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When labeling syllable-initial fricatives, children have been found to weight formant transitions
more and fricative-noise spectra less than adults, prompting the suggestion that children attend more
to the slow vocal-tract movements that create syllabic structure than to the rapid gestures more
closely aligned with individual phonetic segments. That explanation fits well with linguistic
theories, but an alternative explanation emerges from auditory science: Perhaps children attend to
formant transitions because they are found in voiced signal portions, and so formants share a
common harmonic structure. This work tested that hypothesis by using two kinds of stimuli lacking
harmonicity: sine-wave and whispered speech. Adults and children under 7 years of age were asked
to label fricative-vowel syllables in each of those conditions, as well as natural speech. Results
showed that children did not change their weighting strategies from those used with natural speech
when listening to sine-wave stimuli, but weighted formant transitions less when listening to
whispered stimuli. These findings showed that it is not the harmonicity principle that explains
children’s preference for formant transitions in phonetic decisions. It is further suggested that
children are unable to recover formant structure when those formants are not spectrally prominent
and/or are noisy. © 2009 Acoustical Society of America. �DOI: 10.1121/1.3056561�
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I. INTRODUCTION

The primary focus of the study of human speech percep-
tion has traditionally been on the question of which signal
properties listeners use in making phonetic judgments. An
early example of this focus was a study published by Harris
�1958� demonstrating that adult, native speakers of English
base their decisions about the sibilant fricatives /s/ and /b/
primarily on the spectral structure of the noise itself, but base
their decisions about the weak fricatives /f/ and /�/ on the
pattern of formant transitions in the voiced syllable portion.
That experiment was done using natural, spliced speech
samples, but much of the work on human speech perception
has been conducted with synthetic speech. Typically a single
acoustic property was manipulated along a continuum span-
ning settings that evoke one phonetic judgment or another,
assessing how those settings affected the choice of which
phoneme was heard. The properties manipulated in such ex-
periments came to be known as “acoustic cues” �Repp,
1982�.

Although generally informative, one flaw in this ap-
proach was that acoustic evidence clearly showed, even then,
that the qualities of many discrete regions of the signal var-
ied as a function of surrounding phonetic structure. For ex-
ample, the noise spectrum of syllable-initial /s/ or /b/ differs
depending on the vowel that follows �Kunisaki and Fujisaki,
1977; Heinz and Stevens, 1961�. It was reasonable that the
effects of this sort of variation on phonetic decisions should
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be examined, and so experimental paradigms were adjusted
to incorporate a second acoustic cue, manipulated in a di-
chotomous manner, that is, set to be appropriate for the pho-
neme represented at one end or the other of the acoustic
continuum formed by manipulating the first cue. For ex-
ample, Mann and Repp �1980� found that when voiced for-
mant transitions were set to be appropriate for either a pre-
ceding alveolar or palatal constriction, the /b/-/s/ phoneme
boundary on an acoustic continuum was shifted. This sort of
interaction was termed cue trading or trading relations. These
sorts of results showed that the relation between acoustic
cues and phonetic judgments is more complicated than at
first envisioned.

Later Nittrouer and Studdert-Kennedy �1987� set out to
explore whether or not children �3–7 years old� exhibit the
sort of cue trading reported by Mann and Repp �1980�. For
that purpose fricative-vowel syllables similar to those of
Mann and Repp �1980� were constructed with synthetic
noises spanning a spectral /b/-to-/s/ continuum, and vocalic
portions taken from natural speech samples with formant
transitions appropriate for either an initial /b/ or /s/. Within
this design the spectral structure of the fricative noise was
presumed to be the “primary” cue, defined as the one that
would be given the greatest perceptual weight in the fricative
decision. That designation followed from the work of Harris
�1958� showing that indeed adult listeners primarily base
their sibilant decisions on characteristics of the noise itself. It
was presumed that the role of formant transitions in this de-
cision would be secondary, and likely learned through years
of experience hearing the patterns of formant change arising

from the vocal tract moving from a fricative target to a vowel
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target �Stevens, 1975�. The specific prediction was that the
youngest children would show a greatly attenuated trading of
cues, with a developmental increase in the magnitude of the
trade. In fact, precisely the opposite pattern of results was
obtained: The youngest listeners showed the greatest influ-
ence of formant transitions on fricative labeling, with a de-
velopmental decrease in effect. These findings were sup-
ported by subsequent research, which demonstrated that a
developmental change occurs in the relative amount of atten-
tion paid to these acoustic cues for children between roughly
3 and 7 years of age �Mayo et al., 2003; Nittrouer, 1992;
Nittrouer and Miller, 1997a, 1997b�. Figure 1, from Nittrouer
�1992�, illustrates this trend: Children’s labeling functions
are more separated as a function of whether formant transi-
tions are appropriate for a preceding /s/ or /b/ closure. This
pattern indicates that children’s responses were more
strongly based on vocalic formant transitions than were those
of adults. At the same time, children’s functions are shal-
lower than those of adults, indicating that they paid less at-
tention to the spectra of fricative noises in making their de-
cisions. This developmental change in the amount of
attention, or weight, given to separate acoustic cues came to
be known as the “developmental weighting shift” �e.g., Nit-
trouer, 1996; Nittrouer et al. 1993; Nittrouer and Miller,
1997a, 1997b�.

The finding that children weight acoustic cues differ-

FIG. 1. Labeling functions for adults �top� and 3 1
2-year-olds �bottom� from

Nittrouer �1992�. Center frequencies of the synthetic fricative noises are
shown on the abscissa, and percents responses are shown on the ordinate. A
separate function is plotted for each syllable type.
ently from adults in their linguistic decision-making comple-
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mented emerging evidence that speakers, and so listeners, of
different languages weight acoustic cues differently �e.g.,
Beddor and Strange, 1982; Crowther and Mann, 1992, 1994;
MacKain et al., 1981�. The way that the acoustic speech
signal is shaped by gestures of the vocal tract in order to
provide for the recognition of phonetic structure varies
across languages �e.g., Crowther and Mann, 1992; Flege and
Port, 1981; Lisker and Abramson, 1964�. A primary chore of
the child learning a language is to discover which properties
of the signal provide linguistically significant variation, and
so must be attended to, and which properties contain varia-
tion that is irrelevant to deriving meaning, and so may safely
be ignored. It is explicitly this language-related discovery
process that the developmental weighting shift seeks to cap-
ture. But while this notion may explain why weighting strat-
egies change through childhood, an unresolved question con-
cerns why children’s initial strategies are the way they are.
Why would initial weighting strategies be so dependent on
formant transitions within the voiced portion of the signal?
The answer to this question has theoretical and clinical im-
plications.

