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Abstract 
This paper examines the acoustic characteristics of voiceless sibilant fricatives in English- 

and Japanese-speaking adults and the acquisition of contrasts involving these sounds in 2- and 
3-year-old children.  Both English and Japanese have a two-way contrast between an alveolar 
fricative (/s/), and a postalveolar fricative (/S/ in English and // in Japanese).  Acoustic analysis 
of the adult productions revealed cross-linguistic differences in how well differentiated the two 
fricatives are and in what acoustic parameters were used to differentiate them.  For the 
children’s data, the transcription results showed that English-speaking children generally 
produced the alveolar fricative more accurately than the postalveolar one, whereas the opposite 
was true for Japanese-speaking children.  In addition, acoustic analysis revealed the presence of 
covert contrast in the productions of some English-speaking and some Japanese-speaking 
children.  The different development patterns are discussed in terms of the differences in the 
fine phonetic detail of the contrast in the two languages.   
 
 
1. Introduction 

In the first few years of life, children learn to produce most of the sounds of their native 
language.  When compared across languages, this process of phonological development shows 
both striking similarities and clear-cut differences.  Across many languages, we find that most 
children can produce the vowels in the ambient language by about age 2 and that stop consonants 
and glides develop relatively early, while fricatives, affricates, and liquids tend to be 
later-acquired (e.g., Dinnsen, 1992; Kent, 1992).  Jakobson (1941/1968) suggested that the 
similarities observed across languages were due to universal substantive principles — 
“implicational laws” —that structure the phoneme inventories of all spoken languages and that 
also determine how children acquire speech sounds.  Subsequent researchers (e.g., Ingram, 
1989; Dinnsen, 1992; Kent, 1992) have expanded on Jakobson’s claim by suggesting how many 
of these cross-language similarities in phoneme acquisition might be attributed to physiological 
constraints on production and perception. 
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One of Jakobson’s implicational universals was that languages will have fricatives only if 
they also have stop consonants and that children would acquire fricatives only after they had 
acquired stop consonants.  As Jakobson predicted, fricatives are less frequent than stops in the 
world’s languages and fricatives also tend to be acquired later than stops in languages in which 
phonological acquisition has been studied.  For example, the UPSID-PC database (Maddieson 
& Precoda, 1990) lists 38 languages that have no fricatives whatsoever, but no languages that do 
not have any stops.  Furthermore, in English, both /d/ and /t/ are produced correctly in 
word-initial position by more than 90 percent of children by age 3, while word-initial /s/ is not 
produced correctly by that many children until after age 7 (Smit et al., 1990).  A number of 
researchers have suggested that the greater production demands for fricatives relative to stops 
accounts for their later acquisition.  As Kent (1992) points out, stops require only a 
more-or-less accurate ballistic gesture, while fricatives require a careful tongue body posture that 
directs a high velocity of air at a very precisely located narrow constriction.   

This paper compares the mastery of sibilant fricatives across two languages which contrast a 
more anterior dental or alveolar fricative with a more posterior one.  Both English and Japanese 
have two sibilant fricatives (/s/ and /S/ in English, /s/ and // in Japanese).  While // is readily 
assimilated to /S/ by English speakers (as in sushi) and /S/ is assimilated to // by Japanese 
speakers (as in /erii/ sherry), the two post-alveolar fricatives have different articulatory 
configurations.  In English, the coronal post-alveolar /S/ in English contrasts with /s/ in tongue 
position; the constriction for /S/ is further back in the oral cavity than for /s/.  The contrast in 
Japanese is a contrast more of tongue posture than of place of articulation.  The front of the 
tongue body is bunched up towards the palate to produce //, but not /s/ (Akamatsu, 1997; Toda 
& Honda, 2003).   

The acquisition of sibilant fricatives is protracted in both English and Japanese.  For 
example, a large cross-sectional study of American English-speaking children by Smit et al.  
(1990) found that at age 3, only 56 percent of children correctly produced word-initial /S/ and 
only 62 percent correctly produced word-initial /s/.  By contrast, 75 percent of English-speaking 
children correctly produced word-initial /f/ and over 90 percent correctly produced initial /d/ and 
/t/.  Similarly, in Japanese, a cross-sectional study of Japanese 3-year-olds by Yasuda (1970) 
found that only 60 percent correctly produced initial // and only 25 percent of correctly 
produced /s/, and a larger norming study by Nakanishi, Owada, and Fujita (1972) reports errors 
for /s/ still in six-year-olds.  While lingual fricatives are late-acquired in both English and 
Japanese, the substitution patterns are different in the two languages.  In English, the typical 
error pattern is “fronting” of /S/ to [s] (and /s/ to [T]) (e.g., Weismer & Elbert, 1982; Baum & 
McNutt, 1990; Li & Edwards, 2006).  Exactly the opposite error pattern is observed in 
Japanese-acquiring children, who are more likely to substitute the more posterior [] for target /s/ 
(Nakanishi, Owada, & Fujita, 1972).   

