
Effects of Stimulus Bandwidth
on the Imitation of English Fricatives
by Normal-Hearing Children

Purpose: Recent studies from the authors’ laboratory have suggested that reduced
audibility in the high frequencies (because of the bandwidth of hearing instruments)
may play a role in the delays in phonological development often exhibited by children
with hearing impairment. The goal of the current study was to extend previous findings
on the effect of bandwidth on fricatives/affricates to more complex stimuli.
Method: Nine fricatives/affricates embedded in 2-syllable nonsense words were
filtered at 5 and 10 kHz and presented to normal-hearing 6- to 7-year-olds who
repeated words exactly as heard. Responses were recorded for subsequent phonetic
and acoustic analyses.
Results: Significant effects of talker gender and bandwidth were found, with better
performance for the male talker and the wider bandwidth condition. In contrast to
previous studies, relatively small (5%) mean bandwidth effects were observed for /s/
and /z/ spoken by the female talker. Acoustic analyses of stimuli used in the previous
and the current studies failed to explain this discrepancy.
Conclusions: It appears likely that a combination of factors (i.e., dynamic cues, prior
phonotactic knowledge, and perhaps other unidentified cues to fricative identity) may
have facilitated the perception of these complex nonsense words in the current study.
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P revious studies have shown that evenmild-to-moderate hearing loss
in young children can affect communication abilities, vocabulary de-
velopment, verbal abilities, reasoning skills, and psychosocial de-

velopment (Bess, Dodd-Murphy, & Parker, 1998; Davis, Elfenbein, Schum,
& Bentler, 1986; Davis, Shepard, Stelmachowicz, & Gorga, 1981; Markides,
1970, 1983). Particular difficulties demonstrated by these children are the
production of fricatives and affricates (Elfenbein, Hardin-Jones, & Davis,
1994) and increased errors in noun and verb morphology (Davis et al.,
1986; McGuckian & Henry, 2007; Norbury, Bishop, & Briscoe, 2001).

Such performance deficits are often attributed to reduced signal
audibility. One factor that influences audibility of the high-frequency
components of speech is the bandwidth of hearing instruments. A wider
bandwidth can be achieved in custom devices (e.g., in-the-canal and in-
the-ear instruments) than in the behind-the-ear (BTE) instruments that
are typically used with infants and young children. These differences
occur because of tubing resonances associated with the earmold coupling
for BTE instruments (Killion, 1980). Thus, even with digital technology,
the usable upper limit of bandwidth for these instruments is generally
5–6 kHz. Such bandwidth restriction is less likely to influence the per-
ception of speech for adults with postlingual hearing loss (HL) because
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linguistic and semantic cues supplement missing acous-
tic information in conversational speech. For children
with acquired HL who are still in the process of de-
veloping speech and language skills, however, this form
of signal degradation may be more detrimental.

Of particular concern is the audibility of the high-
frequency fricative /s/ (and its voiced cognate /z/) because
of its linguistic importance in the English language.
They are the 4th and 12th most frequently occurring
phonemes, respectively (Tobias, 1959), and serve multi-
ple linguistic functions, including rules for marking plu-
rality, possession, and verb tense (Denes, 1963; Rudmin,
1983). They are also among the most frequently mis-
perceived phonemes for adults withHL (Dubno&Dirks,
1982; Owens, 1978; Owens, Benedict, & Schubert, 1972).
In addition, language samples from children with mild-
to-moderate hearing loss include numerous errors in
noun and verbmorphology (e.g., sock vs. socks; jump vs.
jumps; Elfenbein et al., 1994; McGuckian & Henry,
2007; Norbury et al., 2001).

Numerous studies of the acoustic spectra of /s/ have
examined talker gender differences (Boothroyd, Erickson,
& Medwetsky, 1994; Boothroyd & Medwetsky, 1992;
Hughes & Halle, 1956;Jongman, Wayland, & Wong,
2000; Yeni-Komshian & Soli, 1981), whereas others
have included data from children (McGowen &Nittrouer,
1988; Munson, 2004; Nissen & Fox, 2005; Nittrouer,
1995; Nittrouer, Studdert-Kennedy, & McGowan, 1989;
Stelmachowicz, Pittman, Hoover, & Lewis, 2001). It is
somewhat difficult to characterize results across studies
because of differences in vowel context, acoustic analysis
procedures, and experimental details. In general, how-
ever, the spectral peak for male talkers tends to occur in
the 4.2 kHz–6.9 kHz range; whereas for adult female
and child talkers, the corresponding range is 6.3 kHz–
8.8 kHz. Thus, the effective bandwidth1 of current BTE
hearing aids (approximately 5 kHz–6 kHz) is likely to
limit the audibility of /s/ and /z/ for female and child
talkers. As a result, children with HL may hear the
plural form of words reasonably well when spoken by an
adult male, but inconsistently or not at all when spoken
by an adult female or a child. It is important to note that
early childhood experiences often involve interactions
with female caregivers and other children. As such, chil-
dren may experience inconsistent exposure to /s/ across
different talkers, situations, and contexts. Such incon-
sistencies in stimulus input may help explain delays in
the understanding and use of morphological rules (e.g.,
understanding and using rules for possession, plurality,
and verb tense).