Several related explanations have been offered for why
children pay particular attention to formant transitions in
their phonetic decisions. In general it has been speculated
that these relatively slow modulations in spectral structure
�i.e., formant transitions� attract children’s attention early in
development precisely because they are dynamic. Research
into the development of visual perception shows that chil-
dren attend more to moving properties than to static proper-
ties in object recognition �Ruff, 1982; Spelke et al., 1989�. It
is reasonable that they would do the same in auditory per-
ception. Another possible explanation for children’s early
weighting strategies has a purely linguistic basis: It is com-
monly asserted that young children use more global process-
ing strategies than adults to recognize words and syllables
�e.g., Cole and Perfetti, 1980; Charles-Luce and Luce, 1990,
1995; Jusczyk, 1992; Nittrouer, 1996; Walley et al., 1986�.
Although exactly what the term “global processing strate-
gies” is referring to has not always been specified in these
accounts, it is reasonable to suggest that the term references
children’s enhanced attention to signal properties that are
syllabic in nature, rather than specific to individual pho-
nemes. The idea that children pay special attention to for-
mant transitions is compatible with the notion. Finally, it has
been suggested that these formant transitions reflect the gen-
eral movements of the vocal tract. In production, children
appear to master general articulatory placements and patterns
of movement between these targets before they learn how to
make precise constriction shapes �e.g., Goodell and Studdert-
Kennedy, 1993; MacNeilage and Davis, 1991; McGowan
and Nittrouer, 1988�. In sum, several hypotheses have been
offered to explain children’s preferential weighting of for-
mant transitions.

Yet another hypothesis for why children focus so
strongly on formant transitions emerges from the field of
general auditory perception. To appreciate this hypothesis, it
is necessary to first ask ourselves why variation across for-
mant frequencies would provide the listener with any infor-

mation at all. There is no reason to expect three disparate
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spectral components, as these formant frequencies are, to co-
here, providing a single perceptual impression. So, why do
listeners hear these separate but co-occurring patterns as one
entity, providing information about the structure of the sig-
nal? Again, different explanations have been offered to an-
swer that question, with one set of explanations involving
strictly auditory principles. This set of explanations is best
exemplified by the work of Bregman �1990� on Auditory
Scene Analysis �ASA�. These principles suggest that separate
spectral components cohere if they have synchronous onsets
and offsets, or if they have the same harmonic structure, a
principle known as harmonicity. Because formant transitions
in fricative-vowel syllables come from the voiced portion of
the syllable they share a harmonic structure, and so the prin-
ciple of harmonicity may explain the coherence of formants
in speech perception.

Another kind of explanation for why formant transitions
may cohere perceptually is that they all arise from a single
vocal tract, a fact that is apparent to the listener. This posi-
tion is best explained and supported by Remez et al. �1994�
who methodically tested each principle of ASA and serially
rejected each as an explanation for why the various compo-
nents of the speech signal cohere. Of course, those experi-
ments were done with adult listeners. In this current study,
we entertained the possibility that children, being less expe-
rienced with speech, may require that signals strictly adhere
to ASA principles if they are to integrate separate spectral
portions and use them for speech perception. Perhaps chil-
dren’s greater weighting of formant transitions in fricative-
vowel syllables, compared to that of adults, arises from noth-
ing more than the fact that these signal portions adhere to
ASA principles. In the work reported here, the specific pos-
sibility examined was that children may attend strongly to
formant transitions in voiced signal portions because they
have a preference for signals that adhere to the harmonicity
principle.

To test this possibility, stimuli were needed that retained
formant transitions but eliminated harmonic structure. This
requirement necessitated that speech signals be processed in
some way, which is always a risky business. While there are
many ways to modify a speech signal to eliminate harmonic-
ity, each creates concomitant acoustic changes that may af-
fect perception in unpredictable ways. For that reason, two
processing algorithms were used in this study: Both dis-
rupted the principle of harmonicity, but each did so in differ-
ent ways. Sine-wave speech was used because it lacks har-
monic structure, yet preserves the dynamic information
provided by formant transitions. Whispered speech was used
because it also lacks harmonic structure and preserves for-
mant transitions. It is, in addition, familiar to young children,
and thus not as “artificial” as sine-wave speech might be
viewed as being.

Sine-wave speech uses three sinusoidal tones to replicate
the first three formants of speech. Since the stimuli consist of
sine waves, there are no harmonic relations between the
components. There is ample evidence that adult listeners can
understand sine-wave replicas of sentences when they have
been instructed that what they are listening to is speech

�Barker and Cooke, 1999; Remez et al. 1981; Remez et al.,
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1994�, but results for children are mixed. A recent study by
Vouloumanos and Werker �2007� reported that 1- to 4-
day-old infants preferred natural speech stimuli to sine-wave
analogs of the same stimuli. Older children, however, have
been shown to comprehend sine-wave sentences as well as
adults �Nittrouer et al., 2009�. In that latter experiment adults
and 7-year-olds were asked to repeat four-word sentences
presented as sine-wave analogs or as 4- or 8-channel noise
vocoded analogs. The 7-year-olds performed similarly to
adults for the sine-wave stimuli, but much more poorly for
the noise vocoded stimuli. Serniclaes et al. �2001� presented
sine-wave analogs of stimuli from a /bÄ/-/dÄ/ continuum to
dyslexic and normal-reading 13-year-olds as a discrimination
task. The stimuli were first presented as nonspeech whistles,
and then presented as speech. When the sine-wave syllables
were presented as speech, both the dyslexics and normal
readers showed a phoneme boundary effect that was absent
when the sine-wave syllables were presented as nonspeech
whistles. Thus the evidence indicates that by 7 years of age,
at the latest, children treat sine-wave analogs as speech.

Whispering is something that most children are familiar
with. In whispered speech, turbulent noise produced by air
flow through partially adducted vocal folds is shaped by the
supralaryngeal vocal tract, resulting in speech that is very
understandable, but that lacks vocal fold vibrations �and thus
a fundamental�. Magnetic resonance imaging and endoscopic
studies of whispered vowels provide evidence that during
whispering the supraglottal structures shift downwards to in-
hibit vocal fold vibration �Matsuda and Kasuya, 1999;
Tsunoda et al., 1997�. Acoustic studies of whispered speech
have shown that formant frequencies, particularly F1, tend to
be higher in whispered than in voiced vowels �Kallail and
Emanuel, 1984a, 1984b�. Formant bandwidths appear
broader in whispered than in voiced speech, as well. In terms
of perception, Tartter �1989� found that untrained adults
could accurately label consonant-vowel syllables �which
consisted of the vowel �Ä� preceded by voiced and voiceless
labial, alveolar, and velar stops, nasals, liquids, and frica-
tives� 64% of the time, with the primary confusions being for
normally voiced consonants. Whispered vowels in �hVd�
context were identified correctly 82% of the time �Tartter,
1991�. In sum we would expect recognition of unvoiced
consonant-vowel syllables to be highly accurate for whis-
pered speech.

