Pegg, & Polka, 1993; Werker & Tees,
1984). Nevertheless, developing word rec-
ognition skills requires considerably more
than the ability to discriminate one sound
pattern from another. At a minimum, one
also needs to recognize the occurrence of
regular patterns in the input, along with
some capacity to store these patterns and
associate them with meanings.

Recent evidence suggests that infants be-
gin to learn about regular features of native
language sound patterns during the first
year. At a global level of organization,
there is evidence that American 9-month-
olds, but not 6-month-olds, are sensitive to
prosodic marking of major phrasal units in
English utterances (Jusczyk, Kemler Nel-
son, Hirsh-Pasek, Kennedy, Woodward, &
Piwoz, 1992). That infants must learn about
any such prosodic marking in their native
language is suggested by the fact that such
marking is more apt to occur in languages
for which word order is constrained (as in
English) than for those that allow free word
order (as in Polish). In addition, there are
indications that infants around this age
have begun to learn about more fine-
grained features of native language sound
structure. Kuhl and her colleagues (Kuhl,
1991; Kuhl, Williams, Lacerda, Stevens, &
Lindblom, 1992) report that by 6 months,
infants have begun to organize some native
language vowel categories around proto-
typical instances. In particular, they are
much more apt to generalize to a prototyp-
ical instance from a native language vowel
category than they are to a prototypical in-
stance from a foreign language vowel cate-
gory.

Furthermore, results of several recent
studies suggest that infants are sensitive to
the kinds of regularities in native language
input that could prove useful in segmenting
words from fluent speech. One of these
studies focused on sensitivity to prosodic
(or suprasegmental) properties of native
language words. Jusczyk, Cutler, and Re-
danz (1993a) found that American 9-month-
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olds, but not 6-month-olds, demonstrate
significant listening preferences for words
that follow the predominant (strong/weak)
stress pattern of English words. Cutler and
her colleagues (Cutler, 1990; Cutler & But-
terfield, 1992; Cutler & Carter, 1987; Cutler
& Norris, 1988) have noted the high pro-
portion of words following this stress pat-
tern in conversational speech and proposed
that one could draw upon this information
as a first approximation to the locus of word
boundaries in fluent speech. The demon-
stration that by 9 months, American infants
are apparently sensitive to the predominant
stress pattern of English words indicates
that they are well positioned to use such
information to begin segmenting words
from the speech stream.

Another investigation (Jusczyk, Fried-
erici, Wessels, Svenkerud, & Jusczyk,
1993b) examined infants’ sensitivity to seg-
mental properties of native language words.
Specifically, Jusczyk et al. explored when
infants begin to learn about the phonotactic
properties (i.e., constraints on the possible
sequencing and positions of phonetic seg-
ments allowed in words) of native language
words. Infants listened to lists of words
from two languages (Dutch and English)
that have similar prosodic characteristics
but differ in their phonetic properties and
phonotactic organization. Each list con-
tained words from one language that vio-
lated the phonetic structure or phonotactic
constraints in the other language. At 9
months, but not at 6 months, American in-
fants listened significantly longer to the En-
glish lists. To investigate whether the in-
fants responded because they had learned
about phonetic and phonotactic properties
of native language words, an additional ex-
periment was conducted with both Dutch
and American 9-month-olds. Both the
Dutch and American 9-month-olds listened
longer to the lists in their own native lan-
guage. Also, Friederici & Wessels (1993)
have recently demonstrated that Dutch
9-month-olds listen longer to monosyllabic
words that contain sequences which are
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phonotactically legal within the language
versus ones that are phonotactically illegal
(i.e., word onset clusters vs. word offset
clusters). Hence, by 9 months of age, in-
fants have picked up some information
about the phonetic patterns and phonotac-
tic sequences in words in their native lan-
guage. Knowledge about constraints on the
position in which phonetic segments can
appear is another potential source of infor-
mation that can be tapped in locating word
boundaries in fluent speech perception
(Church, 1987).

The present study attempted to extend
these previous findings by examining in-
fants’ potential sensitivity to the organiza-
tion of sound patterns within their native
language. In particular, we were interested
in determining whether infants prefer sound
patterns that are typical or highly probable
in English, compared to patterns that—
although perfectly legal and acceptable in
English—are nonetheless relatively atypi-
cal or less probable. If infants prefer to lis-
ten to more typical sound patterns in the
language, this would strongly suggest that
early on they encode and represent detailed
information about the structure of phono-
tactic sequences of spoken words. Given
the research demonstrating that adult spo-
ken word recognition is influenced by the
structure of sound patterns and the rela-
tions among these patterns in the mental
lexicon (Auer & Luce, 1993; Landauer &
Streeter, 1973; Luce, Pisoni, & Goldinger,
1990; Massaro & Cohen, 1983), we were
interested in examining the development of
infants’ sensitivity to the structure of spo-
ken words.

" In order for the frequency of certain pho-
netic sequences to play any role in the de-
velopment of word recognition processes,
infants must first attend to the way that
these sequences are distributed in the in-
put. Results of the studies reviewed above
suggest that infants between 6 and 12
months develop sensitivity to a number of
different aspects of native language sound
structure. Thus, they respond to differ-
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ences in the organization of native vs. non-
native phonetic categories (Best, 1991;
Kuhl et al., 1992; Werker & Tees, 1984) and
phonotactic patterns (Jusczyk et al.,
1993b). Even among the sequences permit-
ted in their native language, they appear to
attend more closely to frequently occurring
prosodic patterns (Jusczyk et al., 1993a).
The aim of the present investigation was to
determine whether infants at the beginning
stage of organizing a mental lexicon are at-
tuned to the distribution of phonetic pat-
terns in the input.