When acquisition of a contrast is protracted in this way, children may go through a stage of 
“covert contrast” – production of a perceptually unreliable, but statistically significant acoustic 
difference between two sounds.  Covert contrast has been observed for a variety of contrasts, 
including the voicing contrast for stop consonants (e.g., Macken & Barton, 1980; Maxwell & 
Weismer, 1982; Scobbie, Gibbon, Hardcastle, & Fletcher, 2000) and stop place of articulation 
(Forrest et al, 1990; White, 2000).  Covert contrast has been observed for children with typical 
phonological development and for children with phonological disorder (e.g., Forrest et al., 1990; 
Tyler, 1993).  Covert contrast has been shown to be of clinical significance in that children who 
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produce covert contrast have a better prognosis than children who produce no contrast at all 
(Tyler, 1993).   

There has been relatively little work on covert contrast in the acquisition of fricatives.  
Baum and McNutt (1990) observed covert contrasts in both amplitude and spectral shape between 
misarticulated /s/ (which was perceived as [T]) and the target /T/.  Tsurutani (2004) also found 
some evidence of covert contrast in the productions by Japanese-acquiring children of a small 
number words that happened to exemplify the /s/-// contrast in a larger study of other contrasts.   

By definition, the study of covert contrast requires additional instrumental measures in 
addition to a transcription analysis.  For example, studies of covert contrast for stop voicing 
differences have measured voice onset time in word-initial consonant productions (e.g., Macken 
& Barton, 1980) and preceding vowel duration in word-final consonants (e.g., Maxwell & 
Weismer, 1982).  In this paper, we first report on the acoustic measures that we developed in 
order to differentiate between the two sibilant fricatives in both languages, measures which we 
then apply to children’s productions, to look for covert contrast.   

Previous research on languages such as English that have a place-of-articulation contrast for 
sibilant fricatives has focused on differentiating the two fricatives based on the spectral 
properties of the frication noise (Behrens & Blumstein, 1988; Hughes & Halle, 1956).  The 
[-anterior] fricative /S/ has a longer front cavity than /s/ both because of its more posterior place 
of articulation and also because of its characteristic lip rounding.  This difference in front cavity 
length results in more low-frequency energy for the // spectrum and more high-frequency energy 
for /s/ (Hughes & Halle, 1956; Stevens, 1988).   

A commonly used method for examining the spectral properties of fricative noise is spectral 
moments analysis, in which the power spectrum is treated as a probability distribution (Forrest et 
al., 1988; Shadle and Mair 1996; Jongman, Wayman, & Wong, 2000).  The first spectral 
moment (the mean or “centroid” frequency) works well to distinguish between /s/ and /S/ in 
English.  In spectra with only one prominent mode, the first moment is negatively correlated 
with the length of the front resonating cavity, and thus roughly describes where the constriction 
is made relative to the length of the oral cavity.  The second spectral moment (standard 
deviation) does not seem to be useful in distinguishing between the two sibilant fricatives of 
English, and it is mainly used to differentiate between a flat diffuse spectral shape, as in /f/, and a 
peaky, compact distribution as in /s/.  But it may help to distinguish Japanese /s/ and //, since 
according to Akamatsu (1997), Japanese /s/ is less sibilant than //, and is less sibilant than 
English /s/ as well.  The third spectral moment (skewness) may also be useful for distinguishing 
between /s/ and /S/ in English, as it is also correlated with a place-of-articulation distinction.  In 
general, /S/ should have a positive value, indicating a concentration of energy in the lower 
frequencies below the mean value, while /s/ should have a negative value, indicating a 
concentration of energy in the higher frequencies above the mean value.  The fourth spectral 
moment (kurtosis) may be useful for distinguishing between fricatives with tongue posture 
differences, as these differences result in changes in the peakiness of the spectral shape.  
Specifically, the compact fricative // might have a more prominent focalization of energy 
around a single peak than the diffuse /s/ of Japanese, and hence a higher kurtosis value.   

Spectral moments analysis has also been used to classify English-speaking children’s 
fricative productions.  Nittrouer (1995) used it to compare the productions of /s/ and /S/ in 
children aged 3 to 7 and adults.  She found more variability in the children’s productions 
relative to those of adults.  Nissen and Fox (2005) found that the first and third spectral 
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moments worked well to classify productions of /s/ and /S/ by 3- to 6-year-old children.   
We suspected that spectral moments analysis alone might not be sufficient for differentiating 

between /s/ and // in Japanese, as the contrast in Japanese does not primarily involve place of 
articulation.  In previous work on Japanese and Polish, both of which have a similar tongue 
posture distinction for sibilant fricatives, researchers have used the second formant (F2) 
frequency taken at the onset of the vowel following the fricative to index the length of the back 
cavity in the fricative (Funatsu, 1995; Halle & Stevens, 1997).  The tongue-bunching used to 
produce // creates a long palatal channel and a consequently shorter back cavity, which should 
result in a higher F2 frequency at the onset of the following vowel, relative to the frequency after 
/s/.  F2 onset frequency has also been shown to be reliable in distinguishing between /s/ and /S/ 
in English (Jongman et al, 2000; Nittruoer et al., 1989).  Therefore, we decided to include both 
spectral moments and F2 onset frequency in our analysis.   