Although sine-wave analogs and whispered speech both
provide ways of examining speech perception when the har-
monicity principle is violated, they differ from each other in
ways that should provide useful insights beyond the central
question of this study. For example, sine waves have effec-
tive bandwidths of 1 Hz, and so the spacing between for-
mants is much greater than in natural speech: Sine-wave for-
mants are quite prominent. Whispered speech, on the other
hand, has broadened bandwidths, and so formants are not as
prominent as in natural speech. Investigators have worried in
the past that the broader auditory filters associated with hear-
ing loss might make it hard for listeners with hearing loss to
resolve individual formants, and so to understand speech
�Summerfield et al., 1981; Turner and Holte, 1987; Turner

and Van Tasell, 1984�. Although that work with adults
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showed that it is generally not a problem, the possibility
exists that children might have a stronger need for more
spectrally prominent formants. Evidence for this situation
would be obtained if children showed no change from natu-
ral speech in their weighting of formant transitions when
presented with sine-wave stimuli, but had difficulty with
whispered speech.

Another difference between the two kinds of signals
used in this study was that when whispered vocalic portions
were appended to synthetic fricative noises, the result was
signals consisting completely of noise. Previous studies ex-
amining perceptual weighting strategies for fricative-vowel
stimuli not only found that children give more weight to
formant transitions than adults in their fricative decisions but
that there is a reciprocal decrease in the weight given to
fricative-noise spectra �Nittrouer and Miller, 1997a, 1997b;
Nittrouer, 1992; Nittrouer and Studdert-Kennedy, 1987�. It
may simply be that children are not as skilled at using infor-
mation in noisy signal portions as adults are.

We stand to improve our understanding of the nature of
perceptual development in general by exploring the ques-
tions asked by this work. In addition, understanding the basis
of children’s perceptual preference for dynamic signal com-
ponents in speech perception may affect what we do in fitting
auditory prostheses for children with hearing loss. Pediatric
audiologists worry that fitting children with hearing aids us-
ing the same algorithms as those used with adults is not
appropriate �e.g., Pittman et al., 2003�, and, in particular,
they worry about preserving children’s abilities to recognize
sibilants because of their importance in grammatical marking
�Stelmachowicz et al., 2007�. Therefore, it is appropriate to
ask why children show the perceptual weighting strategies
that they do, and what conditions support or harm their abili-
ties to use these strategies. Results showing either that chil-
dren require formants to be spectrally prominent or that they
avoid noisy signal components would provide useful infor-
mation for the future design and fitting of auditory prosthe-
ses.

In summary, the two experiments in this study were con-
ducted to test the hypothesis that children greatly weight
formant transitions because they share harmonic structure.
Two types of stimuli that lack harmonic structure were used:
sine-wave and whispered speech. If children were found to
pay less attention to formant transitions with both kinds of
nonharmonic stimuli, support would be provided for the hy-
pothesis that children attend especially to signal portions that
adhere to ASA principles. On the other hand, if children were
found to perform similarly with natural speech and both
kinds of nonharmonic stimuli, that finding would provide
evidence that children attend to these signal portions for
other reasons, likely the language-related reasons described
above. If children demonstrated modifications in their per-
ceptual weighting strategies for one, but not the other, pro-
cessed signal, we would have to conclude that it was some
concomitant change in signal structure that accounted for the

perceptual change, rather than the lack of harmonicity.
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II. EXPERIMENT 1: VOICED AND SINE-WAVE
VOCALIC PORTIONS

The primary goal of this experiment was to test the hy-
pothesis that children’s strong weighting of formant transi-
tions in phonetic judgments of syllable-initial fricatives is
accounted for by the fact that voiced syllable portions adhere
to the harmonicity principle, whereas noise syllable portions
do not. Support for this hypothesis would be obtained if chil-
dren decreased the weight assigned to formant transitions
when the harmonicity principle was disrupted by creating
sine-wave analogs of the voiced syllable portions.

A. METHOD

1. Subjects

Twenty adults between the ages of 18 and 40 years, 20
7-year-olds, 22 5-year-olds, and 23 3-year-olds participated.
The mean age of 7-year-olds was 7 years, 1 months �7;1�,
with a range from 6;11 to 7;5. The mean age of 5-year-olds
was 5;1, with a range from 4;11 to 5;5. The mean age of
3-year-olds was 3;9, with a range of 3;5 to 3;11. None of the
listeners �or their parents, in the case of children� reported
any history of hearing or speech disorder, and they all
seemed typical to the experimenter doing the testing. None-
theless, objective criteria were used to document that they
were indeed typical. In particular, all listeners passed hearing
screenings consisting of the pure tones of 0.5, 1, 2, 4, and
6 kHz presented at 25 dB HL to each ear separately. Chil-
dren were given the Goldman Fristoe 2 Test of Articulation
�Goldman and Fristoe, 2000� to screen for speech problems
and were required to score at or better than the 30th percen-
tile for their age. An additional constraint on these scores
was that no child could exhibit errors in producing /b/ or /s/.
All children were free from significant histories of otitis me-
dia, defined as six or more episodes during the first three
years of life. Adults were given the reading subtest of the
Wide Range Achievement Test-Revised �Jastak and Wilkin-
son, 1984� as a way to screen for language problems and
were required to demonstrate at least an 11th-grade reading
level.

2. Equipment and materials

All testing took place in a soundproof booth, with the
computer that controlled the experiment in an adjacent room.
Hearing was screened with a Welch Allyn TM262 audiom-
eter using TDH-39 headphones. Stimuli and stories were
stored on a computer and presented through a Creative Labs
Soundblaster card, a Samson headphone amplifier, and AKG-
K141 headphones. Two drawings �on 8�8 in.2 cards� were
used to represent each response label in each experiment,
such as “Sue” �a girl� and a “shoe,” or “Sa” �a space alien�
and “Sha” �a king�. Gameboards with ten steps were also
used with children; they moved a marker to the next number
on the board after each block of test stimuli. Cartoon pictures
were used as reinforcement and were presented on a color
monitor after each block of stimuli. A bell sounded while the
pictures were being shown and served as additional rein-

forcement.
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3. Stimuli

Thirty-six separate stimuli were created for each of the
VOICED and SINE-WAVE conditions: nine fricative noises
ranging along a continuum from one that is readily identified
as /b/ to one that is readily identified as /s/, combined with
each of four vocalic portions. These vocalic portions differed
in vowel quality �/Ä/ or /u/� and in whether formant transi-
tions at the start of the portion were appropriate for a pre-
ceding /b/ or /s/. Design of stimuli was based on stimuli that
have been used previously in several experiments �Nittrouer
1992, 1996; Nittrouer and Miller, 1997a�, and so we had
general notions of what to expect in responses from children
and adults. The VOICED stimuli in this experiment were
exactly those used in the earlier experiments. In these

