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Because laboratory studies are conducted in optimal listening conditions, often with highly stylized
stimuli that attenuate or eliminate some naturally occurring cues, results may have constrained
applicability to the “real world.” Such studies show that English-speaking adults weight vocalic
duration greatly and formant offsets slightly in voicing decisions for word-final obstruents. Using
more natural stimuli, Nittrouer [J. Acoust. Soc. Am. 115, 1777-1790 (2004)] found different results,
raising questions about what would happen if experimental conditions were even more like the real
world. In this study noise was used to simulate the real world. Edited natural words with voiced and
voiceless final stops were presented in quiet and noise to adults and children (4 to 8 years) for
labeling. Hypotheses tested were (1) Adults (and perhaps older children) would weight vocalic
duration more in noise than in quiet; (2) Previously reported age-related differences in cue
weighting might not be found in this real-world simulation; and (3) Children would experience
greater masking than adults. Results showed: (1) no increase for any age listeners in the weighting
of vocalic duration in noise; (2) age-related differences in the weighting of cues in both quiet and
noise; and (3) masking effects for all listeners, but more so for children than adults. © 2005

Acoustical Society of America. [DOI: 10.1121/1.1940508]

PACS number(s): 43.71.Ft, 43.71.An [ALF]

I. INTRODUCTION

The way speech is perceived depends upon the native
language of the listener. For example, native Japanese speak-
ers fail to use the third formant (F3) transition when decid-
ing whether a word initial liquid is /1/ or /I/ (MacKain, Best,
and Strange, 1981; Miyawaki er al., 1975). Native English
speakers, on the other hand, show /1/-/1/ labeling responses
that reveal a strong dependence on the F3 transition. This
language-related difference in attention paid (or weight as-
signed) to the F3 transition is observed even though the same
sets of English- and Japanese-speaking listeners (who pro-
vided the labeling results) have been found to discriminate
nonspeech spectral glides in the region of F3 equally well
(Miyawaki et al., 1975).

Cross-linguistic differences have also been described for
decisions regarding the voicing of word-final stops. When a
speaker produces words that differ phonetically only in the
voicing of a final stop (e.g., cap/cab, wait/wade, and duck/
dug), differences in articulation occur throughout the syl-
lable: The jaw lowers faster and farther in syllables with
voiceless, rather than voiced, final stops (Gracco, 1994,
Summers, 1987). The jaw remains open (Summers, 1987)
and the tongue retains its vowel-related posture longer in
syllables with voiced final stops (Raphael, 1975). And, the
relative timing of the offset of laryngeal vibration and of
vocal-tract closure differs across words depending on voic-
ing of final stops. For words with voiceless final stops, la-
ryngeal vibration is halted before vocal-tract closure is
achieved. For words with voiced final stops, laryngeal vibra-
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tion continues into the closure until sub- and supraglottal
pressures are equalized. All these articulatory differences
create numerous acoustic differences between words with
voiced and voiceless final stops: Words with voiced final
stops have longer vocalic segments than words with voice-
less final stops. Formant transitions at the ends of the vocalic
portions differ depending on the voicing of the final stop; in
particular, the first formant (F1) is generally higher at voic-
ing offset when the final stop is voiceless, rather than voiced.
Words with voiced final stops have voicing present during
the closure; words with voiceless final stops do not. The
frequency of (F1) at syllable center tends to be higher for
words with voiceless final stops than for words with voiced
final stops. But, of all these acoustic differences between
words with voiced and voiceless final stops, the perceptual
influence on adults’ voicing decisions of the duration of the
vocalic syllable portion and of syllable-final formant transi-
tions (particularly F1) have been most studied (e.g.,
Crowther and Mann, 1992; 1994; Denes, 1955; Fischer and
Ohde, 1990; Flege and Wang, 1989; Hillenbrand et al., 1984;
Raphael, 1972; Raphael, Dorman, and Liberman, 1980;
Wardrip-Fruin, 1982). Collectively these studies have shown
that adult speakers of all languages examined weight F1
transitions at voicing offset similarly. However, listeners dif-
fer in the extent to which they weight the duration of the
vocalic portion depending on native language background.
Speakers of languages that permit obstruents in syllable-final
position and that demonstrate a vocalic-length distinction
based on the voicing of those final obstruents, such as En-
glish, weight vocalic length more strongly than speakers of
languages that either do not permit syllable-final obstruents,
such as Mandarin (Flege and Wang, 1989), or that do not
demonstrate a vocalic-length distinction based on the voicing

© 2005 Acoustical Society of America



of those final obstruents, such as Arabic (Crowther and
Mann, 1992; 1994; Flege and Port, 1981). Such cross-
linguistic results suggest that some learning must be in-
volved for speakers of specific languages to know which
properties of the signal demand our perceptual attention, and
which may largely be ignored.