EXPERIMENT 1

One indication that infants have detected
some regular feature of native language
sound patterns is that they tend to listen
longer to stimulus materials embodying that
feature than to ones without the feature.
For example, in their study of infants’ sen-
sitivity to native language phonetic and
phonotactic properties, Jusczyk et al.
(1993a) found that 9-month-olds listened
significantly longer to lists of items that ob-
served the phonetic and phonotactic con-
straints of their native language than they
did to ones which violated these con-
straints. We decided to employ the same
measure in the present study. A trained
phonetician (J.C.L.) recorded two different
types of lists of monosyllabic nonwords.’
One list contained nonword stimuli with
frequently occurring phonetic patterns—
the high-probability phonotactic pattern
list; the other list contained nonword stim-
uli with infrequently occurring patterns—
the low-probability phonotactic pattern list
(see below for a complete description). To
the extent that infants register information
about how such sequences are distributed
in the input, we expected that they would
listen longer to lists containing frequently
occurring phonetic patterns. Previous re-
search using the headturn preference pro-
cedure indicated that infants first demon-
strate sensitivity to properties of native lan-
guage sound patterns some time between 6
and 9 months of age (Jusczyk et al., 1993a,
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1993b, 1992). Accordingly, we examined
whether 9-month-olds would show any ten-
dency to prefer the lists composed of words
with frequently occurring phonotactic pat-
terns.

Method

Subjects. Twenty-four American infants
of approximately 9 months of age were
tested. The infants were an average age of
38 weeks, 5 days (range: 37 weeks, 0 days
to 40 weeks, 3 days). Six additional infants
were tested but not included for the follow-
ing reasons: crying (4), failing to look for an
average of 3 s to each side (1), and experi-
menter error (1).

Stimulus materials. Two master lists,
each consisting of 120 consonant-vowel-
consonant (CVC) nonwords, were con-
structed. One list contained high-probabil-
ity phonotactic patterns and the other low-
probability phonotactic patterns. Examples
of the stimuli are given in Table 1 and a
complete listing of all the stimuli used in the
experiments is presented in the Appendix.
We operationally defined phonotactic prob-
ability based on two measures: (1) posi-
tional phoneme frequency (i.e., how often a
given segment occurs in a position within a
word) and (2) biphone frequency (i.e., the
phoneme-to-phoneme cooccurrence proba-
bility). These metrics were originally com-
puted using the approximately 20,000 pho-
netic transcriptions in an on-line version of
Webster’s Pocket Lexicon (1967). All prob-
abilities were computed based on log fre-
quency-weighted values (Auer & Luce,
1993; Kucera & Francis, 1967). The aver-

TABLE 1
EXAMPLES OF EXPERIMENTAL STIMULI FOR HiGH
AND LOow PROBABILITY PHONOTACTIC PATTERNS
FOR EXPERIMENT 1

High probability Low probability

[jaudz] ‘‘youdge’’
[foY] “‘shawch’’
[guf] ‘‘gushe”’

[aLs] “‘riss™
[gen] ‘‘ghen”
[keez] “‘kazz”
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age summed phoneme probability was
.1926 for the high-probability pattern list
and .0543 for the low-probability pattern
list. The average summed biphone proba-
bility (e.g., the probability of a /b/ and /a/
occurring together and of /&/ and /t/ occur-
ring together for /bat/) was .0143 for the
high-probability lists and .0006 for the low-
probability lists."

A high-probability pattern consisted of
segments with high phoneme positional
probabilities. For example, in the high-
probability pattern /ils/ (‘‘riss’’), the conso-
nant /1/ is relatively frequent in initial posi-
tion, the vowel /I/ is relatively frequent in
the medial position, and the consonant /s/ is
relatively frequent in the final position. A
high-probability phonotactic pattern also
consisted of frequent segment-to-segment
cooccurrence probabilities. In particular,
we chose CVC phonetic patterns whose ini-
tial consonant-to-vowel cooccurrences and
vowel-to-final consonant cooccurrences
had high probabilities of occurrence in the
computerized database. For example, for
the pattern /1ls/, the probability of the cooc-
currence /1/ to /I/ was high, as was the cooc-
currence of /I/ to /s/.

Low-probability phonotactic patterns
consisted of CVCs with low positional pho-
neme probabilities and low segment-to-
segment cooccurrence probabilities. For
example, in the low-probability pattern
fjaud3z/ (“‘yowdge,”” rhymes with ‘‘gouge’’),
each of the segments are relatively rare in
their respective positions. In addition, the
cooccurrence of /j/ and /au/ and the cooc-
currence of /au/ and /d3/ are also relatively
infrequent. Although the low-probability
patterns contained infrequent segments and
transitions, none of the stimuli in either of