FIG. 2. Spectrograms displaying examples of the natural vocalic portions
parentheses indicates the fricative context from which the vocalic portion w
stimuli, the fricative portions were single-pole, synthetic
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noises, with the center frequency ranging from
2.2 to 3.8 kHz in nine 200 Hz steps. The vocalic portions of
these VOICED stimuli were taken from a male speaker say-
ing /su/, /sa/, /bu/, and /bÄ/. The recordings were sampled at
22.05 kHz and low-pass filtered below 11.025 kHz. Three
tokens of each syllable were used, and Fig. 2 shows spectro-
grams of one of each kind of vocalic portion. Table I displays
mean values for some phonetically relevant properties of the
vocalic portions. For all /u/ portions, F1 remained stable
throughout the vocalic portion, and F2 fell in frequency
through the entire portion to a mean ending frequency of
930 Hz. For all /Ä/ vocalic portions, F1 rose in frequency
over roughly the first 60 ms to a mean steady-state frequency
of 703 Hz, and F2 fell in frequency over the first 60–90 ms

d in the VOICED stimuli of experiments 1 and 2. The fricative label in
parated.
use
as se
to a mean steady-state frequency of 1309 Hz. For all stimuli,
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F3 fell in frequency over roughly the first 100 ms to a mean
steady-state value of 2320 Hz for /u/ and 2365 Hz for /Ä/.

Natural vocalic portions were separated from the frica-
tive noises using a waveform editor, and recombined with
each of the synthetic fricative noises, yielding 36 kinds of
VOICED stimuli �9 noises�4 vocalic portions�, with 3 to-
kens of each. The center panel of Fig. 3 shows a spectrogram
of a representative VOICED /�b�Ä/ stimulus with the 3.0 kHz
noise. RMS amplitude was equal for the noise and vocalic
syllable portions.

The SINE-WAVE stimuli used the same synthetic frica-
tive noises as the VOICED stimuli. The vocalic portions
were created based on recordings of natural /su/, /sÄ/, /bu/,
and /bÄ/ from the male speaker. Three sine waves were used
to approximate the first three formants of each vowel and
were adjusted until they most closely resembled the natural
vowels in Fig. 2. The SINE-WAVE stimuli were all 250 ms
in length and were generated at a sampling rate of 22.05 kHz
and low-pass filtered at 11.025 kHz using TONE software
�Tice and Carrell, 1997�. The sine-wave vowels were com-
bined with each of the synthetic noises, resulting in 36 SINE-
WAVE stimuli �9 noises�4 sine-wave vowels�. The left

TABLE I. Means across the three tokens for the phonetically relevant acous-
tic properties of the vocalic portions of the VOICED stimuli used in experi-
ments 1 and 2.

Portion
f0

�Hz�
Dur
�ms�

F1-onset
�Hz�

F2-onset
�Hz�

F3-onset
�Hz�

�s�Ä 93 333 457 1365 2457
���Ä 95 337 379 1532 2367
�s�u 99 347 320 1520 2496
���u 97 348 308 1706 2288
FIG. 3. Spectrograms displaying examples of the SINE-WAVE, VOI

1684 J. Acoust. Soc. Am., Vol. 125, No. 3, March 2009
panel of Fig. 3 shows a spectrogram of a representative
SINE-WAVE /�b�Ä/ stimulus with the 3.0 kHz noise. RMS
amplitude was equal for the noise and sine-wave vocalic por-
tions.

4. Procedures

The screening tasks were presented first, followed by the
labeling task. Stimuli with each vowel �/u/ or /Ä/� and stimu-
lus type �VOICED or SINE-WAVE� were presented sepa-
rately, making four conditions. Adults, 7-year-olds, and
5-year-olds participated in two test sessions. For these listen-
ers order of presentation of conditions was randomized
across listeners, with the restrictions that conditions with the
same vowel or stimulus type were not presented in the same
session and that order of presentation of the VOICED and
SINE-WAVE conditions be different across sessions. For ex-
ample, if the first condition, randomly chosen, consisted of
VOICED /u/ stimuli, the second condition presented at that
session would necessarily consist of SINE-WAVE /Ä/
stimuli. At the next session the listener would be presented
with SINE-WAVE /u/, followed by VOICED /Ä/. The same
ordering procedures were followed for 3-year-olds, except
that they were spread out over four test sessions because
pilot testing had revealed that 3-year-olds were more likely
to complete testing if it was spread out like that.

During testing, stimuli were presented ten times each, in
blocks of 18. Because there were three tokens of each
VOICED stimulus, the program randomly selected one of the
tokens to present during the first block, and then repeated
this random selection during the next block without replace-
ment. After the first three blocks, this process was repeated
until testing was done. The listener’s task during testing was
CED, and WHISPERED /bÄ/ stimuli from experiments 1 and 2.
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to point to the picture representing their response choice, and
say the word that corresponded to that choice.

Children were introduced to the response labels �sa, sha,
sue, or shoe� before testing with brief, digitized stories ac-
companied by pictures. Each story was presented once with
natural speech for the VOICED condition. For the SINE-
WAVE condition, each story was presented twice, once with
natural speech and once with sine-wave speech. These sto-
ries served both to familiarize children with the response
labels and to provide experience listening to sine-wave
speech. During pilot testing it was found that presenting
these stories to adults did not affect their responding. Conse-
quently, we did not play them to adults.

All listeners heard 12 practice items �6 each of /sV/ and
/bV/� before testing, using the best exemplars of each cat-
egory �i.e., the syllable consisting of the lowest-frequency
fricative noise combined with a vocalic portion with /b/ for-
mant transitions or the syllable consisting of the highest-
frequency fricative noise combined with a vocalic portion
with /s/ formant transitions�. Each listener had to label 11 of
the 12 best exemplars correctly to proceed to testing. This
criterion ensured that all listeners could perform the required
task, and knew the response labels. 3-year-olds had one ad-
ditional familiarization task: Before hearing the practice
items, they were presented with completely natural tokens of
each syllable and had to label 11 of 12 correctly to proceed
to the next practice. This extra step ensured that 3-year-olds
recognized natural exemplars of these stimuli correctly.
When it came to testing, listeners were required to give at
least 80% accurate responses to the best exemplars, thereby
ensuring that data were included only from listeners who
maintained attention to the task.

To summarize, slightly different procedural steps were
followed for each group: Adults received practice with the
best exemplars, followed by testing. Children who were 5- or
7-years-old heard stories, followed by practice with the best
exemplars, and then testing. The 3-year-olds heard the sto-
ries, followed by practice with natural tokens, then practice
with the best exemplars, and finally testing.

For analysis purposes, partial correlation coefficients
were computed between the proportion of “s” responses and
the acoustic properties of formant transitions �appropriate for
/s/ or /b/� and fricative noise �step on the continuum�, across
vowels. These correlation coefficients served as weighting
coefficients, explaining the proportion of variance in re-
sponse labels associated with formant transitions and with
fricative-noise spectra �Nittrouer, 2002�.