Studies comparing labeling results for children and
adults support that suggestion. Young children do not weight
properties of the speech signal as adults do who share their
native language. A characterization of these age-related dif-
ferences is that children tend to prefer the dynamic reso-
nances arising from the continuously changing cavities of the
vocal tract over other acoustic properties, such as static, ape-
riodic noises, and durational differences.! Adults, on the
other hand, seem to know when a nondynamic property can
come in handy in making a phonetic decision in their native
language. Several lines of investigation bolster this charac-
terization of developmental changes in perceptual weighting
strategies for speech. Studies investigating the labeling of
fricatives have shown that children rely more on the voiced
formant transitions in the vicinity of those fricatives than
adults do, but rely less on the fricative noises themselves
(Mayo et al., 2003; Nittrouer, 1992; Nittrouer et al. 2000;
Siren and Wilcox, 1995). Studies investigating voicing deci-
sions for syllable-final obstruents have shown that children
(3 to 6 years of age) rely more on voiced formant transitions
preceding vocal-tract closure and less on the length of the
vocalic portion than adults (Greenlee, 1980; Krause, 1982;
Nittrouer, 2004; Wardrip-Fruin and Peach, 1984), although
these strategies may begin to take on the characteristics of
adults in the native language community by 5 years of age
(Jones, 2003).

The idea that children initially focus on dynamic signal
components in perception parallels suggestions that children
first master global vocal-tract movements in their produc-
tions. Dynamic signal components arise from global move-
ments of upper vocal-tract articulators. There is evidence
from investigators such as MacNeilage and Davis (e.g.,
1991) to suggest that articulators operate as a common coor-
dinative structure in children’s early speech production: that
is, articulators work in synchrony, largely following jaw ac-
tion. This suggestion is perfectly consistent with more gen-
eral ideas concerning the development of movement control.
For example, the work of Thelen and colleagues on the de-
velopment of leg movements shows that initially these
movements are “global and inflexible,” but gradually
“...limb segments become both disassociated from these glo-
bal synergies and reintegrated into more complex coalitions.”
(from abstract of Thelen, 1985.) Similarly, children gradually
acquire the ability to organize movements of isolated regions
of the vocal tract in order to make refined constriction
shapes, with precise timing patterns. However, in the case of
speech, these precise patterns are language specific. Conse-
quently, their acquisition is likely shaped by the child’s
emerging attention to details of the speech signals produced
by others. It appears that burgeoning abilities both to produce
more precise articulatory gestures and to attend to details of
the speech signal develop in lock step, with each facilitating
the other.
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But, not all experiments examining developmental
changes in perceptual strategies for speech have found dif-
ferences between children and adults in their perceptual
weighting of dynamic and nondynamic signal components.
In some cases, this is as expected. For example, adults and
children alike weight formant transitions greatly and fricative
noises hardly at all in place decisions for /f/ versus /6/ (Har-
ris, 1958; Nittrouer, 2002). This result is not surprising be-
cause /f/ and /6/ noises are spectrally indistinguishable (Nit-
trouer, 2002). In other experiments, results are difficult to
interpret. For example, Mayo and Turk (2004) reported that
children weighted formant transitions less and acoustic voice
onset time more than adults in voicing decisions for syllable-
initial stops. However, it is not clear why these investigators
would ever have expected formant transitions to influence
voicing decisions for syllable-initial stops much, if at all,
given that voiced and voiceless initial stops that share the
same place of constriction share the same formant trajecto-
ries. The only difference is that larger portions of those tra-
jectories are excited by aspiration noise rather than by a
voiced source in words with voiceless initial stops. In Mayo
and Turk, the stimuli did not replicate natural tokens in that
they contained no portion of aspirated formant transitions.
Instead, vocalic segments of identical length were con-
structed with different onset frequencies for the formants and
placed at different temporal distances from a preceding burst
noise. This design meant that there were significant silent
gaps separating the two syllable portions. Results from Mur-
phy, Shea, and Aslin (1989) showed that children are inca-
pable of integrating acoustic segments in speech stimuli that
are separated by silent gaps of several tens of milliseconds.
Consequently, the children in Mayo and Turk’s study were
likely unable to integrate the initial release burst with the
following vocalic segment for stimuli with silent gaps longer
than their integration thresholds, and so may have been bas-
ing decisions on whether they heard one segment or two.
Mayo and Turk’s stimulus design also meant that syllable
duration was perfectly confounded with voice onset time,
making it impossible to know whether responses of listeners
of any age were due to changes in voice onset time or to
changes in overall syllable duration.