! The difference in the magnitudes of the phoneme
and biphone probabilities reflects the fact that there
are many more biphones than phonemes. Thus, bi-
phones have a lower probability of occurrence overall
than phonemes because the same total probability
(i.e., 100) is divided among many more possible out-
comes for the biphones than for the phonemes.
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the lists contained positional phonemes or
transitions that did not exist in the lexicon.
Thus, all stimuli were composed of phono-
tactically legal sequences in English.
Equal numbers of stimuli in the high-
probability master list contained one of the
three vowels /I, €, &/; equal numbers of
stimuli in the low-probability master list
contained one of the three vowels /av, 2, u/.
The two master lists were each divided into
eight lists of 15 stimuli, with each list con-
taining an equal number of the three vowels
from the master list. Altogether, we con-
structed sixteen lists of stimuli, eight con-
sisting of high-probability patterns and
eight consisting of low-probability patterns.
The average stimulus durations of the high-
and low-probability lists, measured from a
digital waveform display, were 588 ms (SD
= 101) and 609 ms (SD = 95), respectively.
Our probability estimates for the differ-
ent list types reflect those of an adult-
directed speech corpus. We also recalcu-
lated these phoneme and biphone frequen-
cies based on a sample of child-directed
speech, namely the Bernstein (1982) corpus
available in MacWhinney (1991). The pho-
neme and biphone frequencies obtained us-
ing this child-directed speech corpus ac-
cord well with those based on the Web-
ster’s Pocket Lexicon. In particular, the
average summed phoneme frequencies
were .1822 and .0706 for the high- and low-
probability lists, respectively. Similarly,
the average summed biphone frequencies
were .0095 and .0016 for the high- and low-
probability lists, respectively. Thus, re-
gardless of whether one calculates fre-
quency estimates from adult- or child-
directed speech corpora, the phoneme and
biphone probabilities are substantially
higher for items in the high-probability than
for the low-probability phonotactic lists.
The words were recorded and digitized at
a sampling rate of 10 kHz via a 12-bit ana-
log-to-digital converter. The recordings
were made in a sound attenuated room with
a Shure microphone by a trained phoneti-
cian. The lists were assembled with a 1-s
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silent interval between successive words.
Digitized versions of the lists were trans-
ferred to a PDP 11/73 computer for play-
back during the experiment. Four of the
lists (two high- and two low-probability)
were chosen for the familiarization trials;
the remaining lists were used on the test
trials. The ordering of the stimuli during the
test trials was random, subject to the con-
straint that no more than three lists of the
same type could occur in a row. A different
random order of stimulus presentation was
used for each subject.

Apparatus. A PDP 11/73 controlled the
presentation of the lists and recorded the
observer’s coding of the infant’s responses.
The audio output for the experiment was
generated from the digitized waveforms of
the samples. A 12-bit D/A converter was
used to recreate the audio signal. The out-
put was fed through anti-aliasing filters and
a Kenwood audio amplifier (KA 5700) to
7-inch Advent loudspeakers mounted on
the side walls of the testing booth.

The experiment was conducted in a
three-sided test booth constructed of peg-
board, with panels of 4 by 6 ft on three sides
and open at the back. This made it possible
for an observer to look through one of the
existing holes to monitor the infant’s head-
turns. Except for a small section for view-
ing the infant, the remainder of the peg-
board was backed with white cardboard to
guard against the possibility that the infant
might respond to movements behind the
panel. The test booth had a red light and a
loudspeaker mounted at eye level on each
of the side panels, and a green light
mounted on the center panel. A white cur-
tain suspended around the top of the booth
shielded the infant’s view of the rest of the
room. A computer terminal and response
box were located behind the center panel,
out of view of the infant. The response box,
which was connected to the computer, was
equipped with a series of buttons that
started and stopped the flashing center and
side lights, recorded the direction and du-
ration of headturns, and terminated a trial
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when the infant looked away for more than
2 s. Information about the direction and du-
ration of headturns and the total trial duration
were stored in a data file on the computer.

Procedure. The version of the headturn
preference procedure used by Jusczyk et
al. (1993a) was employed in the present
study. Each infant was held on a caregiv-
er’s lap. The caregiver was seated in a chair
in the center of the test booth. The infant
completed a 4-trial familiarization phase
(two lists of each type: high- and low-
probability) and a 12-trial test phase. The
high-probability lists were consistently
played through the loudspeaker on one side
panel, and the low-probability lists through
the loudspeaker on the other side panel.
(The side was counterbalanced across sub-
jects.) The familiarization phase was in-
tended to acquaint the infant with the as-
signed position of each type of list. During
the test phase, the infant heard six lists of
each type.

Each trial began by blinking the green
light on the center panel until the infant had
oriented in that direction. Then, the center
light was extinguished and the red light
above the loudspeaker on one of the side
panels began to flash.> When the infant
made a headturn of at least 30° in the direc-
tion of the loudspeaker, the next list appro-
priate to that side began to play and contin-
ued until its completion or until the infant
failed to maintain the 30° headturn for 2
consecutive seconds (e.g., if the infant
turned back to the center or the other side
or looked at the mother, the floor, or the

2 During the familiarization trials, the blinking red
light was extinguished as soon as the infant oriented to
the side and the list began to play. However, during
the test trials, the blinking light remained on until the
trial ended. Extensive pilot testing in previous studies
(e.g., Jusczyk et al., 1992) convinced us that this was
the best way to handle the lights during the procedure.
Leaving the flashing light on during the familiarization
trials seemed to habituate the infants to the lights, and
resulted in very short orientation times during the test
trials. Moreover, the infants were also less likely to
complete the full set of test trials under these circum-
stances.
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ceiling). If the infant turned briefly away
from the target by 30° in any direction, but
for less than 2 s, and then looked back
again, the time spent looking away was not
included in the orientation time. During the
familiarization trials, the red light was ex-
tinguished when the list began, but during
the test trials, the light remained on for the
entire duration of the trial.