The purpose of this paper was to develop acoustic measures that would differentiate between 
the two sibilant fricatives in both English and Japanese and then to use these measures to 
examine the acquisition of contrast and covert contrast for sibilant fricatives in the two languages.  
We made two predictions.  One was that the fine phonetic detail of the contrast would be 
different in the two languages, given the different articulatory configuration of the post-alveolar 
fricative in the two languages.  The second was that we would observe covert contrast in the 
productions of at least some of the children, given the protracted period of acquisition of this 
contrast in both languages.  This paper differs from previous work in two important respects – 
first, it examines acquisition of a contrast that has been little studied and is known to be late and 
frequently misarticulated, and, second, it examines the acquisition of this contrast across two 
languages.   

 
2. Methods 
2.1. Participants 

The child participants for both languages were 2- year-olds and 3-year-olds, approximately 
ten children for each of these two age-groups for each language.  We also collected data from 
five adult native speakers for each language.  All children had normal speech and language, 
based on parent and teacher report and had passed a hearing screening using otoacoustic 
emissions at 2000, 3000, 4000, and 5000 Hz.  All adult participants were undergraduate or 
graduate students at Ohio State University with no reported history of speech, language, or 
hearing problems.  Table 1 gives information on the age of the child participants and the exact 
number per age group.  The English-speaking children and the adult speakers of both languages 
were tested in Columbus, OH.  The Japanese-speaking children were tested in Tokyo and 
Hamamatsu, Japan.  All children were monolingual speakers of their native language, while the 
Japanese-speaking adults had lived outside of Japan for less than 5 years. 

Insert Table 1 about here 
 

2.2. Materials 
The materials were word-initial voiceless fricatives followed by one of the canonical five 

vowels /i, e, a, o, u/ elicited in a word-repetition task.  These are the only vowels included in 
these five categories in Japanese.  For English, we collapsed together vowels that have similar 
coarticulatory effects.  Specifically, we included both lax and tense vowels in each vowel 
category where the tense/lax contrast is relevant (for example, both /i/ and /I/ were included in 
the /i/ category) and we included all three low back vowels /A,, / in the /a/ category.  We 
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elicited these word-initial CV sequences in familiar pictureable words in both English and 
Japanese.  There were approximately three target words for each CV sequence.  Not all of the 
CV sequences could be elicited.  This is because */si/ is unattested in Japanese and /Se/ is 
attested only marginally, primarily in recent loan words from languages such as English.  In 
English, only two words containing /Su/ were elicited because there are few words containing 
this sequence that are familiar to young children.  A complete list of the target words for each 
language is given in the appendix. 

For both languages, the stimulus items for the word-repetition task were spoken by an adult 
female native speaker and digitally recorded at a sampling rate of 22,500 Hz.  For each word 
type, three tokens were presented to adults and then two tokens that were perceived with at least 
80 percent accuracy by the five adult native speakers were selected for use with the children.  In 
the presentation to the children, each word type was paired with a color photograph that was 
culturally appropriate for the particular language and country.   

 
2.3. Procedure 

Adults were tested in a quiet room.  For the adults, each stimulus item was played out over 
computer speakers and the adult participants were asked to repeat each item just as they heard it.  
Their responses were recorded on a Marantz CD recorder, using a high-quality head-mounted 
microphone.   

In both countries, children were tested in a quiet room in a preschool.  For the children, 
each trial item consisted of a picture and the associated sound file, which were presented 
simultaneously to the participant over a laptop with a 14-inch screen using a program written 
specifically for our purposes.  The computer program included an on-screen VU meter to help 
the children monitor their volume and a picture of a duck, frog, or koala bear walking up a ladder 
on the left side of the screen to provide visual feedback to the children about how close they 
were to completing the task.  The children were instructed to repeat each word exactly as they 
heard it.  Children were asked to repeat responses in the following cases: (1) if the response was 
different from the prompted word (e.g., the child said duck when prompted with goose) or (2) if 
the tester thought the target sequence would be impossible to transcribe because the response 
was spoken very softly, or overlapped with the prompt or with background noise (e.g., a door 
slam).  The children’s responses were recorded directly onto a CD or a digital audiotape, using 
a high-quality head-mounted microphone.   

 
2.4. Transcription   

All audible responses were transcribed and included in the statistical analyses.  A native 
speaker/trained phonetician transcribed all initial target CV sequences, using both the audio 
signal and the acoustic waveform.  The English data were transcribed by an American-English 
speaker and the Japanese data were transcribed by a Japanese speaker.  Both transcribers were 
from the same dialect region as the child participants.  The fricatives were transcribed as either 
correct or incorrect.  The native speaker also transcribed substitution errors when the target 
consonant was categorized as incorrect.  A second native speaker independently transcribed 
20% of the data.  Phoneme-by-phoneme inter-rater reliability was 90% for English and 89% for 
Japanese. 

 
2.5 Acoustic analyses 

Table 2 summarizes all of the acoustic measurements that were made.  We used Praat 
(Boersma & Weenink, 2001) for all of the acoustic analyses.  The onset of the fricative was 
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defined as the first appearance of aperiodic noise on the waveform, simultaneously accompanied 
with frication noise above 2500 Hz from the spectrogram.  The offset of the fricative was 
defined as the first zero-crossing of the periodic waveform of the following vowel.   