In another study, Sussman (2001) investigated vowel
perception by adults and 4-to-5-year-olds developing lan-
guage normally. Stimuli were synthetic /bib/ and /baeb/, with
40-ms transitions on either side of 280-ms steady-state for-
mants. In one condition, 220-ms sections of the steady-state
vocalic portions were inserted between transitions for the
incongruent vowel. When asked to label the vowel in this
condition, all listeners responded with the label associated
with the 220-ms steady-state section. From this result, Suss-
man concluded that listeners of all ages weight steady-state
formants most strongly in vowel recognition. However, there
is another obvious explanation: The steady-state stimulus
sections so overwhelmed the dynamic regions of the syl-
lables that it is little wonder that listeners based their deci-
sions on those steady-state sections. In sum, there remains no
strong evidence contradicting the suggestion that as children
gain experience with a native language they modify the rela-
tive amounts of perceptual attention paid to various signal
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properties. Besides, it must be the case a fortiori that chil-
dren’s perceptual strategies for speech change through child-
hood because adults have different perceptual weighting
strategies depending on their native language.

In particular, young listeners seem to prefer dynamic
resonances of the speech signal, and then learn what addi-
tional properties of their native language can help in phonetic
decisions. This suggestion makes sense in light of experi-
ments showing that dynamic components play a central role
in speech perception, even for adults. In laboratory experi-
ments, investigators have traditionally crafted single-syllable
stimuli with great attention to nondynamic signal compo-
nents, such as aperiodic noises and length distinctions. These
stimuli tend to have long steady-state vocalic segments.
Rarely do experimental stimuli have more than one region of
spectral change (i.e., formant transitions). But, natural
speech is intrinsically dynamic. Vocal-tract resonances are
constantly changing, rarely, if ever, exhibiting regions of
stable formants as long as 220 ms. Relatively recently in the
history of speech research, stimulus generation techniques,
such as sine wave speech, have been developed to capture
the continuously changing nature of these resonances while
eliminating other signal attributes. Results of experiments
using these stimuli demonstrate that the dynamic resonant
patterns by themselves can support accurate speech recogni-
tion for adults listening to their native language (e.g., Remez
et al., 1981). In turn, this kind of finding suggests that dy-
namic resonances may be viewed as the “backbone” of the
speech signal, so to speak, providing the listener with neces-
sary and almost sufficient information for speech perception.
From this perspective it makes sense that dynamic signal
components would be what children focus on first.

Of course, there are challenges to the suggestion that
speech perception can be accomplished with only dynamic
resonances. For one, some experience is generally required
for listeners to be able to interpret time-varying sinusoids as
phonetically relevant. Even with experience, the perceptual
organization required to hear these signals as phonetically
coherent forms remains remarkably fragile. Listeners can
easily be provoked into abandoning the perceptual posture
needed to hear the signals as indivisible structures, instead
segregating an individual component from the spectral whole
(Remez e al., 2001). In addition, the fact is that speakers do
not produce signals that provide information only about glo-
bal changes in vocal-tract shapes. Instead, speakers go to the
trouble of fashioning precise constrictions and carefully
timed syllables. Presumably these behaviors serve a purpose,
or else they would not have been selected through evolution.
In fact, more than 50 years of traditional research into speech
perception has shown us that nondynamic components of the
speech signal, such as release bursts, fricative noises, and
length differences, can affect phonetic perception for adult
listeners. Finally, there is no evidence that listeners can un-
derstand impoverished signals such as time-varying sinuso-
ids in the noisy listening conditions that generally exist in the
real world. Thus, it may be that properties of the signal other
than dynamic resonances provide phonetic information more
immune to degradation by natural listening environments.
This notion is generally referred to under the general heading

1074 J. Acoust. Soc. Am., Vol. 118, No. 2, August 2005

of “speech redundancy,” and has been the prevailing account
of why there are several different “cues” to any one phonetic
decision. For example, Edwards (1981) wrote of redundancy,
“By integrating information from many acoustic cues... the
perceptual mechanism is able to accommodate a large variety
of source and channel variations.” (p. 535). Assman and
Summerfield (2004) wrote, “Speech is a highly efficient and
robust medium for conveying information because it com-
bines strategic forms of redundancy to minimize loss of in-
formation.” (p. 231). In particular, it has been suggested that
these other properties might help the listener when listening
to speech in noisy backgrounds (e.g., Coker and Umeda,
1976).