B. Results

1. VOICED condition

Five 3-year-olds were dismissed because they did not
meet the criterion of getting 11 of the 12 syllables correct
during practice with completely natural tokens. All of the
remaining 18 3-year-olds were able to complete the
VOICED /u/ condition with 80% accurate responses on best
exemplars or better, but only 12 of them were able to com-
plete the VOICED /Ä/ condition.
Figure 4 displays the labeling functions for adults,
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7-year-olds, 5-year-olds, and 3-year-olds for the VOICED
condition. Adults and 7-year-olds performed similarly.
3-year-olds and 5-year-olds showed greater separation in
functions based on whether the vocalic portion originally
started with /b/ or /s/, and generally shallower functions than
adults or 7-year-olds. These two age-related differences in
response patterns reflect greater weighting of formant transi-
tions and lesser weighting of fricative-noise spectra, respec-
tively, by the younger listeners �Nittrouer, 2002�. When Fig.
4 is compared to Fig. 1 it is seen that response patterns for
adults and 3-year-olds in this experiment are very similar to
what has been found in previous studies �Nittrouer, 1992,
1996; Nittrouer and Miller, 1997a, 1997b�.

Table II shows mean weighting coefficients for the
VOICED condition. The response patterns observed in Fig. 4
are apparent in these coefficients: 3- and 5-year-olds
weighted transitions more than adults or 7-year-olds, and
weighted the fricative noises less. When these weighting co-
efficients are compared to weighting coefficients derived
from responses of listeners hearing the same stimuli in the
past �e.g., Nittrouer and Miller, 1997b�, very similar results
are obtained: Weighting coefficients of formant transitions
for adults, 7-year-olds, and 4 1

2-year-olds were, respectively,
0.32, 0.36, and 0.46; for fricative noises weighting coeffi-
cient were 0.82, 0.77, and 0.68 �Nittrouer, 2002�. Thus, we
are assured that the listeners in this experiment are similar to
those in earlier experiments.

One-way analyses of variance �ANOVAs� with age as
the main effect and post hoc comparisons were done on
weighting coefficients for formant transitions and fricative
noises obtained in this experiment. Results are shown in
Table III. Here, and in the remainder of this paper, precise
statistical results are given only when ��0.10. Otherwise,
results are reported as not significant �ns�. These results show
significant overall age effects for both formant transitions
and fricative noises. The post hoc t-tests confirm that
3-year-olds and 5-year-olds weighted formant transitions
more and fricative noises less than 7-year-olds or adults. It is
also observed that the four age groups form a dichotomy in
response patterns, such that the two youngest groups did not
differ in weighting strategies from each other, and the two
oldest groups did not differ from each other.

2. SINE-WAVE condition

Three-year-olds found the SINE-WAVE condition very
difficult: Only 8 out of 18 of them �44%� responded to the
SINE-WAVE practice items and best exemplars during test-
ing at levels accurate enough to have their data included in
analyses. When less than half of the listeners in a group are

TABLE II. Mean weighting coefficients in the VOICED condition of ex-
periment 1. Standard deviations are in parentheses.

Adults 7-year-olds 5-year-olds 3-year-olds

Transition 0.30 0.32 0.48 0.50
�0.17� �0.15� �0.19� �0.15�

Noise 0.82 0.81 0.71 0.66
�0.11� �0.11� �0.14� �0.13�
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able to perform a task, their performance on that task cannot
be taken as representative of the group as a whole. Therefore,
data from the 3-year-olds were not analyzed for this condi-
tion. On the other hand, 80% of 7-year-olds and 75% of

FIG. 4. Labeling functions for the VOICED condition of experiment 1 for
details.

TABLE III. Results of ANOVAs and post hoc t tests done on weighting
coefficients in the VOICED condition of experiment 1. Bonferroni signifi-
cance levels indicate that the contrast is significant at the level shown when
corrections are made for multiple tests.

df F or t p Bonferroni significance

Transition
Age effect 3,76 8.11 �0.001
Adults vs 7-year-olds 76 0.38 ns
Adults vs 5-year-olds 76 3.53 �0.001 0.01
Adults vs 3-year-olds 76 3.80 �0.001 0.01
7- vs 5-year-olds 76 3.14 0.002 0.05
7- vs 3-year-olds 76 3.46 0.001 0.01
5- vs 3-year-olds 76 0.46 ns

Noise
Age effect 3,76 7.61 �0.001
Adults vs 7-year-olds 76 −0.21 ns
Adults vs 5-year-olds 76 −2.79 0.007 0.05
Adults vs 3-year-olds 76 −3.98 �0.001 0.001
7- vs 5-year-olds 76 −2.58 0.02 0.10
7- vs 3-year-olds 76 −3.78 �0.001 0.01
5- vs 3-year-olds 76 −1.35 ns
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5-year-olds were able to complete the SINE-WAVE condi-
tion. Data from these listeners were analyzed.

Table IV shows mean weighting coefficients for the
SINE-WAVE condition. In comparing the numbers shown on
Table IV to those on Table II, the greatest difference appears
for adults: They seem to have weighted the fricative noises
similarly, but to have weighted formant transitions less in
this condition than in the VOICED condition. To a lesser
extent it appears as if 5-year-olds weighted fricative noises
less in this SINE-WAVE condition than in the VOICED con-
dition.

ANOVAS, with post hoc t-tests, were done on weighting
coefficients for formant transitions and fricative noises sepa-
rately, and results are shown in Table V. There was a signifi-
cant age effect for both transitions and fricative noises. The
post hoc t-tests confirm that 5-year-olds continued to weight
formant transitions more and fricative noises less in their

, 7-year-olds, 5-year-olds, and 3-year-olds. See legend for Fig. 1 for more

TABLE IV. Mean weighting coefficients in the SINE-WAVE condition of
experiment 1. Standard deviations are in parentheses.

Adults 7-year-olds 5-year-olds

Transition 0.21 0.31 0.50
�0.10� �0.16� �0.19�

Noise 0.85 0.80 0.65
�0.06� �0.12� �0.20�
adults
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fricative decisions than 7-year-olds or adults. These older
two groups performed similarly to each other, as they had for
the VOICED stimuli.

3. Across-conditions comparison

Of course, the major focus of this experiment was to
examine whether listeners, particularly children, modify their
weighting strategies when stimuli lack harmonicity. For that
purpose, weighting coefficients obtained for the VOICED
and SINE-WAVE stimuli were compared for each group
separately, using matched t-tests. Results are shown in Table
VI. These tests confirm that 7-year-olds assigned similar
weighting coefficients to both properties in each condition.
The tests further confirm that adults weighted formant tran-
sitions less in the SINE-WAVE than in the VOICED condi-
tion. Results for 5-year-olds revealed that they weighted fri-
cative noises slightly less in the SINE-WAVE than in the
VOICED condition, but the difference fell just short of sta-
tistical significance.