Kortekaas and Stelmachowicz (2000) evaluated the
effects of low-pass filtering on the perception of /s/ in
adults and three groups of normal-hearing children
(5-, 7-, and 10-year-olds). Results revealed that the chil-
dren required a wider signal bandwidth than the adults
toperceive /s/ correctly. Ina follow-upstudy,Stelmachowicz
et al. (2001) investigated the effect of stimulus band-
width on the perception of /s/ by children and adults
with normal hearing (NH) and HL. Consonant–vowel
(CV) and vowel–consonant (VC) nonsense syllables ( /si /,
/fi /, /qi /, /is/, /if /, /iq/ ) were produced by an adult male, an
adult female, and a child talker and were presented in a
three-choice, closed-set format. Stimuli were low-pass
filtered at six frequencies from 2–9 kHz. For the lis-
teners withHL, stimuli were altered to provide frequency/
gain characteristics recommended by theDesired Sensation
Level procedure (Seewald et al., 1997). Figure 1 shows the
percentage of correct /s/ responses as a function of low-
pass filter frequency for the three talkers. The left and
right panels show data from 20 children with NH and
20 childrenwithHL (5–8 years), respectively. In general,
the performance of the childrenwithHLwaspoorer than
that of the childrenwithNH. For both groups, mean per-
formance for the male talker reached its maximum at a
bandwidth of 5 kHz. For the female and child talkers,
however, mean performance continued to improve up to
a bandwidth of 9 kHz for the listeners with and without
HL. These results are consistent with the acoustic char-
acteristics of /s/ as spoken by these three talkers.

In a subsequent study, Stelmachowicz, Pittman,
Hoover, and Lewis (2002) investigated the ability of chil-
dren with HL to perceive the bound morphemes –s and
–z (e.g., cat vs. cats; bug vs. bugs) when listening through
personal hearing aids. A picture-based test of perception,
consisting of 20 nouns in either plural or singular form,
was developed. Test items (e.g., “Showme babies”) were
spoken by both male and female talkers, and the child’s
task was to point to the correct picture. Data were ob-
tained from40 children (5–13 years) with awide range of
sensorineural hearing losses. Results revealed signifi-
cant main effects for both talker and plurality. Mean
performance for the female talker was poorer than for
the male talker, and a factor analysis revealed that mid-
frequency audibility (2 kHz–4 kHz) appeared to be most
important for perception of the fricative noise for the
male talker, whereas a wider frequency range (2 kHz–
8 kHz) was important for the female talker.

An additional concern regarding audibility of high-
frequency speech cues is the ability of children with
HL to adequately monitor their own speech. Numerous
factors influence self-monitoring, including degree and
configuration of HL, and hearing-aid characteristics.
In addition, Cornelisse, Gagné, and Seewald (1991)
showed that the spectrum of self-generated speech
(measured at the ear) contains less energy above 2 kHz

1The American National Standards Institute’s standard for designation
of hearing-aid bandwidth is –20 dB re: the high-frequency average full-on
gain. Thus, the manufacturer’s specified bandwidth will generally
overestimate the actual bandwidth of audible speech.
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than in face-to-face conversation at 0° azimuth. Pittman,
Stelmachowicz, Lewis, and Hoover (2003) compared
the spectral characteristics of speech simultaneously
recorded at the ear and at a position 30 cm in front of the
mouth for both adults and children (2–4 years of age)
with NH. Long-term average spectra were calculated for
sentences, and short-term spectra were calculated for
selected phonemes. Results revealed a reduction in am-
plitude (for speech levels measured at the ear) of ap-
proximately 8 dB–10 dB for frequencies≥ 4 kHz relative
to speech received at a 0° azimuth. The lower intensity
of higher frequencies in self-generated speech is likely to
be exacerbated by the bandwidth limitations of hear-
ing aids. As a result, the ability of children with HL to
adequately monitor their fricative productions may be
compromised.

Recently, Stelmachowicz, Lewis, Choi, and Hoover
(2007) investigated the effects of stimulus bandwidth
(5 kHz vs. 10 kHz) on a variety of auditory tasks (i.e.,
novel word learning, listening effort, the perception of
nonsense syllables and words) for children with NH and
children with mild-to-moderate HL. In general, the chil-
dren with HL showed poorer performance than the chil-
dren with NH on all tasks. However, results for both
groups revealed no effect of bandwidth on novel word
learning or listening effort, but significant bandwidth
effects for nonsense syllable and word recognition. In
addition, significantly larger bandwidth benefits for /s/
and /z / were observed for the children with HL in com-
parison to the group with NH.

Indirect evidence in support of a bandwidth effect
comes from a longitudinal study of early phonological
development in children with both NH and HL (Moeller
et al., 2007a). In this study, 21 children with NH and
12 children with mild-to-profound sensorineural HL
were videotaped interactingwith theirmothers every 6–
8weeks from9months to 3 years of age. Themean age at
which the children with HL were aided was 5 months.
Despite early intervention, the group with HL showed
statistically significant delays in the acquisition ofmany
phonemes relative to their peers with NH. At 16 months
of age, children in the group with HL produced only 80%
of the vowels produced by the children with NH. Values
for the nonfricatives (stops, nasals, glides, and liquids)
and fricatives/affricateswere 70%and40%, respectively.
In addition, results suggested that delays occurred for 10
of the 10 fricatives/affricates analyzed, not just the few
selected fricatives studied in the previous investiga-
tions. In general, many fricatives tend to have peak
frequencies higher than 5 kHz (Baken & Orlikoff, 2000).
It is possible that the limited bandwidth of current hear-
ing instruments may have contributed to these delays.
As approximately 50% of the consonants in English are
fricatives, these delays are likely to have a substantial
influence on later speech and language development.