For the spectral moments analysis, an FFT spectrum was made over a 40 ms Hamming 
window extracted from the middle of the fricative portion.  The middle 40 ms window was 
chosen because it is the most steady-state portion of the fricative noise and is least likely to be 
influenced by amplitude effects at the start up of the fricative or by anticipatory coarticulation 
with the vowel.  The setting in Praat that we used to estimate the onset F2 was an LPC analysis 
specified for 5 formants (10 coefficients) calculated over a range from 0 to 5500 Hz for adults 
and from 0 to 7000 Hz for children.  The window length was 0.025 ms.  We hand-corrected 
mistracked F2 values for seven tokens in English and five tokens in Japanese.   

Insert Table 2 about here 
 

3. Results 
3.1 Transcription 

The criterion generally accepted in the literature for “mastery” of a speech sound is 75 
percent accuracy for an individual child in a particular word position (e.g., Templin, 1957; 
Prather, Hedrick, & Kern, 1975; Smit et al., 1990).  Similarly, the criterion used for mastering 
the contrast between two sounds is 75% accuracy for both sounds in a particular word position.  
We used these criteria to determine how many of the English-speaking and Japanese-speaking 
children had mastered the two fricatives and the contrast between them, as shown in Table 3.  
Two observations are of interest: first, /s/ is mastered by more children than /S/ in English, while 
// is mastered by more children than /s/ in Japanese and this is especially true for the 
two-year-old group.  Further, more English-speaking children than Japanese-speaking children 
have mastered the contrast between the two voiceless sibilants.   

Table 4 shows the most frequent substitution processes for the two languages.  In English, 
by far the most common process is fronting of /S/ to [s], both in terms of the number of children 
who produced this substitution and in terms of the total number of substitutions made by all of 
the children.  By contrast, in Japanese, the most common process is backing of /s/ to [], 
although it does not outnumber other substitution processes as much as the English error pattern 
does.  In general, fronting errors predominate in English while backing errors predominate in 
Japanese.   

Insert Tables 3 and 4 about here 
 
3.2. Acoustic analyses — Adult productions 

Figure 1 plots the averaged spectra of /s/ and /S/ or // for three female speakers of English 
and of Japanese, respectively.  Despite the inter-speaker differences in the shapes of the spectra, 
the three female speakers demonstrate great consistency in the overall patterning that contrasts 
/s/ with /S/ or with // in the two languages.  It can be observed that the average spectra of the 
two sibilant fricatives have more distinct patterns from each other in the English-speakers’ 
productions, as compared to those of the Japanese speakers’.  Moreover, the spectrum for // in 
Japanese is consistently peakier than the spectrum for /s/.   

Insert Figure 1 about here 
Figure 2 plots the mean of the five acoustic parameters for /s/ and /S/ or // for each vowel 

context for both languages.  Note that the first spectral moment (centroid) effectively captures 
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the differences in spectral energy concentration, yielding higher values for /s/ than for /S/ or //.  
Higher centroid values indicate a higher-frequency energy concentration for /s/, and thus a more 
front lingual constriction for /s/ as compared to /S/ or //.  The two voiceless sibilant fricatives 
are better separated by the centroid values in English as compared to Japanese, which is in 
accordance with the observations from the averaged spectra for the two languages shown in 
Figure 1.  The second spectral moment (standard deviation) is larger for /s/ than for /S/ or //, 
indicating a more diffuse shape for /s/ in the two languages.  The onset F2 frequency also shows 
similar patterns for /s/ as compared to /S/ (or //) for both languages.  The most notable 
difference between the two languages is for the fourth spectral moment (kurtosis).  In English, 
postalveolar /S/ has a smaller kurtosis value than /s/, while the opposite pattern is observed in 
Japanese.  The particularly high kurtosis value for Japanese // reflects the more compact and 
symmetrical distribution of energy around a single peak seen in the averaged spectra in Figure 1.   

Insert Figure 2 about here 
We performed five two-way ANOVAs for each adult speaker.  The within-subject factors 

were fricative and vowel, and the dependent variables were the five acoustic measures.  Table 5 
shows the results of these analyses.  It can be observed that the F-values for the centroid 
frequency (first spectral moment) are generally an order of magnitude greater than the F-values 
for the other acoustic parameter, suggesting that the first spectral moment is the primary acoustic 
parameter for distinguishing between the two fricatives in both languages.   

Insert Table 5 about here 
We used hierarchical linear modeling (Raudenbush et al., 2004) to determine which acoustic 

parameters are needed to categorize the two voiceless sibilant fricatives in each language, 
pooling the data of all five adult participants.  For English, once subject differences were 
controlled for, the first spectral moment alone perfectly classified the two fricatives so a 
hierarchical linear model was not necessary.  In Japanese (see Table 6), a combination of the 
first two spectral moments (the second moment is marginally significant) and F2 onset frequency 
were needed to categorize the two fricatives.  The better separation of the two sibilant fricatives 
in English as compared to Japanese is also illustrated in Figure 3, which plots the second spectral 
moment against the first spectral moment for the productions of a representative 
English-speaking adult and a representative Japanese-speaking adult. 