An observer hidden behind the center
panel looked through a peephole and re-
corded the direction and duration of the in-
fant’s headturns using a response box. The
observer was not informed as to which
loudspeakers played the two different types
of lists. This was possible because the as-
signment of the versions to the left or right
side was determined by the computer and
not revealed to the observer until the com-
pletion of the test session. The loudness
levels for the samples were set by a second
assistant, who was not involved in the ob-
servations, at 72 = 2 dB (C) SPL using a
Quest (Model 215) sound level meter. In
addition, both the observer and the infant’s
parent listened over tight-fitting closed
headphones (SONY MDR-V600) to a tape
recording of lists of randomly ordered and
closely spaced items from both types of
lists produced by the same talker who had
recorded the test stimuli. This tape masks
the test stimuli. Parents and observers re-
ported that with this background they were
unaware of either the location or the nature
of the stimulus on the trial.?

3 To test the effectiveness of maskers in preventing
the experimenter and caregiver from hearing the stim-
uli during the course of the experiment, Kemler Nel-
son, Jusczyk, Mandel, Myers, Turk, and Gerken (in
press) recently completed a series of control studies
with adult subjects. They found that adults sitting in-
side the test apparatus performed nearly flawlessly in
discriminating the two types of stimuli when no audi-
tory masker was present. Next, the same subjects
were asked to perform the task once again while wear-
ing headphones and listening to masking stimuli
(played at the same sound level as used in the present
study). They were told they might have great difficulty
in hearing the stimuli and to use the flashing side lights
as an indication of when a sample was playing. They
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Results and Discussion

The amount of time that each infant ori-
ented to the loudspeaker on each trial was
recorded. The average looking time was
10.21 s (SD = 2.89 s) for the high-
probability lists and 8.16 s (SD = 2.65 s) for
the low-probability lists. Nineteen of the 24
infants had longer listening times for the
high-probability lists. A paired z-test con-
firmed that the difference in orientation
times to the two types of lists was signifi-
cant, t(23) = 2.73, p < .001. Thus, the
present results indicate that 9-month-olds
do listen longer to lists having items with
highly probable phonotactic patterns. The
longer listening times to the high-proba-
bility lists may reflect the fact that the in-
fants have registered something about the
frequency of certain phonotactic patterns in
the input. However, it is also possible that
the longer listening times are not due to
anything that the infants picked up about
the distribution of such properties in the in-
put but that the high-probability items are
simply more interesting to listen to. If the
latter is true, and experience with the input
is not a major determinant of infants’ listen-
ing preferences, then even younger infants,
such as 6-month-olds, should listen longer
to the high-probability than to the low-
probability patterns.

EXPERIMENT 2

As noted earlier, there is now consider-
able evidence that during the first year of
life infants are learning about many aspects
of the organization of sound patterns in the
native language. Not only do they begin
learning about phonetic categories and their
internal organization (Best, 1991; Kuhl et
al., 1992; Polka & Werker, in press; Werker
& Tees, 1984), but they also begin to dem-

were told to respond on each trial even if they had to
guess. With the masker present, subjects performed at
chance in discriminating the two types of stimuli.
Thus, the masker was effective in preventing listeners
from discriminating the two types of samples.
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onstrate some sensitivity to the way that
phonetic and prosodic patterns are orga-
nized in their native language (Jusczyk et
al., 1993a, 1993b). Although many of the
documented changes in sensitivity to native
and nonnative language patterns appear to
occur some time after 6 months of age
(Best, 1991; Jusczyk et al., 1993a, 1993b;
Werker & Lalonde, 1988), certain types of
changes may occur even before 6 months
(Jusczyk et al., 1993a; Kuhl, 1991; Kuhl et
al., 1992; Polka & Werker, in press). For
example, Jusczyk et al. (1993b) found that
6-month-olds are sensitive to differences in
the prosodic patterns associated with na-
tive and nonnative language words. More-
over, Polka and Werker (in press) report
evidence suggesting that vowel categories
may undergo an earlier reorganization into
language-specific categories than do conso-
nant categories. Nevertheless, our under-
standing of developmental changes in
speech processing capacities during infancy
is incomplete. Much remains to be deter-
mined not only about the underlying mech-
anisms responsible for these changes (Best,
1993; Jusczyk, 1993; Kuhl, 1993; Werker &
Tees, 1992), but also about when sensitivity
to various aspects of native language sound
structure develops. For these reasons, we
decided to examine how 6-month-olds’
would respond to the items on the high- and
low-probability lists.

Method

Subjects. Twenty-four infants of approx-
imately 6 months of age were tested. The
infants were an average age of 26 weeks, 1
day (range: 22 weeks, 6 days to 29 weeks, 4
days). Seven additional infants were tested
but not included for the following reasons:
crying (4), experimenter error (1), parental
interference during the procedure (1), and
failing to look for an average of 3 s to each
side (1).

Stimulus materials, apparatus, and pro-
cedure. These were identical to those in
Experiment 1.
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Results and Discussion

The amount of time that each infant ori-
ented to the loudspeaker on each trial was
recorded. The average looking time was
9.72 s (SD = 3.17 s) for the high-probability
lists and 10.37 s (S§D = 2.99 s) for the low-
probability lists. Twelve of the 24 infants
had longer listening times for the high-
probability lists. A paired #-test indicated
that the difference in orientation times to
the two types of lists was not significant,
1(23) = 1.06, p = .30.

The present results indicate that, unlike
9-month-olds, 6-month-olds do not listen
longer to those lists with items with highly
probable phonotactic patterns. This result
suggests that it is not simply the case that
the items from the high-probability lists are
more interesting to listen to. If so, then the
6-month-olds should have behaved like the
9-month-olds by showing significantly
longer listening times to the high-proba-
bility lists. Instead, the data from these two
experiments support the view that any pref-
erence for the items from the high-
probability lists develops some time be-
tween 6 and 9 months of age.