In this study the roles of vocalic duration and formant
offsets in voicing decisions for syllable-final stops were ex-
amined when words were presented in noise. Noise was used
as a contextual variable that might influence the relative
amounts of attention given to various acoustic properties (or
cues) precisely because it is the most commonly offered
natural condition in which speech redundancy is thought to
provide an advantage: if one property is masked, listeners
can use a different one. Stimuli varying in the voicing of
syllable-final stops provided a particularly appropriate way
of exploring the possibility that children might gradually in-
crease the weight given to signal properties other than dy-
namic resonances because other properties might be more
immune to degradation in natural conditions, such as in
noisy backgrounds. Several studies have reported that chil-
dren (3 to 6 years of age) from American English back-
grounds fail to weight vocalic duration as strongly as adults
from the same language background when making voicing
decisions about final stops (Greenlee, 1980; Krause, 1982;
Lehman and Sharf, 1989; Wardrip-Fruin and Peach, 1984).
Three of these studies also reported that children weight
syllable-final formant transitions more than adults (Greenlee,
1980; Krause, 1982; Wardrip-Fruin and Peach, 1984). An
earlier study from this laboratory extended those results,
showing that children (ages 6 and 8 years) weighted formant
transitions more and vocalic duration less than adults when
synthetic stimuli were used (Nittrouer, 2004). However, that
study also found that adults weighted syllable-final formant
transitions more than reported by earlier investigations and
more similarly to children when stimuli were created by ed-
iting natural tokens; that is, by reiterating or deleting pitch
periods in the steady-state vocalic portion of words ending in
voiceless and voiced stops, respectively. Figure 1 illustrates
findings for adults and 6-year-olds for synthetic and edited-
natural buck/bug stimuli. In this figure, vocalic duration
changes in a continuous fashion. Steps along this continuum
are represented on the x axis from shortest to longest. Sepa-
rate functions are plotted for stimuli with offset transitions
appropriate for either voiced (filled symbols) or voiceless
(open symbols) final stops. In this case the separation be-
tween functions is an index of the weight assigned to offset
transitions.’ Slope (i.e., change in units on the y axis per unit
of change on the x axis) is an index of the weight assigned to
vocalic duration. The functions on the left, for synthetic
stimuli, are fairly close together and steep, although they are
more separated and shallower for 6-year-olds than for adults.
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FIG. 1. Labeling functions for buck/bug stimuli, synthetic and edited-natural, for adults and 6-year-olds, adapted from Nittrouer (2004).

This pattern indicates that listeners weighted vocalic duration
greatly and offset transitions much less so. The functions on
the right, for edited-natural stimuli, are more widely sepa-
rated and shallower, particularly for functions obtained from
originally voiceless final stops. The greater separation be-
tween functions indicates that both adults and children in-
creased the weight assigned to formant offset transitions
when natural stimuli were used instead of synthetic stimuli:
Mean separation between functions changed (from synthetic
to natural stimuli) from 0.24 to 7.89 steps on the vocalic
duration continuum for adults and from 2.80 to 7.27 for
6-year-olds. The age-related difference was statistically sig-
nificant for synthetic stimuli (0.24 versus 2.80), but not for
natural stimuli (7.89 versus 7.27). The shallower functions
for natural stimuli indicate that listeners decreased the
weight they assigned to vocalic duration when listening to
these stimuli instead of the synthetic ones: Mean slopes
(across both functions) changed from 0.53 to 0.48 for adults
(from synthetic to natural stimuli) and from 0.37 to 0.28 for
6-year-olds. In summary, listeners of all ages (but more so
adults than children) increased the weight assigned to offset
transitions and decreased the weight they assigned to vocalic
duration when edited-natural stimuli were used instead of
synthetic stimuli. Working backwards, these results suggest
that traditional stimulus synthesis might have caused adults
in earlier studies to decrease the weight they normally assign
to offset transitions from what they normally do, likely be-
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cause only F'1 at syllable offset differed across the ostensibly
voiced and voiceless stimuli. Although this effect may have
led to erroneous conclusions about what listeners do in the
real world, it might also be a demonstration of just how well
adults are able to use signal redundancy.