Insert Table 6 and Figure 3 about here 
 
3.3. Acoustic analyses — children’s productions   

We used the same acoustic analyses for the productions of all of the children who produced 
a contrast between the two sibilant fricatives or who produced [s] for /S/ (in English) or [] for /s/ 
(in Japanese) substitutions.  We then performed the same set of five two-way ANOVAs for the 
children’s productions in the two languages so that we could compare the results of the 
transcription analysis to the results of the acoustic analysis and also so that we could identify 
instances of covert contrast.  The rows of Table 7 with talker ID in italics give the results of the 
ANOVAs for the six English-speaking and the three Japanese-speaking children who were 
transcribed as producing a contrast between the alveolar and post-alveolar fricative.  Two 
observations can be made.  First, there is a significant difference in centroid frequency for the 
productions of all children from both languages who were transcribed as producing a contrast 
between the two sibilant fricatives.  Second, the two fricatives are better separated in the 
productions of the adults, as compared to those of the children.  This can also be observed in 
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Figure 4, which plots the second spectral moment against the first spectral moment for a 
representative English-speaking adult and an English-speaking child who produced a contrast 
between the two fricatives in both the transcription and the acoustic analysis.  The adult’s data 
show virtually no overlap in either dimension for the two fricatives, while the child’s data show 
overlap in both dimensions. 

Table 7 also gives the results of the ANOVAs for the children who were consistently 
transcribed as producing the most typical substitution errors — i.e., [s] for /S/ in English or [] 
for /s/ in Japanese — but who nonetheless produced a statistically significant difference in at 
least one dimension.  These are the children whose talker IDs are in boldface.  They comprised 
4 of the 15 English-speaking children and 2 of the 18 Japanese-speaking children who did not 
have an overt contrast by our criterion of producing 75% of both fricatives correctly.  We 
classified these productions as showing covert contrast.  The F-values were smaller for the 
covert contrasts, as compared to the overt contrasts, suggesting that covert contrast tends to be 
less stable and more variable.  The covert contrasts for the productions of all but one of these 
children were identified by significant differences in a parameter other than the first spectral 
moment.   

Insert Figure 4 about here 
Examples of covert contrast are shown in Figures 5 and 6.  Figure 5 plots the average 

spectra of target /s/ and // for two Japanese-speaking children.  One of these children (j3n01m) 
was transcribed as having acquired the contrast between the two sibilant fricatives and his 
productions showed a significant difference between /s/ and // for all four spectral moments.  
For the other child (j2n14f), productions of both fricatives were transcribed as [].  The acoustic 
analysis of her productions revealed a significant difference between the two fricatives only in 
kurtosis (the fourth spectral moment).  The averaged spectra of the []-for-/s/ substitutions and 
that of the target // productions are similar, except that the []-for-/s/ substitutions have a flatter 
energy distribution in the spectrum than the target // productions. 

A different pattern of covert contrast was observed for one English-speaking child (e2n01m).  
The productions of this child showed evidence of a contrast between the two fricatives in onset 
F2 frequency.  Figure 6 plots onset F2 frequency against centroid frequency for the productions 
of this child as compared to the productions of a child transcribed as having a clearly acquired 
contrast.  It can be observed that the productions of this child with a covert contrast separate out 
the two categories roughly in the dimension of onset F2 frequency, with no separation in centroid 
frequency, whereas the productions of the child with a clear contrast make a distinction more in 
the dimension of centroid frequency.   

Insert Figures 5 and 6 about here 
 

4. Discussion and conclusion 
Three findings were of note in this study.  First, we observed differences between English 

and Japanese for the two voiceless sibilant fricatives in the productions of adult native speakers.  
Differences were observed even for /s/, the fricative which the two languages have in common.  
Second, we also observed language-specific patterns in the productions of English-acquiring and 
Japanese-acquiring children.  Finally, we found evidence of a covert contrast between the two 
sibilant fricatives in the productions of both English-speaking and Japanese-speaking children.   

The cross-language differences in adults’ productions involved both the parameters used and 
the degree of separation observed.  English /s/ and /S/ were well-separated acoustically and this 
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separation could be captured with just a single acoustic parameter, the first spectral moment of 
the fricative noise or centroid frequency.  By contrast, Japanese /s/ and // were less 
well-differentiated and centroid frequency by itself could not completely differentiate them.  
We also found that /s/ has a more diffuse spectral distribution than its postalveolar counterpart, 
//, in Japanese, whereas there is no consistent pattern with respect to peakiness between the two 
sibilant fricatives in English.   

These acoustic differences reflect differences in articulation; in English, /s/ and /S/ contrast 
primarily in place of tongue tip constriction as well as in lip rounding, while in Japanese /s/ and 
// contrast in tongue posture and the part of the tongue that is used in forming the constriction.  
Another difference between English and Japanese is the distributional patterns of the contrast.  
In Japanese, /s/ and // are in complementary distribution before the two front vowels, while in 
English the distributions of /s/ and /S/ overlap completely.  Thus, the categorical representation 
may be more robust in English as compared to Japanese.  Also, the existence of other fricatives 
in the phonological system may influence the productions of these two sibilant fricatives.  
English has labial-dental and inter-dental fricatives which have a more front place of articulation 
than /s/.  In Japanese, there is also a palatal fricative which has a more back place of articulation 
than //.  Because Japanese has no fricatives that are more front than /s/, it is possible that 
Japanese /s/ can be less sibilant as another way to contrast with //, in order to compensate for 
the smaller separation between the two fricatives along the centroid dimension.   