When learning new words under natural circum-
stances, it is assumed that young children will repeat
what they hear and that, if the signal is altered or dis-
torted in some way, productions will reflect these stim-
ulus alterations. Oneway to assess the effects of stimulus

Figure 1. Percentage of correct /s/ responses as a function of low-pass filter frequency for children with NH and HL.
The parameter in each panel is talker gender. NH = normal hearing; HI = hearing impaired. Adapted, with permission,
from P. G. Stelmachowicz, A. L. Pittman, B. M. Hoover, and D. E. Lewis (2001), “The effect of stimulus bandwidth on
the perception of /s/ in normal- and hearing-impaired children and adults,” The Journal of the Acoustical Society of
America, 110 (4), p. 2186. Copyright 2001, Acoustical Society of America.
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bandwidth on phonological development would be to fit
two groups of childrenwithHLwith typical and extended
bandwidth hearing instruments and follow them in a
longitudinal study. Unfortunately, a wearable BTE de-
vice with an extended high-frequency response is not
currently available.2 Thus, in the current study, we as-
sessed the effects of bandwidth on speech production by
askingyoungchildrenwithNHto repeat low-pass filtered
and unfiltered two-syllable nonsense words (e.g., /rətziv/)
that they believed to be words from a foreign language.
This approach was used to extend the previous finding
on bandwidth restriction using nonsense monosyllables
and to minimize the likelihood that children would rely
on their current lexical knowledge to repair speech sounds
that had been altered in some way. It was hypothesized
that speech production would be affected by the quality
of speech information in the signal from the “alien lan-
guage” model. Based on considerations of the acoustic
cues for fricatives, it was predicted that overall perfor-
mance would be better for themale talker and that a re-
stricted bandwidth would have a greater influence on
performance for the female talker than for themale talker.
To the extent that the input bandwidth affects the pro-
duction of fricatives, these results may have implications
for the determination of hearing-aid bandwidth and/or
recommended hearing-aid gain for children with HL.

Method
Participants

Twenty-four children withNH (6–7 years) who were
native speakers of Englishparticipated in this study. Par-
ticipants were restricted to this age range because it is
likely that they would have developed sufficient metalin-
guistic knowledge to understand that different spoken
languages exist in the world. All children were screened
for NH bilaterally (≤15 dB HL from 250 to 8000 Hz). To
ensure that children could adequately produce the nine
fricatives/affricates used in the study, they were shown
pictures of common objects that contained the target pho-
nemesandwereasked tonamethem.Theywerealsoasked
to produce each fricative or affricate in initial, middle, and
final positions in nonsense syllables (e.g., /sA /, /AsA /, /As/).

Stimuli
Table 1 shows the 14 two-syllable nonsense words

used as stimuli. These words were created combining

nine fricatives and affricates ( /s/, /z /, /q/, /8/, /S/, /tS/, /dZ /,
/f /, /v/ ), seven vowels (four corner vowels: /i /, /æ/, /A /, /u/;
two diphthongs: /eI/, /oO/; a weak vowel: /ə/ ), and 10 ad-
ditional nonfricative consonants/consonant clusters.
Phonemes were combined so that (a) all syllables within
words were legal English syllables and (b) each word
consisted of one or two fricatives/affricates, two vowels,
and an additional nonfricative consonant/consonant clus-
ter. Additionally, each target consonant appeared in the
initial, medial, and final positions. Stress patterns varied
across words, but included a disproportionate number
of words with stress on the second syllable to help re-
inforce the idea that these were non-English words. All
14 test words were spoken by amale talker and a female
talker. The female talker was one of the talkers from the
Stelmachowicz et al. (2007) study. Stimuli were digitally
recorded at a sampling rate of 44.1 kHz (16 bits) using
a dynamic microphone with a 0.055-14 kHz response
(Shure SM48) connected to Computerized Speech Lab
Model 4500 (Kay Elemetrics Corp.). The tokens were
then low-pass filtered at 5 kHz and 10 kHz with a re-
jection rate >100 dB/octave for a total of 56 items
(14 words × 2 talkers × 2 bandwidths).

Pilot data revealed that children consistently omit-
ted /f / and /q/ in the words / tdZæmAf /, /qətsAG /, / tvidAq/,
and /Atqup/ when repeating these words produced by the
female talker. Thus, four additionalwordswith /q/ and /f /
omitted ( / tdZæmA /, /ətsAG /, / tvidA / ) or substituted with
the most frequent error ( /Atfup/) were created for the
male talker condition only, butwere not scored. Thiswas

2Although in-the-ear, in-the-canal, and recently developed open-fit hearing
instruments (with the receiver in the ear canal) can provide an extended
high-frequency response (i.e., 7 kHz), these instruments are too large for the
ear canals of infants and young children. It is difficult to achieve a wider
bandwidth for BTE hearing aids. The combined length of the tone hook and
tubing creates tubing resonances that must be damped, and, in doing so,
the high-frequency response is compromised.

Table 1. Test stimuli (1–14).

Stimulus no. Nonsense words

01 brətviS
02 8ətGeIs
03 Atqup
04 rətziv
05 tdZæmAf
06 zətfin
07 qətsAG
08 tt SA8ɚ
09 tpoOtS i8
10 fətSul
11 tvidAq
12 tkudZAz
13 SətrAdZ
14 tsoOkətS
C1 Atfup
C2 tdZæmA
C3 ətsAG
C4 tvidA

Note. Items C1–C4 were included in the test set,
but were not scored. The target phonemes are
double underlined.
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necessary to ensure that listeners would not “repair”
words spoken by the female talker based on their knowl-
edge of the samewords spoken by themale talker. These
additional words were low-pass filtered as described
previously. To simulate typical listening environments
and the reduced audibility of the low-amplitude compo-
nents of speech experienced by listeners with HL, all
stimuli were presented in a background of speech-shaped
noise at a +15 dB signal-to-noise ratio (SNR; based on root-
mean-square [RMS]amplitude).Thenoisewasmixedwith
each stimulus waveform. The onset of the noise occurred
100 ms prior to presentation of the target stimulus and
terminated 100 ms after the target.