A review of the literature on the perception of voicing
for syllable-final stops shows that most studies commonly
cited to support the notion that adults base voicing judgments
largely on vocalic length have used either synthetic stimuli
(e.g., Crowther and Mann, 1992; 1994; Denes, 1955; Fischer
and Ohde, 1990; Raphael, 1972) or edited-natural stimuli
created only from originally voiced final stops (e.g., Hillen-
brand et al., 1984; Hogan and Rozsypal, 1980). In fact,
Hogan and Rozsypal explicitly stated that pilot work failed
to evoke voiced judgments from adult listeners when stimuli
were created by lengthening the steady-state portion of syl-
lables with originally voiceless final stops, so they did not
use those syllables in stimulus generation. Findings from
Nittrouer (2004) reflect their observation: Figure 1 shows
that adults’ labeling function for stimuli created from natural,
originally voiceless final stops (open symbols in the right-
hand plot) is almost completely flat with few “voiced” judg-
ments, even at longer vocalic durations. This pattern con-
trasts with what is seen for responses to synthetic stimuli
with offset transitions appropriate for voiceless final stops
(open symbols in the left-hand plot): that function is much
steeper, with voiced judgments at longer vocalic durations.
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The change in adults’ functions across stimulus sets for
stimuli with voiced offset transitions (filled symbols) was not
as remarkable. In particular, functions were similarly steep
for the edited-natural and the synthetic stimuli. Although
mean slopes of 0.53 and 0.48 were obtained for synthetic and
natural stimuli, respectively, by averaging adults’ responses
across stimuli with voiced and voiceless offset transitions, a
different picture is obtained by looking at functions for
voiced and voiceless offsets separately. Mean slopes for
adults were the following: synthetic, voiced offset
transitions=0.55; natural, voiced offset transitions=0.58;
synthetic, voiceless offset transitions=0.51; and natural,
voiceless offset transitions=0.37. Thus, all of the change in
mean slopes from the synthetic to the natural stimulus con-
ditions was due to functions for stimuli with voiceless offset
transitions being much shallower when edited-natural, rather
than synthetic, stimuli were used. Nittrouer concluded that
this finding (along with the dramatic increase in weight as-
signed to offset transitions in the natural, compared to the
synthetic, condition) mandates modification in our com-
monly and collectively held assumptions about the roles of
vocalic duration and offset transitions in voicing decisions
for final stops: Even adult native speakers of languages with
a vocalic-length distinction weight formant transitions
strongly, at least when words are naturally produced and
heard in quiet.

At the same time, the finding gleaned by looking across
studies, that adults greatly attenuate the weight they assign to
offset transitions when synthetic stimuli are used, served as
the impetus for the current study. Perhaps, the thinking went,
there are natural conditions in which formant-offset cues are
attenuated, as they have been in the synthetic stimuli of ear-
lier experiments. Under these circumstances it would benefit
listeners to shift their perceptual attention to vocalic dura-
tion. Accordingly, the current study was designed to examine
whether adults (and perhaps older children) would show in-
creased weighting of vocalic duration in voicing decisions
for word-final stops when listening in a naturalistic condition
that might mask formant offsets.

This study also permitted the examination of other pos-
sibilities. For one, it is possible that the whole idea that age-
related differences in weighting strategies for speech exist
might be an artifact, so to speak, of laboratory methods. Per-
haps it is only because adults are so skilled at adjusting their
listening strategies to fit the conditions that differences be-
tween children and adults have ever been found in laboratory
studies. When some cues are artificially constrained, perhaps
adults are able to turn their attention to other cues, but chil-
dren cannot. In the real world, where the availability of cues
might differ from that of the laboratory, perhaps adults and
children use the same strategies. By replicating one condition
in the real world this possibility could be tested. And so,
another purpose of the current study was to see if age-related
differences in weighting strategies exist in natural listening
conditions. Although the hypothesis that adults and children
would weight acoustic properties similarly in natural condi-
tions (which in this case meant noisy conditions) conflicts
with the hypothesis that adults, but not children, would use
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cue redundancy to make voicing judgments in noise, both
hypotheses could be tested by the experimental design.