C. Discussion

The purpose of this experiment was to test the hypoth-
esis that listeners would change their perceptual weighting
strategies when sine-wave replicas replaced natural vocalic
portions, consequently eliminating the harmonicity of the
stimuli. In particular, we wanted to examine whether chil-

TABLE V. Results of ANOVAs and post hoc t-tests done on weighting
coefficients in the SINE-WAVE condition of experiment 1. Bonferroni sig-
nificance levels indicate that the contrast is significant at the level shown
when corrections are made for multiple tests.

df F or t p Bonferroni significance

Transition
Age effect 2,59 20 �0.001
Adults vs 7-year-olds 59 2.16 ns
Adults vs 5-year-olds 59 6.21 �0.001 0.001
7- vs 5-year-olds 59 4.00 �0.001 0.001

Noise
Age effect 2,59 12.50 �0.001
Adults vs 7-year-olds 59 −1.03 ns
Adults vs 5-year-olds 59 −4.73 �0.001 0.001
7- vs 5-year-olds 59 −3.68 �0.001 0.01

TABLE VI. Results of matched t-tests done on within-group weighting
coefficients across the VOICED and SINE-WAVE conditions for experiment
1.

df t p

Transition
Adults 19 2.16 0.04
7-year-olds 19 0.16 ns
5-year-olds 21 −0.80 ns

Noise
Adults 19 −1.18 ns
7-year-olds 19 0.16 ns
5-year-olds 21 1.89 0.07
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dren would show diminished weighting of formant transi-
tions. Clearly that was not found: 7-year-olds’ weighting of
the two acoustic cues examined were consistent across test-
ing with these stimulus types, and 5-year-olds decreased the
weight they assigned to the fricative noises only �not to the
formant transitions� in the SINE-WAVE condition, compared
to the VOICED condition. Consequently, no support was
garnered for the hypothesis that children weight formant
transitions strongly in their phonetic decisions regarding
syllable-initial fricatives because they adhere to the harmo-
nicity principle. In fact, it is interesting that adults were the
only listeners to decrease the amount of weight they gave to
formant transitions in making these decisions when the vo-
calic portions were sine waves.

The results reported here were obtained in spite of the
fact that sine-wave stimuli are very unnatural in quality. Re-
gardless, children showed similar weighting of formant tran-
sitions for both sets of stimuli.

III. EXPERIMENT 2: VOICED AND WHISPERED
VOCALIC PORTIONS

As with experiment 1, the purpose of this second experi-
ment was to test the hypothesis that children’s strong weight-
ing of formant transitions in judgments of syllable-initial fri-
catives is explained by the fact that voiced syllable portions,
where formant transitions reside, adhere to the harmonicity
principle. Unlike experiment 1, removing harmonicity from
vocalic syllable portions in this second experiment meant
creating syllables that consisted entirely of noise. This was
accomplished by presenting stimuli with whispered vocalic
portions. This modification to the speech signal meant that
the stimuli were more natural in quality than were the sine
waves of experiment 1, but it also meant that formant band-
widths were broader and stimuli consisted entirely of noise.

A. Method

1. Subjects

Twenty adults between the ages of 18 and 40 years, 20
7-year-olds, and 20 5-year-olds participated. The mean age
of 7-year-olds was 7;3, with a range from 7;1 to 7;5. The
mean age of 5-year-olds was 5;2, with a range from 4;11 to
5;5. All listeners met the same criteria as in experiment 1.
3-year-olds were not tested in this second experiment both
because they had performed similarly to 5-year-olds in the
VOICED condition of experiment 1 and because they did so
poorly with the stimuli that were not VOICED in that experi-
ment. It seemed neither necessary nor advisable to include
them.

2. Equipment and stimuli

The same equipment and VOICED stimuli were used as
in experiment 1.

The WHISPERED stimuli used the same synthetic fri-
cative noises as the VOICED and SINE-WAVE stimuli. In
these stimuli, however, natural whispered vocalic portions
were combined with those synthetic noises. These portions
were taken from a male speaker whispering /su/, /sÄ/, /bu/,

and /bÄ/. The recordings were sampled at 22.05 kHz and low-
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pass filtered below 11.025 kHz. Three tokens of each vocalic
portion were used. Table VII presents mean values for dura-
tion and formant-frequency onsets for each whispered vo-
calic portion. For /�b�u/ and /�s�u/, F1 remained stable
throughout the vocalic portion, F2 fell through the entire
portion to a mean ending frequency of 1572 Hz, and F3 fell
over roughly the first 100 ms to a mean steady-state fre-
quency of 2469 Hz. For /�b�Ä/ and /�s�Ä/, F1 rose over the
first 60–90 ms to a steady-state frequency of 969 Hz, and F2
fell to a mean steady-state frequency of 1314 Hz. For /�s�Ä/,
F3 remained fairly stable through the entire vocalic portion;
for /bÄ/, F3 rose over the first 100 ms to a mean steady-state
frequency of 2756 Hz. Compared to the voiced vocalic por-
tions, formant frequencies were generally higher in these
whispered portions, which matches the findings of �Kallail
and Emmanuel 1984a, 1984b�. A WHISPERED /�b�Ä/ stimu-
lus with a 3.0 kHz fricative noise is shown on the right-hand
side of Fig. 3. It is apparent from this spectrogram that the
formants were much less prominent in the whispered stimuli,
compared to the sine wave and natural stimuli. Furthermore,
in this token, where the frequency of F1 is high, F1 does not
appear attenuated. However, in /u/ tokens, where F1 fre-
quency is lower, F1 is greatly attenuated. This is shown in
Fig. 5, where a whispered /�b�u/ is displayed next to a voiced
/�b�u/. This figure also more clearly shows that a subglottal

TABLE VII. Means across the three tokens for the phonetically relevant
acoustic properties of the vocalic portions of the WHISPERED stimuli used
in experiment 2.

Portion
Dur
�ms�

F1-onset
�Hz�

F2-onset
�Hz�

F3-onset
�Hz�

�s�Ä 375 718 1617 2770
�b�Ä 405 574 1680 2656
�s�u 387 517 1769 2727
�b�u 341 445 2010 2627

FIG. 5. Spectrograms displaying representative tokens of voiced and whis-

pered /bu/.
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resonance was present at roughly 1500 Hz in the whispered
tokens, making the measurement of F2 frequency tricky.

One issue that arose in creating the WHISPERED
stimuli concerned the amplitude ratio of the fricative noise
and vocalic syllable portions. In natural speech, whispered
vocalic portions are much lower in amplitude than the frica-
tive noises. When we tried to combine fricative and whis-
pered portions with equal amplitudes, as we had done for the
other stimuli, the two syllable portions did not cohere per-
ceptually. Instead, it was necessary to combine them with the
whispered vocalic portion 6 dB lower than the fricative-
noise portion.