We verified the developmental difference
in the performance of the 6- and 9-month-
olds in two ways. First, for all the infants in
Experiments 1 and 2, we computed differ-
ence scores based on each infant’s looking
times to the high-probability lists minus
those for the low-probability lists. The
mean difference score was 2.05 s (SD =
2.72 s) for the 9-month-olds and —0.65 s
(SD = 3.0 s) for the 6-month-olds. A ¢ test
for independent samples confirmed that the
two age groups differed significantly in this
respect, 1(46) = 3.26, p < .005. Second, we
invited the parents of the 6-month-olds to
return to the laboratory when their infants
were 9-months-old. Fifteen of the original
24 subjects returned and successfully com-
pleted testing. One additional infant was re-
cruited and tested at both ages. Thus, there
was a total of 16 infants in this longitudinal
sample. At 6 months of age, the average
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looking time was 10.94 s (SD = 2.95 s) for
the high-probability lists and 10.74 s (§SD =
3.33 s) for the low-probability lists. This dif-
ference was not significant, #(15) = 0.29, p
= .77. However, at 9 months of age, the
same infants had average looking times of
10.79 s (SD = 2.97 s) for the high-
probability lists and 8.38 s (SD = 2.71 s) for
the low-probability lists, which is a signifi-
cant difference, #(15) = 3.31, p < .01. So,
by 9 months of age, these infants displayed
a clear preference for the high-probability
lists. A 2 (Age) X 2 (List type) ANOVA was
used to compare listening preferences at 6
and 9 months of age. There was a signifi-
cant main effect for List Type, F(1,15) =
5.60, p < .04, but no main effect for Age,
F(1,15) = 3.15, p > .05. However, as ex-
pected there was a significant Age X List
Type Interaction, F(1,15) = 5.59, p < .04,
indicating a significant developmental
change between 6 and 9 months. It is also
interesting that the nature of the change
was that listening times to the low-proba-
bility samples were shorter at the older age.
This trend is in the same direction as that
observed for listening times to foreign lan-
guage words in the study by Jusczyk et al.
(1993b). It may be indicative of a tendency
for language learners at this stage to seek
out regularities (or ‘‘islands of reliability’’)
in the input.

To summarize, the results of these first
two experiments show that between 6 and 9
months of age, infants begin to listen more
attentively to items in which the positional
phoneme probabilities and the segment-to-
segment cooccurrence probabilities tend to
be high. This may be an indication that, at a
time when the mental lexicon is beginning
to form, infants are seeking out regularly
occurring sound patterns in the speech
stream. However, inspection of the stimuli
from both types of lists indicated that there
was no overlap in the particular vowels that
appeared in the items from the two different
types of lists. The vowels for the items on
the high-probability lists were [I, &, €],
whereas the low-probability lists contained
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the vowels [av, u, o]. Perhaps what the
9-month-olds picked up about native lan-
guage sound patterns has to do more with
frequently occurring vowels than with fre-
quently occurring consonants or sequences
of consonants and vowels. To examine this
issue, we conducted a follow-up experi-
ment.

EXPERIMENT 3

In selecting stimuli for the first two ex-
periments, we endeavored to create lists
which differed maximally in positional pho-
neme probabilities as well as cooccurrence
probabilities among adjacent segments. Be-
cause there are differences in the frequency
with which certain vowels appear in En-
glish words, the infrequently occurring
vowels are more likely to occur in items on
the low-probability lists. Is it possible that
infants were simply responding to vowel
quality differences on the lists? Recent re-
search by Polka and Werker (in press) and
by Kuhl and her colleagues (Kuhl, 1991;
Kubhl et al., 1992) suggests that infants may
develop sensitivity to the nature of native
language vowel categories at an earlier age
than they do for consonantal categories.
Could sensitivity to vowel information have
played a role in the tendency for 9-month-
olds to listen longer to the high-probability
phonotactic lists? To examine this possibil-
ity, we constructed new lists of items in
which the same five vowels [a, al, i, e, 3]
appeared in both types of lists. If infants are
truly sensitive to the overall composition of
the items—and not simply to differences in
vowel quality—then they should still ex-
hibit differential listening times regardless
of the fact that the vowels are identical in
the two lists.

Methods

Subjects. Twenty-four infants of approx-
imately 9 months of age were tested. The
infants were an average age of 40 weeks, 4
days (range: 39 weeks, 0 days to 42 weeks,
0 days). Three additional infants were
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tested but not included for the following
reasons: crying (2) and failing to stay cen-
tered on the caregiver’s lap during the ex-
periment (1).

Stimulus materials. The method for con-
structing the stimuli was the same as in Ex-
periment 1, with one exception: The same
five vowels, /a, al, i, e, 3/, were equally
represented in both types of lists. Examples
of these stimuli are given in Table 2 and a
full listing of the stimuli appears in the Ap-
pendix. In the two lists, 24 stimuli con-
tained one of the five vowels, rendering 120
total stimuli for each high- and low-
probability list (5 vowels X 24 stimuli = 120
total). Based on Webster’s Pocket Lexicon
(1967), the average summed phoneme prob-
abilities were .1602 and .0565 for the high-
and low-probability pattern lists, respec-
tively, and the average summed biphone
probabilities were .0053 and .0009 for the
high- and low-probability lists, respec-
tively. Once again, probability estimates
based on the child-directed speech corpus
(Bernstein, 1982; MacWhinney, 1991) ac-
corded well with those based on the Web-
ster’s Pocket Lexicon. Thus, the average
summed phoneme probabilities were .1733
(high-probability lists) and .0873 (low-
probability lists), and the average summed
biphone probabilities were .0068 (high-
probability lists) and .0015 (low-probability
lists).