The cross-language differences that we saw in the children’s productions involved both the 
transcription analyses and the acoustic analyses.  More English-speaking children were 
transcribed as correctly producing /s/ than /S/, while more Japanese-speaking children were 
transcribed as correctly producing // than /s/.  Similarly, the most common error pattern for 
English-speaking children was fronting errors ([s] for /S/ and [T] for /s/ substitutions), while the 
most common error pattern for Japanese-speaking children was backing errors ([] for /s/ and [] 
for // substitutions).   

These cross-language differences in the transcriptions might be explained in terms of the 
observed differences in the adult phonetic patterns in the two languages.  More of the 
English-speaking children, as compared to the Japanese-speaking children, had acquired the 
contrast between the two voiceless sibilant fricatives.  The later acquisition of the contrast for 
the Japanese-speaking children may be related to its less robust acoustic representation and also 
to the fact that /s/ and // contrast only before back vowels.  Another possible factor is that the 
rounding of English /S/ (but not Japanese //) adds a visual cue for the English-speaking children.   

This kind of direct explanation in terms of the phonetics seems especially plausible when we 
compare the acoustic patterns for the children who were transcribed as having acquired the 
contrast.  Figure 7 shows spectra for the two sibilant fricatives for English and Japanese 
averaged across the productions of all adults and averaged over all child productions that were 
transcribed as correct.  The spectra of the 2- and 3-year-old children’s productions are 
remarkably similar to those of the adult speakers for each of the two languages.   

At the same time one similarity across languages that we observed was that there was a 
significant difference in centroid frequency for the productions of all children who were 
perceived as producing a contrast between the two sibilant fricatives.  Moreover, the centroid 
frequency seemed to be the primary correlate for both languages in the productions of both 
children and adults among the five parameters tested.  In fact, it has been shown in a number of 
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perception studies that spectral characteristics override transitional cues in the perception of 
voiceless sibilant fricatives, especially for English (LaRiviere, 1975; Whalen, 1984, Fernandez et 
al., 2000).  In these experiments, the spectral characteristic that was manipulated was the 
frequency pole comparable to the centroid frequency in the current study.   

Insert Figure 7 about here 
Another similarity we found was that covert contrast was observed in both languages.  We 

had predicted this result because of the protracted development of the contrast between the two 
sibilant fricatives in both English and Japanese.  Only six of 23 English-speaking children and 
only three of 21 Japanese-speaking children had mastered this contrast by age 3.  We observed 
two forms of covert contrast.  Most of the children with covert contrast used a non-primary 
parameter to differentiate between the two sibilant fricatives.  One child with covert contrast 
differentiated the two fricatives with the primary parameter (centroid), but the difference was not 
large or consistent enough to be recognized by adults.  While covert contrast was observed in 
both languages, however, it is important to remember that the direction of the emerging contrast 
was different.  The English-acquiring children with covert contrast were just beginning to 
distinguish acoustically between target /s/ and transcribed [s] for /S/ substitutions, whereas the 
Japanese-acquiring children with covert contrast were just beginning to distinguish acoustically 
between target // and transcribed [] for /s/ substitutions.   

A question for future research is to determine whether these opposite error patterns can be 
attributed solely to the phonetic differences.  Could they also be explained in part by 
cross-linguistic transcription differences that are related to the different distribution of fricatives 
in the two languages?  As noted above, English has the fricatives /f/ and /T/, which are more 
front than /s/ and /S/, while Japanese has the palatal fricative /x/, which is more back than /s/ and 
//.  If English-speaking children made backing errors, it might be difficult for a native 
English-speaking transcriber to categorize them, since there are no English fricatives that have a 
more back place of articulation than /S/.  Similarly, if a Japanese-speaking child produced 
fronting errors, these would be difficult for a native Japanese-speaking transcriber to categorize 
since Japanese does not have any fricatives that are more front than /s/.  Thus, it may be the 
case that these error patterns are not as different as they appear.  Until we have judgments of the 
English-speaking children’s productions by Japanese listeners and of the Japanese-speaking 
children’s productions by English listeners, we should be cautious in concluding that the children 
in the two languages produce different substitution patterns. 

In sum, we found that the fine phonetic detail of the two-way contrast in lingual sibilant 
fricatives differ considerably between English and Japanese.  These language-specific 
differences affect acquisition of these sounds, as judged by an experienced native-speaker 
transcriber.  More English-speaking 2- and 3-year-old children had mastered the contrast, as 
compared to Japanese-speaking children of the same age.  We have suggested that these 
language-specific differences in acquisition are related to differences in the robustness in 
acoustic representations of the two fricatives between English and Japanese, as well as to the 
different distributional patterns in phonological representations between these two languages.  
Covert contrast was also observed in both languages.  Four English-speaking and two 
Japanese-speaking children showed a significant difference between the two sibilant fricatives in 
one of the measured acoustic parameters in spite of the fact that the experienced native-speaker 
transcriber had transcribed all productions as /s/ (for English) or as // (for Japanese).  The 
acoustic measures revealed cross-linguistic differences in /s/ as well as the presence of convert 
contrast.  These results suggest that transcription alone is not adequate to describe phonological 
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acquisition and needs to be supplemented by other measures, such as acoustic analysis. 
Therefore, additional perception experiments with adults are needed before we can conclude that 
these differences are based only on the production patterns of the children, rather than on 
perceptual biases of adult speakers of the two languages or an interaction between the children’s 
productions and the adults’ perceptual biases.  These perceptual experiments are now 
underway.  
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Table 1.  Mean age in months (standard deviation in parentheses) and number of subjects for 
child participant groups for English and Japanese. 