Procedure
Prior to data collection, each child viewed a 30-s

animated slideshow (Microsoft PowerPoint, 2003) in
which an alien creature from the planet Nano told the
children that they would be asked to repeat words in his
or her native language. Additionally, the examiner told
the children to imitate the words as closely as possible,
including any “accent” they might hear. These instruc-
tions were intended to deter children from repairing an
unknown nonsense word by defaulting to a similar En-
glishword, which often happens whenwords are outside
the lexicon of a child (i.e., upon hearing the word hurl,
children often respond with “girl”). To allow children an
opportunity to refine their productions, each word was
presented and recorded twice, but only the second re-
sponsewas used in the analysis. On rare occasions when
a sample was corrupted with noise or was peak clipped,
the first response was used. The 64 words (14 words ×
2 bandwidths × 2 talkers + 8 unscored words) were pre-
sented randomly at an RMS level of 65 dB SPL via wide-
band supra-aural headphones (Sennheiser HD 25-1).
The children’s responses were digitally recorded in a
sound booth using a condenser microphone with a flat
response (±2 dB) from 0.2 to 20 kHz (AKG Acoustics
C535 EB). Speech tokens were amplified (Shure M267)
and sampled at a rate of 44.1 kHz with a quantization of
16 bits. Childrenwere given no feedback on the accuracy
of their productions.

Two judges with experience in phonetic coding tran-
scribed the consonants in each word using broad tran-
scription. Broad transcription, rather than narrow
transcription, was chosen to capture phonemic changes
because of bandwidth restriction that would be consid-
ered communicatively meaningful (e.g., in English real
words, phoneme substitution can change word meaning
as in “park /pAak /” vs. “part /pAa t /,” but both /phAak/ and
/pAak/ are understood as variants of “park”). Judges were
unaware of talker and bandwidth conditions. Only the
target fricatives were scored. In the event of a dis-
agreement, a third judge transcribed the disputed test

items. This procedure was necessary for less than 1% of
the sample.

Results and Discussion
The dependent variable (percentage of correct fric-

atives) was subjected to a repeated-measures analysis of
variance (ANOVA) with bandwidth (5 kHz vs. 10 kHz)
and talker (male vs. female) as within-subject variables.
Figure 2 shows the effects of bandwidth and talker gen-
der on all fricative scores. Collapsed across bandwidths,
performance was significantly better for the male talker
compared with the female talker, F(1, 22) = 9.17, p < .01.
In addition, a significant bandwidth effect was observed,
F(1, 22) = 22.39, p < .001. Surprisingly, the trends are
similar for both talkers with an average increase in fric-
ative perception of 5% at the wider bandwidth.

Figure 3 shows fricative scores as a function of tar-
get position in the word for the male and female talkers
at both bandwidths. Performance was highest for the
medial position, possibly because secondary cues to fric-
ative identitymay have been provided by both onset and
offset transitions.

Error Rates and Error Patterns
Although the mean bandwidth effects shown in

Figures 2 and 3 are rather small, relatively large effects
were observed for specific phonemes. To explore the band-
width effect in more detail, error rates and error patterns

Figure 2. Percentage of correct phonemes as a function of talker
gender for stimuli low-pass filtered at 5 and 10 kHz. Error bars
represent ±1 SD from the mean.
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were examined for each talker/bandwidth combination.
Table 2 shows scores (in percentage correct) for all nine
fricatives across both talker and bandwidth. Thirteen of
the 18 cases showed positive changes in performance (ran-
ging from 1% to 24%) at the 10-kHz bandwidth. As might
be expected for childrenwithNH, overall performancewas
relatively high with the poorest scores occurring for /q/, /8/,
and /f/, which are relatively low in amplitude. These three
fricatives showed the largest effects of bandwidth, suggest-
ing that the limited bandwidth altered their acoustic

cues. Planned comparison paired t tests were performed
for each fricative to determine if clinically relevant (i.e.,
≥10%) bandwidth differences were statistically signifi-
cant. A Bonferroni correction was used to control family-
wise error (p < .05). Significant bandwidth effects were
observed only for /q/ spoken by both male and female
talkers and for /f / spoken by the male talker. These
results suggest that even if overall results reveal statis-
tically significant differences in the perception of fric-
atives filtered at 5 and 10 kHz, the differences were
small for most of the phonemes. It is likely that the sig-
nificant bandwidth effect was driven by the combination
of small improvements across a large number of fric-
atives and moderate improvements for a few fricatives.

The significant results with /q/ and /f / are not sur-
prising because previous studies of consonant percep-
tion in noise with adults revealed that these are among
the least accurately perceived consonants and are fre-
quently confused with each other (Cutler, Weber, Smits,
& Cooper, 2004; Miller & Nicely, 1955). However, the
error patterns for these phonemes in the current study
were somewhat unexpected. Table 3 lists errors >10%
across the three positions for /q/ and /f /. Bolded entries
indicate confusions that were rarely observed (<5%) in
previous studies at 0 dB SNR (recall that the SNR in the
current study was +15 dB). Notably, the fact that differ-
ent error patternswere observed for the female andmale
talkers suggests that children did not use knowledge of
nonsense words spoken by themale talker at the 10-kHz
bandwidth to identify words spoken by the female talker
at a similar or narrower bandwidth.