3. Procedures

The same procedures were used as in experiment 1.

B. Results

1. VOICED condition

Table VIII shows mean weighting coefficients for the
VOICED condition. As in experiment 1, there appear to be
differences in cue weightings for 5-year-olds compared to
listeners in the two older groups: It appears that 5-year-olds
weighted formant transitions more and fricative noises less
than adults or 7-year-olds did. To examine these apparent
findings, one-way ANOVAs, with age as the main effect,
were done on weighting coefficients for transitions and fri-
cative noises, separately, for results from the VOICED con-
dition in experiment 2. Results are shown in Table IX. There
was a significant main effect of age for both formant transi-
tions and fricative noises. Post hoc t tests confirmed that

TABLE VIII. Mean weighting coefficients in the VOICED condition of
experiment 2. Standard deviations are in parentheses.

Adults 7-year-olds 5-year-olds

Transition 0.37 0.37 0.51
�0.19� �0.17� �0.12�

Noise 0.78 0.78 0.65
�0.12� �0.14� �0.14�

TABLE IX. Results of ANOVAs and post hoc t-tests done on weighting
coefficients in the VOICED condition of experiment 2. Bonferroni signifi-
cance levels indicate that the contrast is significant at the level shown when
corrections are made for multiple tests.

df F or t p Bonferroni significance

Transition
Age effect 2,57 4.85 0.011
Adults vs 7-year-olds 57 0.02 ns
Adults vs 5-year-olds 57 2.71 0.009 0.05
7- vs 5-year-olds 57 2.69 0.009 0.05

Noise
Age effect 2,57 6.23 0.004
Adults vs 7-year-olds 57 −0.01 ns
Adults vs 5-year-olds 57 −3.06 0.003 0.01
7- vs 5-year-olds 57 −3.05 0.004 0.05
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5-year-olds weighted formant transitions more and fricative
noises less than did 7-year-olds or adults.

Next we examined if there were any differences between
the VOICED conditions in experiments 1 and 2. To accom-
plish that goal two-group t-tests were performed for each age
group separately. There was no significant difference in
weighting of formant transitions or of fricative noises across
experiments for any age group. Consequently we may con-
clude that the listeners in this experiment were similar to
those in experiment 1 in terms of their perceptual weighting
strategies.

2. WHISPERED condition

75% of 7-year-olds and 50% of 5-year-olds were able to
complete the WHISPERED condition with 80% accurate re-
sponses on best exemplars during testing. These percentages
were lower than the 80% of 7-year-olds and 75% of
5-year-olds who were able to complete the SINE-WAVE
condition in experiment 1. Apparently whispered speech was
more difficult than sine-wave speech for children to recog-
nize.

Table X presents mean weighting coefficients for the
WHISPERED condition. When these coefficients are com-
pared to those in Table VIII, for the VOICED condition, it is
apparent that adults performed similarly across the two con-
ditions. Both 7- and 5-year-olds, however, showed greatly
diminished weighting of the formant transitions; the weights
they assigned to fricative noises appear similar across condi-
tions.

ANOVAs were done on weighting coefficients for tran-
sitions and fricative noises separately, and results are shown
in Table XI. The main effect of age for transition was sig-
nificant. Post hoc t-tests revealed that for the first time
7-year-olds performed differently from adults, having greatly
decreased the weights they assigned to formant transitions in
these WHISPERED stimuli. Now 7-year-olds weighted for-
mant transitions less than adults. 5-year-olds similarly de-
creased the weights they assigned to formant transitions, but
in this case that change brought them inline with the weights
used by adults.

Although no great changes in weighting coefficients for
fricative noises were observed, the small shifts across groups
led to changes from previous conditions in statistical out-
comes. In particular, adults’ slight decrease and 5-year-olds’
slight increase in weighting coefficients meant that there was
no statistically significant difference between these groups.
As before, there was a significant difference between 7- and

TABLE X. Mean weighting coefficients in the WHISPERED condition of
experiment 2. Standard deviations are in parentheses.

Adults 7-year-olds 5-year-olds

Transition 0.35 0.21 0.35
�0.26� �0.18� �0.22�

Noise 0.75 0.81 0.69
�0.15� �0.12� �0.18�
5-year-olds.
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3. Across-conditions comparison

As in experiment 1, the most relevant analysis for the
main hypothesis being tested was the one for each group
separately, across stimulus conditions. Matched t-tests were
done comparing performance of each group across the
VOICED and WHISPERED conditions in this second ex-
periment, and the results are shown in Table XII. Here we
see a significant effect of stimulus type for the weights as-
signed to formant transitions for both groups of children, but
not for adults. In fact, the magnitude of change in those
weights across conditions is remarkably similar for 7- and
5-year-olds. For example, if we compute effect sizes for the
changes in weights using Cohen’s d �Cohen, 1988�, we find
d=0.91 for 7-year-olds and d=0.90 for 5-year-olds. Clearly
these young listeners had difficulty recovering and/or using
these noisy formant transitions in their phonetic decisions.

The slight changes in weights assigned to fricative
noises across conditions were not statistically significant for
any group.

C. Discussion

The purpose of this experiment was to test the hypoth-
esis that listeners would change their perceptual weighting
strategies when whispered vocalic portions replaced natural
vocalic portions, consequently eliminating the harmonicity
of the stimuli. In particular, we wanted to examine whether

TABLE XI. Results of ANOVAs and post hoc t-tests done on weighting
coefficients in the WHISPERED condition of experiment 2. Bonferroni sig-
nificance levels indicate that the contrast is significant at the level shown
when corrections are made for multiple tests.

df F or t p Bonferroni significance

Transition
Age effect 2,57 3.29 0.044
Adults vs 7 year-olds 57 −2.21 0.032 0.10
Adults vs 5-year-olds 57 0.03 ns
7- vs 5-year-olds 57 2.24 0.029 0.10

Noise
Age effect 2,57 4.21 0.02
Adults vs 7-year-olds 57 1.50 ns
Adults vs 5-year-olds 57 −1.40 ns
7- vs 5-year-olds 57 −2.90 0.005 0.05

TABLE XII. Results of matched t-tests done on within-group weighting
coefficients across the VOICED and WHISPERED conditions for experi-
ment 2.

df t p

Transition
Adults 19 0.36 ns
7-year-olds 19 3.62 0.002
5-year-olds 19 4.31 �0.001

Noise
Adults 19 0.93 ns
7-year-olds 19 −0.97 ns
5-year-olds 19 −1.21 ns
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children would show diminished weighting of formant tran-
sitions when these whispered vocalic portions were used.