There is a solid basis for suggesting that noise might
mask offset transitions more than it masks vocalic duration.
Transitions tend to be lower in amplitude than syllable nuclei
because they occur at syllable margins: in this case, when the
vocal tract is closing, and so amplitude is falling. Differences
in the durations of syllable nuclei primarily account for dif-
ferences in vocalic duration between voicing conditions.
Consequently, voicing-related differences in vocalic duration
should remain salient even in noisy conditions. Mature lis-
teners might benefit from paying particular attention to this
cue in noise. Accordingly, children would need to learn to
attend perceptually to this cue, a skill that native listeners of
languages that either do not have syllable-final obstruents or
that do not differentiate vocalic duration based on the voic-
ing of those obstruents apparently never acquire.

To test this idea, stimuli differing in vocalic duration
created by editing natural words with voiced or voiceless
final stops were presented in quiet and in noise to adults and
children for labeling. For the quiet condition, listeners of all
ages were expected to show labeling functions similar to
those for edited-natural stimuli in Fig. 1: that is, functions
were expected to be widely separated and shallow (at least
those for stimuli created from words with voiceless final
stops). If adults (and older children) showed a perceptual
weighting shift when words were presented in noise, labeling
functions would be expected to resemble those for synthetic
stimuli in Fig. 1. That is, they would be less separated and
both would be steep. This pattern would indicate that percep-
tual attention shifted away from offset transitions, and to-
wards vocalic duration.

Two word pairs were used that differed in the frequency
of F1 at syllable center: boot/booed and cop/cob. The reason
for this was that the extent of the F1 transition near voicing
offset might affect how robust the Fl-transition cue is to
masking. The frequency of F1 at voicing offset is lower for
voiced than for voiceless final stops, but this voicing-related
difference is greater for words with high medial F1 frequen-
cies. Words with low medial F1 frequencies fail to show
much of a difference in final F'1 frequency because F1 is low
throughout the syllable. Consequently, it may be that words
with lower medial F1 frequencies (such as boot/booed)
might be more affected by noise masking than words with
higher medial F1 frequencies (such as cop/cob). For these
words with low medial F1 frequencies listeners, especially
adults, might show more of a weighting shift for vocalic
duration.

Care was given to the decision of what kind of noise to
use as a masker. In general, studies of speech perception in
noise have used either speech babble or speech-shaped noise.
The reason is that often the speech of others masks the
speech signal of interest in natural environments. However,
environmental noises (e.g., air-handling equipment, comput-
ers, fax machines, traffic, wind, etc.) can mask speech, as
well, and these environmental noises have flatter spectra.
Therefore, the decision was made to use flat-spectrum noise,
which should replicate the combined effects of speech and
other environmental maskers.
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The decision regarding which signal-to-noise ratio(s)
(SNRs) to use when presenting words in noise was also care-
fully made. Children generally recognize speech less accu-
rately than adults when speech is presented at the same SNRs
to both groups (Nittrouer and Boothroyd, 1990). However,
this result was found for speech-shaped noise maskers. There
was no way of knowing how children would perform with a
flat-spectrum masker before this experiment was undertaken,
but one report suggested that adults could be expected to
perform more poorly with a flat-spectrum than with a
speech-shaped masker (Kuzniarz, 1968). Ideally, the SNR
selected for each listener would provide the same amount of
masking across listeners, indicated by similar overall speech
recognition scores across age groups. Initially, the belief was
that SNR would likely need to be adjusted among age groups
to provide the same amount of masking. Pilot testing, how-
ever, showed that recognition scores for consonant—vowel—
consonant words were similar for listeners of different ages
at a variety of SNRs. Consequently, the decision was made to
present words ending with voiced and voiceless stops at one
SNR (in addition to quiet) to all listeners: 0 dB, which re-
sulted in roughly 45%—-50% correct recognition for listeners
of all ages. In addition, adults heard the stimuli at one poorer
SNR: -3 dB. General speech recognition scores for CVC
words were obtained from all listeners participating in the
labeling experiment, even though pilot testing showed simi-
lar results for listeners of all ages, just to document that these
specific listeners showed similar recognition scores at each
SNR. Finally, recognition scores in quiet were also obtained
to ensure that recognition scores in noise actually reflected
masking effects, rather than merely indexing how well lis-
teners can recognize the particular words used.