The higher omission rate for female /f / was probably
due to its particularly low amplitude in the final position

Figure 3. Phoneme score as a function of consonant position in
nonsense words. The parameters are talker gender and bandwidth
condition.

Table 2. Mean percentage of correct scores by phoneme for both
talker and bandwidth.

Phoneme

Male talker (%) Female talker (%)

5 kHz 10 kHz Diff 5 kHz 10 kHz Diff

/q/ 29 53 24* 32 49 17*
/8/ 46 50 4 53 63 10
/tS/ 99 96 –3 97 94 –3
/dZ/ 97 96 –1 86 85 –1
/f/ 68 78 10* 56 57 1
/v/ 86 93 7 75 79 4
/S/ 85 89 4 87 89 2
/s/ 94 97 3 92 97 5
/z/ 92 88 –4 86 92 6

Mean 83 86 79 82

Note. A significance level of .05 was adjusted for multiple comparisons
using the Bonferroni method. Difference scores marked with an asterisk
indicate statistically significant differences (p < .0125). Diff = difference.

Table 3. The most commonly observed errors (>10%) for /q/ and /f/.

Condition /q/ (frequency/all errors) /f/ ( frequency/all errors)

Male 5 kHz Omission (24/51) /q/ (9/23)
/f/ (7/51)

Male 10 kHz /d/ (10/34) /q/ (7/16)
/s/ (8/34)

Female 5 kHz /s/ (16/48) Omission (19/32)
Omission (10/48)

/8/ (9/48)
/f/ (8/48)

Female 10 kHz /s/ (18/37) Omission (15/31)
/8/ (7/37)

Note. Total number of cases per condition was 72. Numbers in
parentheses show the frequency of each response category. Boldface
entries indicate the errors that were minimal (<5%) at 0 dB signal-to-noise
ratio in Cutler, Weber, Smits, and Cooper (2004) or Miller and Nicely
(1955).
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in combination with the narrower bandwidth (5 kHz).
Consistentwith this explanation, 14 of 19 female /f/ omis-
sions at 5 kHz and all 15 omissions at 10 kHz occurred
with /f/ in the final position.Voicing errors (/8/ ) were found
for female /q/, probably due to the presence of background
noise.

Among the unexpected errors, /d/ responses for /q/
were observed only for themale talker in the initial posi-
tion. In contrast, the /s/ responses for female /q/ at both
bandwidths and for the male /q/ at 10 kHz occurred in
all three positions. These unexpected errors were not
reported in the previously mentioned consonant confu-
sion studies with adults.

Comparison to Previous Studies
The most surprising finding in this study was the

lack of a bandwidth effect for the phoneme /s/ spoken by
the female talker. As discussed previously, significant
bandwidth effects for the perception of /s/ spoken by a
female talker were observed in the Stelmachowicz et al.
(2001) study and in the Stelmachowicz et al. (2007) study.
Procedural differences between these earlier studies and
the current investigation may have contributed to these
differences. In the Stelmachowicz et al. (2001) study, one
token each for /si / and /is/ spoken by a female talker was
low-pass filtered at six frequencies from 2 to 9 kHz and
presented in quiet. The vowel /i / was used to minimize
the influence of the vocalic transition. The format was
a three-alternative, forced-choice (AFC) task with the
most commonly occurring errors as foils ( /fi / and /qi / for
/si /; /if / and /iq/ for /is/ ). For 5- to 8-year-old childrenwith
NH, the mean difference in performance between the
5-kHz and 9-kHz bandwidth conditions was 14% (see
Figure 1). In the Stelmachowicz et al. (2007) study, nine
fricatives and affricates were used to construct VC non-
sense syllables (also in an /i / context). To provide a range
of token variability, three different female talkers pro-
duced five exemplars of eachVC for a total of 15 tokens for
each fricative. Stimuli were presented at a +10 dBSNR in
a closed-set response formatwith 11 choices (9 phonemes,
the vowel /i / in isolation, and an “other” category). In that
study, the mean difference in perception of /s/ (10 kHz–
5 kHz) for the 7- to 14-year-old children with NH was
24%. In the current study, /s/ occurred in the initial,
medial, and final positions of two-syllable nonsense
words (constructed by following English phonotactics)
and a wider range of vowels was used. Stimuli were
presented at a +15 dB SNR. As discussed previously,
themean performance difference (10 kHz–5 kHz) for the
female talker tokens was only 5%. In short, experimen-
tal variations across these three studies include differ-
ences in SNR (quiet, +10 dB, +15 dB), response format,
talkers, and speechmaterials (CVandVC, VC, and two-
syllable nonsense words).

With respect to SNR differences across studies, pre-
vious studies have shown that, for listeners with NH,
a +15 dB SNR is essentially equivalent to presenting
stimuli in quiet (Crandell & Smaldino, 1995). Yet, large
bandwidth effects were observed in our previous studies
(Stelmachowicz et al., 2001, 2007), which were conducted
in quiet and +10 dBSNR, andminimal bandwidth effects
were found in the current study (+15 dB SNR). The re-
sponse format also differed across the three studies
(3 AFC, 11 AFC, and open set), but it is unclear how this
factor might account for the observed performance dif-
ferences. The remaining two differences among the
studies are talkers andmaterials. Recall that one of the
three talkers (D. I. H.) in the Stelmachowicz et al. (2007)
study was the sole female talker in the current inves-
tigation. For comparison, data from the earlier study
were reanalyzed to assess bandwidth effects for /is/ tokens
produced only by talker D. I. H. Results revealed amean
bandwidth effect of 19%, which was statistically signif-
icant, F(1, 31) = 13.65, p < .01.