The average stimulus durations of the
high- and low-probability lists, again mea-
sured from a digital waveform display,
were 618 ms (SD = 110) and 626 ms (SD =
114), respectively.

TABLE 2
EXAMPLES OF EXPERIMENTAL STIMULI FOR HIGH
AND Low PROBABILITY PHONOTACTIC PATTERNS
FOR EXPERIMENT 3

High probability Low probability

[fan] ““chun’’ [jaS] “‘yush™
[tals] “‘tyce”’ [faIb] “‘shibe”’
[kik] ‘‘keek™’ [gie] ‘‘geeth’
[vet] ““vate’’ [oeds] ‘‘thage”
[m3n? ‘““mern” [Y=g] “‘cherg”
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Apparatus and procedure. These were
identical to those in Experiment 1.

Results and Discussion

The amount of time that each infant ori-
ented to the loudspeaker on each trial was
recorded. The average looking time was
7.12 s (SD = 1.95 s) for the high-probability
lists and 6.13 s (SD = 2.21 s) for the low-
probability lists. Eighteen of the 24 infants
had longer listening times for the high-
probability lists. A paired z-test indicated
that the difference in orientation times to
the two types of lists was significant, #(23)
= 2.39, p < .03). Consequently, even when
the vowel quality was equated across the
two types of lists, 9-month-olds still lis-
tened significantly longer to the high-
probability lists.* Thus, it appears that the
primary determinant of the longer listening
times to the high-probability lists has to do
with some sensitivity to distributional prop-
erties of phonetic patterns in the input.

Although the results of the present exper-
iment rule out the possibility that the longer
listening times for the high-probability pho-
notactic lists might have been based on
vowel quality differences alone, they do not
allow us to say whether the primary deter-
minant of the preferences is phoneme fre-
quency or phone-to-phone cooccurrence
probability. This is because the frequency
with which particular consonants appeared
on each type of list was not fully controlled,
i.e., the list types still differed in the fre-
quency with which certain classes of con-
sonants appeared. Balancing the two types
of lists fully in terms of phoneme frequency

4 Although, the size of the difference in listening
times to the two types of lists appeared to be smaller in
the present experiment than in Experiment 1, suggest-
ing that vowel quality differences may also have con-
tributed to the outcome of the earlier experiment, an
analysis comparing the listening times for these exper-
iments suggested this was not the case. We compared
the mean difference scores to the high- and low-
probability lists for each subject from Experiment 1
with those from Experiment 3. A 7 test for independent
samples indicated no significant differences in the size
of the effect across these two experiments #(46) =
1.52, p = .14).
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is not a trivial matter because the most fre-
quently appearing phones are also the most
likely to occur in high probability phone-to-
phone sequences. Moreover, because our
objective is to investigate how infants re-
spond to phonotactically legal patterns in
the input, the range of possible stimulus
materials is further restricted, making it dif-
ficult to create sufficient numbers of stimuli
that differ greatly in phone-to-phone prob-
ability but are completely balanced with re-
spect to phoneme frequency. Still, the as-
pect of phoneme frequency that we did con-
trol in the present experiment, vowel
quality, is the one that appears to be the
most perceptually salient to infants (Kuhl et
al., 1992; Polka & Werker, in press).

GENERAL DISCUSSION

The present results fit well with the grow-
ing body of evidence that infants in the first
year are discovering many facets of the
sound structure of their native language.
The first indication that during the first year
infants are moving from language-general
to language-specific perceptual capacities
came from studies noting a decline at
around 9 months of age in the ability to dis-
criminate certain nonnative phonetic con-
trasts (Werker & Tees, 1984). Although
there are indications that sensitivity to all
nonnative contrasts does not necessarily
decline at the same rate (Best et al., 1988),
the loss of sensitivity has been shown to
occur for a variety of contrasts (Best, 1993;
Werker & Polka, 1993).

At the same time that these changes in
the discrimination of nonnative contrasts
are occurring, there is evidence that infants
are becoming attuned to various aspects of
the organization of native language sound
patterns. This is manifested in a number of
different domains. For instance, studies of
speech production in infants from 9 months
of age onward indicate that babbling behav-
ior drifts increasingly in the direction of na-
tive language vowel (de Boysson-Bardies,
Halle, Sagart, & Durand, 1989; de Boys-
son-Bardies, Sagart, & Durand, 1984) and
consonant (de Boysson-Bardies & Vihman,
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1991; de Boysson-Bardies, Vihman, Roug-
Hellichius, Durand, Landberg, & Arao,
1992) categories. There is also evidence for
the influence of language-specific prosodic
patterns on the babbling of infants between
5 and 10 months of age (Levitt, 1993; Levitt
& Wang, 1991). Moreover, the sound struc-
ture of the native language also has an im-
pact on infants’ perceptual processing of
speech during the first year. Thus, between
6 and 9 months, American infants develop
some sensitivity to prosodic marking of
phrasal units (Jusczyk et al., 1992) and to
the predominant stress patterns of native
language words (Jusczyk et al., 1993a).
Furthermore, it is not only suprasegmental
features of native language input that begin
to influence perceptual processing. There is
evidence that infants are learning about the
fine-grained features of native language
sound patterns. For example, there is some
evidence, even at 6 months, that suggests
that the internal structuring of vowel cate-
gories reorganizes to reflect those of the na-
tive language (Kuhl, 1991; Kuhl et al.,
1992). Furthermore, between 6 and 9
months, infants show definite preferences
for listening to words which observe the
phonetic and phonotactic constraints of
their native language (Jusczyk et al.,
1993b). The present results extend these
last findings by showing that infants at this
age are also sensitive to the distribution of
phonotactic patterns in the input.