Adults performed similarly in the VOICED and WHIS-
PERED conditions, while children performed differently in
the two conditions. In stark contrast to what was found in
experiment 1, where harmonicity was disrupted by using
sine-wave speech, children were found to greatly diminish
the weights they assigned to formant transitions in this ex-
periment with whispered speech. Of course, a lack of harmo-
nicity could not readily explain this observed shift in chil-
dren’s weighting strategies: Stimuli in experiment 1 similarly
lacked harmonicity, and children’s weighting strategies were
not affected. That being the case, the question arose as to
what could explain these observed changes in perceptual
weighting.

This second experiment showed that children greatly re-
duced the weights they assigned to formant transitions when
whispered vocalic portions were used in stimulus construc-
tion. Either children were unable to recover the patterns of
global spectral change in these noisy signals or they chose
not to tune their perceptual attention to these signal compo-
nents. Whatever the reason might be, whispered speech is
very natural, so the difficulty could not have been due to a
lack of naturalness. We suspect that instead the difficulty was
due to the broadened formant structure of whispered speech.
As Figs. 3 and 5 illustrate, whispering results in formants
that are less prominent than in voiced speech; energy is
spread more evenly across the spectrum. This lack of promi-
nence for formants could make it difficult for children to
recover the dynamic spectral patterns associated with chang-
ing vocal-tract cavity shapes and sizes. In some sense, listen-
ing to whispered speech is like listening to speech through
the widened auditory filters of hearing loss. Turner and Van
Tassell �1984� reported that adult listeners did not encounter
difficulty listening to speech under such conditions. Our re-
sults for adults with normal hearing listening to whispered
speech match those results for adults with hearing loss: They
did not modify their weighting strategies for the whispered
stimuli. In fact, it is interesting that adults in this current
study actually decreased their weighting of formant transi-
tions when sine-wave replicas of the vocalic portions were
used in stimulus construction. This finding suggests that
adults might be hindered slightly by processing algorithms
that emphasize the spectral prominences of formants. A study
by Hillenbrand and Houde �2002� in which adult listeners
showed slightly poorer consonant and vowel recognition for
spectrally enhanced speech signals supports that suggestion,
although a different study by Summerfield et al. �1981� did
not find that adults were hindered in their speech recognition
when formants were made more spectrally prominent.

But regardless of whether adults are hindered or not by
algorithms that enhance the spectral prominences �i.e., for-
mants� of speech, it is clear that they are not hurt by broad-
ened bandwidths. Our results for children, on the other hand,
suggest quite a different situation: Children did encounter
difficulty when the formants were not spectrally prominent,
as occurred with the whispered stimuli. This finding matches
other results coming from this laboratory. In particular, Nit-

trouer et al. �2009� found that 7-year-old children were
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poorer at recognizing noise vocoded sentences than adults,
but were similarly skilled at recognizing the same sentences
when they were presented as sine waves. Even more so than
whispered stimuli, noise vocoded speech broadens the band-
widths of the spectral prominences. If children with normal
hearing and typical speech development demonstrate these
constraints in their processing of such signals, it is reason-
able to expect that children with hearing loss would also
have difficulty processing signals with reduced spectral
prominences. Perhaps children with hearing loss would ben-
efit from algorithms that track formants in the signal and
shape the spectral output to make those formants more
prominent.

Of course, signals in this second experiment, as well as
those in Nittrouer et al. �2009�, shared another attribute. In
both cases they were constructed entirely of noise. That
means that possibly the shift away from weighting formant
transitions strongly demonstrated by this experiment and by
the poor sentence recognition found in Nittrouer et al. �2009�
for noisy stimuli might be attributable to children failing to
attend to noise components in speech signals. The current
study cannot really separate the contributions made to chil-
dren’s results of broadened bandwidths and noisy signals.
Future investigations will need to examine that distinction.

IV. GENERAL DISCUSSION

Previous research has revealed that adults and children
assign different weights to the various components of the
acoustic speech signal. Adults, it seems, are quite attentive to
the spectrotemporal details of the signal. These are properties
that arise from precise timing relations among articulatory
actions, or exact constriction shapes. In the production of a
fricative, for example, many variables come into play: the
place of the constriction in the vocal tract must be accurate;
the degree of constriction between articulatory structures
must be tight enough that turbulence noise is generated, but
not so tight that stopping is introduced; the length and shape
of the constriction must be right; and any secondary cavities
that help mold the acoustic output, such as a sublingual cav-
ity in the case of English /b/, must be created �Perkell et al.,
1979�. Learning to produce speech with all these parameters
properly implemented takes time, as apparently does learn-
ing to pay attention to their acoustic consequences so that
phonetic structure may be accurately and efficiently recov-
ered.

Unlike adults, research into children’s speech perception
and word recognition has uncovered consistent evidence that
children pay particular attention to global spectral patterns
within the acoustic signal �i.e., ongoing change in formant
frequencies�, rather than to the details that capture adults’
attention. Previously it was hypothesized that this perceptual
strategy is preferred early in life because these global, recur-
rent patterns of structure help children isolate linguistically
significant stretches, such as words �e.g., Jusczyk, 1993; Nit-
trouer et al., 2009; Studdert-Kennedy, 1987�. However, care-
ful scientific inquiry dictates that all alternative explanations
be explored before accepting just one. It may be that the

enhanced weighting observed in children’s speech perception
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for global changes in formant frequencies have to do with
nonlinguistic considerations. In the study reported here we
explored the possibility that children’s preferential weighting
of formant transitions in decisions of syllable-initial frica-
tives may actually be explained by the fact that the portion of
formant transitions involved in stimulus design in early ex-
periments was always voiced, while the fricative noises were
always just that—noise. Perhaps children attend to signal
portions that adhere to principles of ASA, especially the har-
monicity principle. At least that was the hypothesis tested.

Results of these experiments led us to reject that hypoth-
esis: When the principle of harmonicity was disrupted in the
stimuli by using sine-wave replicas of the vocalic portions,
children assigned the same weights to formant transitions as
they did for stimuli with natural vocalic portions. Conse-
quently, the assertion that children rely on the slowly modu-
lating formants in the speech signal, which arise from fluid
changes in vocal-tract cavity shapes and sizes, remains sup-
portable. But that was not the end of this story. It was also
found that children experience difficulty attending to formant
transitions when those transitions are not spectrally promi-
nent and consist only of noise. It was suggested that if the
fact that the whispered stimuli lacked spectrally prominent
formants explained the lion’s share of difficulty encountered
by children it would mean that children have more difficulty
than adults perceiving speech under the condition of senso-
rineural hearing loss.

In summary, the two experiments reported here were
designed to investigate whether listeners, particularly chil-
dren, would show decreased weighting of formant transitions
when vocalic portions failed to provide common harmonic
structure across the formants. Children were not found to
decrease their weightings of formant transitions in the first
experiment, and the suggestion was made that results of the
second experiment may be explained by difficulty on the part
of children in recovering formant transitions when formants
are not spectrally prominent and/or consist only of noise.
Future research will need to test the veracity of that sugges-
tion.
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