Acoustic Analyses of /s/ Stimuli
Because the effects of bandwidth differed markedly

between the current study and those of the earlier study
(Stelmachowicz et al., 2007) in which the same talker
participated, acoustic analyses of the fricative /s/ in each
case were conducted. Figure 4 shows the spectra of /s/
from the previous study (heavy line) in comparison to /s/
in three positions in the current study measured for the
entire /s/ duration. Vertical lines are drawn at 5 kHz and

Figure 4. Sound pressure level (in dB) as a function of frequency for
/s/ in initial, medial, and final word positions in the current study.
For comparative purposes, the thick line shows final position /s/
produced by the same talker (DIH) in the Stelmachowicz et al.
(2007) study.
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10 kHz to indicate the cutoff frequencies of the two
bandwidth conditions. Visual examination of this figure
suggests that the primary energy in all four spectra was
concentrated at frequencies above 5 kHz, but amplitude
differences in the 3-kHz–5-kHz region occurred as a
function of the position of /s/ for the complexwords in the
current study. As would be expected, the spectra of /s/
from the earlier study are most similar to the final po-
sition in the current study. In the 5-kHz condition in the
current study, children may have been able to use spec-
tral information in the 3-kHz–5-kHz region to identify /s/.
To quantify acoustic differences in the fricative noise for
both the 5-kHz and the 10-kHz bandwidth conditions in
these two studies, four spectral moments for /s/ tokens
spoken by the same female talker were measured using
Praat (Boersma & Weenink, 2006). Spectral moments
were calculated from an 80-ms segment centered at the
middle of the fricative noise. For both stimuli at both
bandwidths, the frequency range for analysis was re-
stricted to between 0.9 kHz and 12 kHz in order to an-
alyze only the frication component (cf. Jesus & Shadle,
2002) and to ensure that the roll off was higher than the
cutoff frequencies. Within the selected 80-ms segment,
three overlapping 40-ms Hamming windows (512; fast
Fourier transform [FFT])were used. Themeasurements
from these three windows were averaged. Table 4 shows
the results of these analyses (by bandwidth) and fric-
ation duration for both studies along with the listeners’
performance (percentage correct) across the bandwidth
conditions. When the measurements for the stimuli in
the 10-kHz condition were examined, /is/ in the previous
study was found to be similar to the medial and final
positions in the current study. This is consistentwith the
similar listener performance for the 10-kHz bandwidth
condition in the two studies. An analogous comparison
for the 5-kHz condition, however, revealed no clear trend
to explain the performance differences between the two
studies. The common changes across the four stimuli as
a function of bandwidth were a downward shift in the
center of gravity and reduced skewness. These shifts
are in the direction of typical spectral moments for /f /

and /q/ ( lower center of gravity and lower skewness;
see Nissen & Fox, 2005). The phoneme /q/ was, in fact,
the most common error substitute for /s/ in the 5-kHz
condition in the earlier study (15%) and in the current
study (8%).

Acoustic Analyses
of Children’s /s/ Imitations

It is also of interest to explore whether children’s
imitation of fricatives might differ acoustically across
the two bandwidth conditions. That is, even though the
phonemic confusion analyses using broad phonetic tran-
scription did not reveal bandwidth differences, it is still
possible that children’s correct /s/ response productions
might reveal subtle acoustic differences as a function of
stimulus bandwidth. To test this hypothesis, acoustic
analyses were performed on children’s recordings for
correct /s/ productions. The phoneme /s/ was chosen
because the current finding for this phoneme was in-
consistent with our previous results and because the
relatively high performance allowed analysis of 98% of
the /s/ samples. Only the correct responses were an-
alyzed to avoid confounding acoustic differences that
would occur for phoneme substitutions. Using the acoustic
analysis method described earlier, four spectral moments
were measured for all 12 conditions (2 bandwidths ×
2 talkers × 3 positions) for all of the correctly produced
/s/ tokens ( / tsoOkətS/, /qətsAG /, /8ətGeIs/ ) for each of the
24 children. A repeated-measures ANOVA with chil-
dren’s age as a between-subjects variable and position
of /s/ and bandwidth as within-subject variables was
conducted separately for each of the moment measures.
No significant bandwidth or age effects were observed
for any of the moments, suggesting that regardless of
their age, children did not alter their productions tomatch
the spectral characteristics of the input. The only sig-
nificant result was the effect of position on spectral
variance,F(2, 28) = 4.96,p< .02. A follow-up test (Tukey ’s
honestly significant difference) revealed that the /s/ pro-
duced in the initial position had significantly greater

Table 4. Spectral moments for /s/ spoken by the female talker in the current study (rows 3–5) and the same talker (D. I. H.) in the Stelmachowicz,
Lewis, Choi, and Hoover (2007) study (last row).