The finding that infants are registering in-
formation about the way that phonetic pat-
terns are distributed in fluent speech is in-
teresting in light of earlier discussions of
when such knowledge might be attained.
For instance, Whorf (1956) believed that
this kind of information is achieved quite
late in the process of language acquisition,
as the following quote illustrates:

. . . the structural formula for words of one syl-

lable in the English language looks rather com-

plicated; yet for a linguistic pattern it is rather
simple. In the English speaking world, every
child between the ages of two and five is engaged

in learning the pattern expressed by this formula,

among many other formulas. By the time the
child is six, the formula has become ingrained
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and automatic; even the little nonsense words
the child makes up conform to it. . . . (Whorf,
1956, pp. 223-224)

Subsequently, Messer (1967) investi-
gated the acquisition of Whorf’s formula in
a study with nursery school children. He
found evidence that these children (who
had attained a mean age of 3.7 years) had
already absorbed this formula for the way
in which sounds can be strung together to
generate possible English words. Judging
from the present results and those of Jusc-
zyk et al. (1993b), the first steps toward
learning the formula actually begin during
the latter half of the first year.

The knowledge that infants develop
about the organization of sound patterns in
the native language has potentially impor-
tant implications for language acquisition at
a number of different levels of linguistic or-
ganization (Gerken, 1991; Gleitman, Gleit-
man, Landau, & Wanner, 1988; Jusczyk &
Kemler Nelson, in press; Morgan, Meier,
& Newport, 1987; Peters, 1983). However,
the fact that infants are sensitive to the dis-
tribution of phonotactic patterns in the in-
put may have particular relevance to the
development and organization of the men-
tal lexicon. Studies of word comprehension
in language learners have reported that
comprehension of the first words begins
some time between 8 and 10 months of age
(Benedict, 1979; Huttenlocher, 1974)—
within the same general period that sensi-
tivity is developing to frequently occurring
phonotactic patterns. Investigations of the
early stages of word learning have typically
focused on factors influencing the acquisi-
tion of meaning (Clark, 1991; Markman,
1991; Waxman, 1991). Not much attention
has been given to the role of sound proper-
ties in determining how and when new
words are added to the mental lexicon.
However, in discussing factors that con-
tribute to words in a child’s productive
vocabulary, Vihman (1993) has raised the
possibility of an ‘‘articulatory filter’’ that
renders certain adult speech patterns espe-
cially salient or memorable. The articula-
tory filter reflects the child’s own favored

Copyright (c) 2004 ProQuest Information and Learning Company
Copyright (c) Academic Press, Inc.



PHONOTACTIC PATTERNS

speech production patterns in babbling. Is
it possible that something similar exists
with respect to patterns that are prominent
in infants’ perceptual experience? For ex-
ample, might infants also attend to and en-
code information about a regularly occur-
ring sound pattern even in the absence of a
clear referent to attach it to? In this case,
the sound pattern might serve as a place
holder or slot in the lexicon for a meaning to
be attached to at some subsequent time.

One interesting implication of the present
results for the growth and organization of
the mental lexicon is that if attention to fre-
quently occurring phonetic patterns in the
input biases the acquisition of lexical items
in some way, then this might actually lead
the learner to build up areas of the lexicon
in which a high concentration of phoneti-
cally similar lexical neighbors is likely. This
is because high-probability phonotactic pat-
terns tend to be associated with dense lex-
ical neighborhoods (Landauer & Streeter,
1973; Luce et al., 1990). One potential
drawback of building up dense neighbor-
hoods in the lexicon first is that a more de-
tailed representation of a particular item is
necessary in order to distinguish it from its
near neighbors. On the other hand, the ac-
quisition of sound patterns in densely pop-
ulated neighborhoods may facilitate atten-
tion to the fine-grained differences in pho-
netic structure (see Charles-Luce & Luce,
1990), a capability that underlies adults’
rapid and efficient word recognition skills.
Indeed, the acquisition of sound patterns
probably involves a complex interplay be-
tween the tendency to attend to more fre-
quently occurring patterns and the subse-
quent need for more detailed discrimination
among those patterns once they have been
stored in memory. A more detailed account
and general model (WRAPSA) of how word
recognition skills may develop from early
speech perception capacities is presented
elsewhere (Jusczyk, 1992, 1993a).

Finally, let us consider some of the im-
plications that the present findings have for
understanding word recognition processes.
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There is a growing body of evidence that
adults make use of phonotactic probabili-
ties and constraints in recognizing spoken
words (Auer & Luce, 1993; Cole &
Jakimik, 1980; Eukel, 1980; Massaro & Co-
hen, 1983; McClelland & Elman, 1986;
Messer, 1967; Wannemacher & Sawusch,
1989; Wannemacher & Sawusch, 1990;
Wannemacher & Sawusch, 1991; see also
Clements & Keyser, 1983). Auer and Luce
have demonstrated that both segmental and
cooccurrence probabilities affect adults’
speed of processing of spoken words. In
particular, they demonstrated that words
with high segment-to-segment transitions
are processed more quickly than words
with less frequent transitions. They argued
that when listeners perceive spoken words,
they map a path through a multidimensional
acoustic—phonetic space. Paths in this
space that are frequently traversed (i.e.,
those corresponding to words with high
cooccurrence probabilities) should be most
easily recognized, as was in fact the case.
The present results demonstrating infants’
preference for high-probability patterns
may be a direct consequence of the relative
ease of processing of highly probable pho-
notactic patterns.