Age groups: Language English Japanese 
2-year-olds age 31  (3.4) 32  (1.8) 
 N 9 13 

3-year-olds ages 39  (2.6) 44  (2.4) 
 N 12 9 

 
Table 2.  Summary of parameters for acoustic analyses. 



Li, Edwards, Beckman  14 

Draft of paper under review.  Please do not cite without permission of first author. 

 Acoustic 
parameter 

Definition Articulatory interpretation 

M1 (Centroid) The weighted mean 
frequency 

Negatively correlates with the 
length of the front resonating 
cavity 

M2 (Standard 
Deviation) 

Average squared 
distance from the 
centroid 

Differentiates tongue posture 
between apical and laminal 

M3 (Skewness) How skewed the spectral 
shape is (calculated by 
subtracting the spectrum 
below the centroid from 
that above the centroid)  

Negatively correlates with the 
length of the front resonating 
cavity 

Fricative 
spectrum 
moments 

M4 (Kurtosis) How much the shape of 
the spectrum around the 
center of gravity is 
different from a 
Gaussian shape 

Dfferentiates tongue posture 
between apical and laminal 

CV 
transitions 

Onset F2 
frequency 

F2 frequency at the onset 
of the following vowel 

Negatively correlates with the 
length of the back resonating 
cavity. 

 
 
Table 3.  Number of children with 75 percent or more correct productions in each language, 
based on transcription analysis. 
 English (N = 22) Japanese (N = 21) 

Fricative 2-year-olds 3-year-olds 2-year-olds 3-year-olds 
/s/ 9 8 0 5 
/S/ or // 2 6 2 5 

/s/-/ S/ or /s/-// contrast 1 5 0 3 
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Table 4.  The most frequent substitution processes in the productions of English-speaking and 
Japanese-speaking children. 

  English Japanese 

 Error pattern Error type Num of 
children 

Num of 
instances 

Error type Num. of 
children 

Num. of 
instances 

/S/-> [s] 12 97 / /-> [s] 7 18 

/s/-> [f, v] 13 39    
Fronting 

/s/-> [] 2 2    

/s/ -> [] 2 6 /s/ -> [ ] 11 38 

Place 
error 

Backing 
   / /-> [] 3 12 

/s/ -> [t,t] 5 6 /s/ -> [t, d] 8 25 

/S/ -> [t] 1 1 / / -> [t,d] 7 21 

Stopping 

other 3 9 other 1 1 
/s/ -> 
[ts, ts] 

4 14 /s/ -> [ts, dz] 2 3 

/S/ -> [tS] 4 26 / / -> [t ] 7 31 

/s/ -> [tS] 1 1 /s/ -> [t ] 7 19 

Affrication 

/S/-> [ts] 2 2    

Manner 
error 

Other /S/ -> [h] 1 1 / , s/ -> [h] 2 2 

 
Table 5.  F-values from two-way ANOVA on all five acoustic parameters for productions of 
adult speakers; English speakers in top five rows, Japanese speakers in bottom five rows.  
Talker  

Fricative  spectrum 
 

CV Transition 
 

M1 M2 M3 M4 OnsetF2 
ean01f 767.6 *** 16.0 *** 214.6 ***    5.6 * 43.3 *** 

ean02m 446.4 *** 
 

48.5 ***   7.6 ** 92.1 *** 
ean03m 1215.3 *** 188.0 *** 266.1 *** 165.0 *** 28.1 *** 
ean04f 975.3 *** 10.4 ** 6.8 *  29.0 *** 22.3 *** 

ean05f 1479.2 *** 
 

110.2 ***   0.3 * 11.2 ** 
jan01f 272.4 *** 46.1 *** 56.2 *** 49.0 *** 13.0 *** 
jan02f 1018.4 *** 93.3 *** 226.6 *** 128.1 *** 30.4 *** 
jan03f 258.8 *** 8.6 ** 189.3 *** 77.2 *** 104.6 *** 
jan04f 700.8 *** 10.4 ** 213.5 *** 14.8 *** 81.4 *** 
jan05m 374.5 *** 83.8 *** 206.7 *** 62.4 *** 59.0 *** 

***: p< 0.001; **: p< 0.01; *:p<0.05 
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Table 6.  Results of hierarchical linear model for Japanese adult productions of /s/ and //.  
Significant p-values are in bold. 
Coefficient for: Estimate Standard 

error 
t-value df p-value 

Intercept -1.571 1.735 -0.905 4  0.417 
Centroid (M1) -10.255 1.995 -5.139 378 <0.001 
Standard Deviation (M2) -1.694 0.934 -1.813 378  0.070 
Skewness (m3) 1.109 1.125 0.985 378  0.325 
Kurtosis (M4) -1.626 1.195 -1.361 378  0.174 
Onset F2 1.711 0.706 2.425 378  0.016 
 
Table 7.  F-values from two-way ANOVAs on all five acoustic parameters for children with 
contrast (italic) or covert contrast (boldface), with English-speaking children’s productions in 
first 10 rows, and Japanese-speaking children’s productions in bottom 5 rows.   
Talker  