Bandwidth (kHz)

Correct (%)
Center of

gravity (Hz) Variance (Hz) Skewness Kurtosis

Duration (ms)10 5 10 5 10 5 10 5 10 5

/tsoOkətS/ Initial 100 92 6475 4302 1055 647 0.80 –1.97 1.31 6.27 231
/qətsAG/ Medial 92 83 7485 4072 1078 949 0 –1.91 –0.51 2.30 179
/8ətGe�s/ Final 100 100 7388 3800 1144 979 –0.54 –1.25 0.56 0.58 369
/is/ Final 92 73 7755 4027 1036 999 –0.31 –1.83 1.24 3.13 326

Note. Results are shown for both the 10- and 5-kHz conditions.
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spectral variance (1847 Hz) than that in the final position
(1631 Hz; p < .05). This difference was probably due to the
vowel context. For /s/ in real English words (i.e., seal, sock,
and soup) produced by 5-year-olds, Nissen and Fox (2005)
reported a variance of 1730 Hz for /i/ context, 1860 Hz for
/A / context, and 2400Hz for /u/ context. Thus, although the
difference is statistically significant, spectral variances for
/s/ production in the current study (as well as the trend for
increased variance with vowel backness) are consistent
with the Nissen and Fox results, and they also show the
trend of increased variance with vowel backness. There-
fore, contrary to our hypothesis, children’s /s/ productions
were not affected by the bandwidth restriction of stimuli.

Influence of Stimulus Complexity
Another possible explanation for the high perfor-

mance for /s/ in the current study is related to stimulus
complexity. There are at least two possible mechanisms:
the use of acoustic cues and the use of prior phonological
knowledge. In the Stelmachowicz et al. (2007) study,
stimulus materials were CV and VC syllables in which
the vowel context was /i / and the F2 transition was min-
imal. In such a context, children’s responses might have
been based primarily on center of gravity. However, when
the stimulus structure is more complex and the varia-
bility in vowel context is increased, children may have
shifted their attention to the dynamic cues. Specifically,
dynamic cues can provide coarticulatory information that
facilitates the prediction of subsequent phonemes. Cues
associated with the vocalic transitions in the current
study might have been more prominent than in the pre-
vious studies, thus facilitating the perception and pro-
duction of /s/. The fact that overall performance was
highest for phonemes in themedial position (seeFigure 3)
is consistentwith this explanation. Previous studies have
shown that young children tend to focus more on transi-
tional cues than on steady-state information (Morrongiello,
Robson, Best, & Clifton, 1984; Nittrouer & Studdert-
Kennedy, 1987). To explore the possibility that children
in the current study used the F2 (second formant) tran-
sition to determine fricative identity, the extent and direc-
tion of the F2 transitions weremeasured for the syllable
/is/ spoken by talker D. I. H. in the Stelmachowicz et al.
(2007) study and for /s/ in initial, medial, and final po-
sitions in the current study. Using a 25-ms Hamming
window (512 FFT) for frequencies up to 12 kHz, anal-
ysis was performed for stimuli in both bandwidth condi-
tions following procedures described by Jongman et al.
(2000).3 Table 5 shows F2 transitions in Bark scale
(column 2) and F2 values measured at the two windows

in Hz (column 3). The F2 at the boundaries (underlined)
showed coarticulatory effects from the surrounding vow-
els and varied from 1570 Hz (with /oO/ ) to 2550 Hz (with
/i / ) as the F2 for the vowels increased. Jongman et al.
reported a similar average value (1967 Hz) for female
talkers across six vowel contexts: /i, eI, æ, A, oO, u /.
The largest and the smallest F2 transitions occurred for
the CV and VC, respectively, in the medial position
of /qətsAG /. The transition values for the VC positions
( /8ətGeIs/ and /is/ ) are similar to each other and to the ini-
tial position / tsoOkətS/. In theStelmachowicz et al. (2007)
study, the vowel context /i / was chosen to minimize the
influence of F2 transitions. Because a wider range of
vowel contexts were used in the present study, it is pos-
sible that larger vocalic transitionsmight have occurred,
facilitating the perception of /s/. Yet, with one exception
(/qətsAG / ), the F2 transition data in Table 5 suggest that
the extent of the F2 transitions for /s/ in the current
study were not considerably greater than those in the
previous study. Because dynamic cues are thought to aid
perception, the presence of two transitions could facil-
itate performance for the medial position relative to the
initial and final positions. The higher overall phoneme
scores for the medial position (Figure 3) support this no-
tion.However, as shown in Table 6, when position effects
for /s/ were analyzed independently, the percentage of
correct /s/ scores are actually lowest in the medial po-
sition. This occurred despite the fact that the F2 tran-
sition from /s/ into /A / in /qətsAG / was the largest among
those examined (see Table 5). These results suggest that
the higher performance for the medial position seen in
Figure 3 was due to phonemes other than /s/. Because
the same dynamic information was available at both
bandwidths, the use of F2 transitional cues asmeasured
here cannot explain the lack of a bandwidth effect in the

Table 5. F2 formant transitions (in Bark) for /s/ in three positions
spoken by the female talker in the current study (rows 2–5) and
similar results for /is/ from the same talker in the Stelmachowicz et al.
(2007) study (row 6).

Stimulus F2 transition (Bark) F2 (Hz)

tsoOkətS (CV) –1.02 1570/1350
qətsAG (VC) +0.58 1708/1866
qətsAG (CV) –2.03 1867/1378
8ətGeI

S (VC) –0.99 2693/2292
/is/ (VC) –0.81 2920/2550

Note. In column 2, sign (±) indicates the direction of the transition.
Column 3 depicts the beginning and end points of the F2 measurements
in Hz (vowel midpoint to/from VC or CV boundary). F2 for the boundary
is underlined. Because the frequency range of the F2 transition was
always well below 5-kHz and F2 transitions were identical between the
two bandwidth conditions, only the results for the 10-kHz stimuli are
reported here.