As noted earlier, Church (1987) has sug-
gested that knowledge of constraints on the
positions in which certain phonetic seg-
ments can appear could facilitate the seg-
mentation of words in fluent speech. Cer-
tainly, one prerequisite for this process is
that the perceiver has some sensitivity to
the patterning of phones in the input. Al-
though they do not speak to the issue of
whether infants use information about pho-
netic patterning to help in determining word
boundaries, the present results at least
show that infants are beginning to learn
about the distribution of phonetic patterns.
Moreover, there is evidence from a recent
investigation (Jusczyk & Aslin, 1993) that
7%-month-olds have some rudimentary ca-
pacity to recognize a particular word (e.g.,
““‘cup’’) when it occurs in a sentential con-
text. One subject for future research is to
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determine what role, if any, sensitivity to
phonetic patterns plays in this process.

In conclusion, the present study provides
a further indication that during the latter
half of their first year, infants are learning
about the structure and organization of na-
tive language sound patterns. Not only are
infants capable of distinguishing between
native and nonnative sound patterns (Jusc-
zyk et al., 1993b), but they also seem to be
drawn to the kinds of sound patterns that
are apt to occur frequently in native lan-
guage words. Sensitivity to the distribution
of these patterns may well influence not
only learning about the phonotactic and
phonological organization of the native lan-
guage, but also the development of word
recognition capacities and the organization
of the mental lexicon.

APPENDIX

Stimulus materials for Experiments | and 3 for
HIGH and LOW probability phonotactic patterns.

Experiment 1: HIGH

iUs aln IlIs fIs bls dit tIs wls vIs
sim nls gIs 1z d&Is Jav YIs [Is dlz
ols dlv jIs zIs mIm slz vIn JIf ile
plm 118 flk di& il3 dle miIp VIl
nln dId gIn dIz slds sex ses 1el nen
Ies  sem pel gen des Yen Jen pes
secp mek kel sev  lel -em  hes seg  vel
dem tet seb kes ver fes mem pem
tem Iep ves kek sep sef  sed sef
fek se3 dep sen hen kak len mel
gen Yen bal waen fen keg keg 1l
jen een zaen kez tel lel has feel
keo kad ka3z del fes pab pzg mab
pev mav des let nxl bap vaes Uzl
pez maz paed
Experiment 1: LOW

jauvdy Jauds &avds  jaul vaudg vaudg
Jauy jave d&auvlf navd3 Jave laudz
&Gave javz javx gauvy  jauY jaud  fauz
navlf &Bavz vaug Jaud gave dzau
d&gaud lauyf tavdy nauve 1avd3 gauvz
favds lave jaut pauds Dbavds vauvr gaud
gavl faul tauY nauvd joo joY  foe  [off
o0 o0 Yoo Yo job  fob @b  Yob
ne jof fof edf Yof nob foz gow
g jop Yoz xY jod fop jog  Jod
Jog Yog eog Yog Yod gob nogp nod
1nf b bof doo zuf zud Yuf zujz
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wud Yud fud Yuz wuz fuz guf zue
puf fuf zuv gud fud guz Yue [ue Yuv
pud wuv fuv wue fuz puz d&Bud guo
&uf guv muf fuv zub mud fue huf
hud mu3z huz

Experiment 3: HIGH
fal  Yan  mab  saf tal sads  has dsan
das saz  sag  kak sav 1Al sad lan
pam  bal pal sat  man sas sal  kan
tals dalp valr wvalk bals falk 1ali
mald hals salb valt dzaln salv faln
salp salm galn palt sals dalt salk
sall baln haln  kis Yin kik 1ig sig
gin fik kit pim fis vin 1z bis siv
dik nin  hin bil dis dit fin 1t s
lin vet 1eb meb keb seb mep ges
wes hes sep peb i1em nes tes pep
lel hen pem ked sed nen ten pek
ses das m3an s3z fat  tat s3g  p3v
van pzb mas kam sz3p paxd fazs
bas k3n sad s3l s3m sk pan  s3at
s3I sFS

Experiment 3: LOW
OAf Oads  jAf OAY oAl jads Yol  oady
Ay Yadzs  eaY  Jads  wal  UYa¥  JaY
0Az wads Oag Oav  jaz waY Oad  eaz
Yaz Gald [ald dzald Yald gald dalz
Oalb &alz Qalv falb Yalz wald Oalm
nald kald Qalp  falv falb  falm JalP
galb d&zalm dzalp fald Oif &0 jif gif zif
jid zi® gid Sie  jio Zig gio oiy
jis zig i ziY Yif Yid gids Oig
gif jig zig woe3 o0ed oew oeg ze3
Bed Uez Yed Keo fez woveds [ed Ueo
Jeo  deg Yeg feg Beds eez  Ueds
vez fJeds ved ge3z jxz j3e (30 j3g
f3z Yo Yzz J2g  j3Y g n3e
n3z f3f I3 [f3xdk e300 I3z jzp U3k
n3g g3g &38 03z j3vV
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