Fricative  spectrum 
 

CV Transition 
 

M1 M2 M3 M4 OnsetF2 
e2n10m 79.0 *** 27.2 *** 39.1 *** 11.9 ** 16.4 *** 
e3n00f 61.6 *** 6.9 * 18.8 *** 1.4 21.8 *** 

e3n01m 62.3 *** 11.0 * 
  

 

e3n03f 238.9 *** 10.6 ** 35.8 *** 
 

 

e3n05f 121.6 *** 
 

7.6 * 
 

20.2 *** 

e3n11f 205.0 ** 
 

13.2 *** 
 

12.3 ** 

e2n01m 
    

8.8 * 

e2n03m 11.2 * 
   

 

e3n07m 
   

4.7 *  

e3n12m 
  

5.1 * 
 

 
j3n01m 14.4 ** 86.7 *** 28.9 *** 19.7 ***  
j3n09m 54.0 *** 75.3 *** 36.2 *** 13.9 ** 176.0 *** 

j3n12f 14.9 ** 
 

5.5 * 
 

 

j2n14f 
   

9.8 *  

j3n15m 
    

10.1 ** 
***: p< 0.001; **: p< 0.01; *:p<0.05 
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Figure 1.  Averaged spectra of /s/ (grey) and /S/ (or //) (black) for productions of three adult 
speakers of English (left) and Japanese (right). 
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Figure 2.  Means of first four spectral moments and F2 onset frequency by vowel context for 
productions of /s/ and /S/ (or //) by English-speaking (left) and Japanese-speaking (right) adults.   
 
 
 
 
 
 
(Figure continued on next page) 
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Figure 2, cont. 
 

 



Li, Edwards, Beckman  20 

Draft of paper under review.  Please do not cite without permission of first author. 

3000 4000 5000 6000 7000 8000 9000

0
50

0
10

00
15

00
20

00
ean05f (English)

Centroid (M1)

St
an

da
rd

 D
ev

ia
tio

n 
(M

2)

target /S/
target /s/
error [S]
error [s]

3000 4000 5000 6000 7000 8000 9000

0
50

0
10

00
15

00
20

00

jan02f (Japanese)

Centroid (M1)
St

an
da

rd
 D

ev
ia

tio
n 

(M
2)

Figure 
3.  The second spectral moment plotted against the first spectral moment for the sibilant 
fricative productions of an English-speaking (left) and a Japanese-speaking (right) adult. 
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Figure 4.  The second spectral moment plotted against the first spectral moment for an 
English-speaking adult (right) and an English-speaking child (left) with a clear contrast between 
/s/ and /S/.   
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Figure 5.  Averaged spectra of target /s/ and // from the productions of a Japanese-speaking child with a clear 
contrast (right) and a Japanese-speaking child with a covert contrast (left). 
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Figure 6.  Onset F2 frequency plotted against centroid frequency for an English-speaking child with a clear 
contrast (right) and an English-speaking child with a covert contrast (left). 
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Figure 7. 
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Figure 7.  Spectra for the two sibilant fricatives for English (left) and Japanese (right) averaged across the 
productions of all adults (top panel) and averaged across all child productions that were transcribed as correct 
(bottom panel). 
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Appendix: Stimuli for the two languages.   
target English Japanese 

CV transcription orthography transcription gloss 

si /sit/ seat   

 /sikrIt/ secret   

 /sIk/ sick   

 /sIst/ sister   

se /sef/ safe1 /semi/ ‘cicada’ 

 /sel/ sail /senaka/ ‘back’ 

 /sem/ same /seNse:/ ‘teacher’ 

 /se/ say   

sa /sA/ saw /saru/ ‘monkey’ 

 /sAk/ soccer /sakana/ ‘fish’ 

 /sAs/ sauce /sakura/ ‘cherry blossom’ 

 /sAk/ sock   

so /sof/ sofa /sori/ ‘slide’ 

 /sod/ soda /sora/ ‘sky’ 

 /sop/ soap /so:se:dZi/ ‘sausage’ 

su /sup/ soup /sudzume/ ‘sparrow’  

 /sutkes/ suitcase /suika/ ‘watermelon’ 

 /sup/ super /suna/ ‘sand’ 

   /supuN/ ‘spoon’ 2 

Si /Sild/ shield /Sika/  ‘deer’ 

 /SIp/ ship /Sippo:/ ‘tail’ 

 /Sip/ sheep /Si:so/ ‘seesaw’ 

Se or e /SEl/ shell   

 /SevIN/ shaving   
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 /Sep/ shape   

Sa or a /SAp/ shop /amodi/ ‘rice paddle’ 

 /SAt/ shot /atsu/ ‘shirt’ 

 /Sap/ sharp /awa:/ ‘shower’ 

   /aiN/ ‘photograph’ 2 

   /aberu/ ‘chat, talk’2 

So or o /Sold/ shoulder /o:di/ ‘paper screen’ 

 /So/ show /okupaN/ ‘bread’ 

 /Sop short /o:ju/ ‘soy sauce’ 

Su or u /Su/ shoe /u:mai/ ‘Chinese dumpling’ 

 /Sut/ shoot1 /u:kuri:mu/ ‘creme puff’ 

 /SUg/ sugar /u:dzu/ ‘shoes’ 

Note: A small number of stimuli were used only with children1 or only with adults2. 