3F2 values were obtained from two windows in each stimulus: (a) at the
boundary between /s/ and the adjacent vowel and (b) at the midpoint of
the adjacent vowel. The transition was calculated by subtracting the F2 at
the boundary from the F2 at vowel midpoint.
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current study. It is possible, however, that other aspects
of F2 below 5 kHz, which were not measured, may have
contributed to saliency in the present study. Another
option is that the acoustic cues below 5 kHzwere equally
salient across studies, but that children weighted the
cues more heavily in two-syllable words than in CVand
VC syllables.

Another potential cue to perception is the use of
phonotactic knowledge. It is known that as early as 9–
10 months of age, infants prefer to listen to stimuli that
contain phoneme sequences that are common in their
ambient language (see Werker & Yeung, 2005, for a
summary). Children undergo further refinement of pho-
nological knowledge during childhood. In general, prob-
abilistic phonotacticknowledgehasbeenshownto influence
wordlikeness judgments and recognition memory of non-
sense words for adults (Frisch, Large, & Pisoni, 2000) and
imitationofnonsensewordsbychildren (Munson,Edwards,
&Beckman,2005).Whenasked to imitateamispronounced
monosyllabic word (e.g., /qÃn/), preschoolers with NH often
respond with real words (e.g., sun), whereas early school-
age children tend to produce faithful imitations (Mowrer
& Scoville, 1978). However, none of the 6–7-year-old NH
children in the current study responded with real words.
One difference between the Mowrer and Scoville study
and the current studywas that the stimuli in the current
study were two-syllable nonsense words with varying
stress patterns that could not easily be converted into
realwords. In the previous studies, even though children
were not told the focus of the study, it is possible that
they quickly learned to direct their attention to the only
obvious difference across stimuli, the consonant. In the
current study, children were also not told the focus of
the study (i.e., fricatives). However, a higher level of at-
tention and memory may have been required to remem-
ber the correct sequence of multiple phonemes in the
unfamiliar nonsense words. To perform at their best,
children might have subconsciously reduced cognitive
demands by encoding words using the residual acoustic
cues weighted by the phonotactic probability in English.
All words in the current study were presented in back-
ground noise, so some degree of frication was always
present. Even when the identity of a phoneme was
diminished by bandwidth restriction, the noise was still
audible. Because /s/ is the fourth most frequent conso-
nant and the most frequent fricative in English (Tobias,

1959), when the phoneme wasmasked by the noise, chil-
dren might have interpreted this noise as /s/ based on
prior phonological knowledge; this strategy might have
increased the total number of /s/ responses, which, in
turn, increased the number of correct /s/ responses.

Recall that nonsense word repetition was used in
this study so that we might predict the effects of band-
width restriction onword imitation by childrenwithHL.
It is not clear, however, whether the confusion patterns
or encoding strategies observed herewould also occur for
young children with HL. Moeller et al. (2007b) found
that young hearing-aid users were delayed in the onset
of canonical babble, syllable complexity, the acquisition of
fricatives/affricates, and vocabulary growth. These find-
ings were attributed to reduced auditory experiences
(because of the negative consequences of distance, re-
verberation, and noise) as well as to the limited band-
width of hearing aids. Interestingly, Cleary, Dillon, and
Pisoni (2002) found that some 8–9-year-old children
with cochlear implants were able to use sublexical pho-
nological knowledge to decode spoken nonsense words.
Munson et al. (2005) suggested that children with pho-
nological delays might have trouble extracting categorical
phonemic representations that link lexical, articulatory,
and acoustic representations to each other. It is possible
that reduced auditory experiences might also delay the
acquisitionof phonological knowledgeand/or use of acous-
tic cues by young hearing-aid users.

Alternatively, the results from NH children in the
current study could be interpreted to suggest that lim-
iting signal bandwidth may not be as problematic for
multisyllabic words as for VC andCV syllables. However,
in a study of 40 children with HL (5–18 years), Elfenbein
et al. (1994) found that even children with mild hearing
losses frequently misarticulated fricatives. To fully
understand the effects of bandwidth restriction on the
perception and production of fricative sounds and on
phonological development, additional studies with chil-
dren with HL over a range of ages are needed.

Conclusions
The overall goal of the current study was to explore

the effects of stimulus bandwidth on the production of
fricatives by young children withNH. Based on previous

Table 6. Percentage of correct /s/ scores by talker, bandwidth, and position.

Male (%) Female (%)

5K 10k 5K 10K

Initial Middle Final Initial Middle Final Initial Middle Final Initial Middle Final

87.5 91.7 100.0 95.8 91.7 100.0 91.7 83.3 100.0 100.0 91.7 100.0
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perceptual studies, it was hypothesized that a restricted
stimulus bandwidthwould have a negative effect on fric-
ative imitation. Although significant talker gender dif-
ferences and Talker Gender × Bandwidth interactions
were observed, the differences were relatively small. In
particular, the negative effects of filtering on the fric-
atives /s/ and /z/ spokenby the female talkerwere smaller
than reported in previous perceptual studies. Explana-
tions for these differences across studies were sought
in terms of (a) the effects of bandwidth restriction on the
particular stimuli used in each study, (b) acoustic an-
alyses (F2 transitions, spectral moments), and (c) prior
phonotactic knowledge. Recall that nonsense words were
used in an attempt to minimize reliance on prior lexi-
cal knowledge when repeating words so that we might
interpret resultswithin the context of early phonological
development. It is possible that a combination of factors
facilitated the perception of /s/ by the 6–7-year-old NH
children in this study. Specifically, children might have
usedacoustic information, probabilistic expectations, and
perhaps other unidentified cues to fricative perception to
facilitate the perception of /s/ in the 5-kHz bandwidth
condition. It remains to be seen if children with HL per-
form in a similar manner.
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