In summary, the hypothesis was tested that listeners (es-
pecially adults) would decrease the weight they assigned to
offset transitions and increase the weight they assigned to
vocalic duration when conditions changed from quiet to
noise. This hypothesis would be supported by steeper func-
tions that were closer together. At the same time, the hypoth-
esis was tested that adults and children might perform simi-
larly when real-world conditions were simulated. The
hypothesis was also tested that children might experience
more masking of formant transitions than adults experienced.
Nittrouer and Boothroyd (1990) found that children’s recog-
nition scores were generally poorer at every SNR than those
of adults, although the effects of linguistic context were simi-
lar, leading to the conclusion of greater masking for children.
Unfortunately, Nittrouer and Boothroyd had no way of deter-
mining which part(s) of the speech signal was particularly
masked for children. In the current experiment, the signal
properties that could be used for phonetic decisions were
restricted to formant offsets and vocalic duration. As already
proposed, there was good reason to suspect that formant off-
sets would be vulnerable to masking, but vocalic duration
would not be.

Il. METHOD
A. Listeners
Adults and children of the ages 8, 6, and 4 years partici-

pated in this experiment. To participate, listeners needed to
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be native speakers of American English. They had to pass a
hearing screening of the pure tones 0.5, 1.0, 2.0, 4.0, and
6.0 kHz presented at 25 dB HL. Children needed to be
within —1 and +5 months of their birthdays: for example, all
4-year-olds were between 3 years, 11 months and 4 years,
5 months. Children needed to score at or above the 30th
percentile on the Goldman-Fristoe 2 Test of Articulation,
Sounds-in-Words subtest (Goldman and Fristoe, 2000). Chil-
dren had to be free from significant, early histories of otitis
media with effusion, defined as six or more episodes during
the first 2 years of life. Adults needed to be between 18 and
40 years of age. Adults needed to demonstrate at least an
11th-grade reading level on the reading subtest of the Wide
Range Achievement Test-Revised. (Jastak and Wilkinson,
1984). Meeting these criteria were 22 adults (mean age
=26 years), 20 8-year-olds, 22 6-year-olds, and 24
4-year-olds. However, four of the 4-year-olds were unable to
reach the minimum criteria for participation in two of the
three tasks they were asked to do (word recognition in quiet
and noise, boot/booed labeling in quiet and noise, and cop/
cob labeling in quiet and noise), and so their data were not
included for any of the tasks.

B. Equipment and materials

Testing took place in a sound-proof booth with the com-
puter that controlled the various tasks in an adjacent control
room. The hearing screening was done with a Welch Allen
TM262 audiometer and TDH-39 earphones. All stimuli were
stored on a computer and presented through a Creative Labs
Soundblaster card, a Samson headphone amplifier, and AKG-
K141 headphones at a 22.05-kHz sampling rate. The experi-
menter recorded responses using a keyboard.

For the labeling tasks, two hand-drawn pictures (8
X 8 in) were used to represent each response label: for ex-
ample, a picture of a police officer was used for cop and a
picture of a corncob was used for cob. Game boards with ten
steps were also used with children. They moved a marker to
the next number on the board after each block of stimuli.
Cartoon pictures were used as reinforcement and were pre-
sented on a color monitor after completion of each block of
stimuli. A bell sounded while the pictures were being shown
and served as additional reinforcement.

C. Stimuli
1. General speech recognition in noise

For evaluating speech recognition at various SNRs, 20
lists were used, each with ten phonetically balanced
consonant—vowel-consonant (CVC) words. These word lists
were taken from Mackersie, Boothroyd, and Minniear
(2001), and were similar to ones used by Boothroyd and
Nittrouer (1988) and Nittrouer and Boothroyd (1990). Each
word was recorded three times by a male adult speaker, and
the token of each word with the flattest intonation but with-
out any vocal glitches was selected for use in this study.
Level was equalized for all words, and then words were
mixed with randomly generated white noise (i.e., flat spec-
trum) low-pass filtered with a cutoff frequency of 11.03 kHz
(the upper cutoff of the speech stimuli). The level of the
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noise relative to the speech stimuli varied in five equal steps
between —6 and +6 dB, a range that results of Boothroyd and
Nittrouer (1988) and Nittrouer and Boothroyd (1990) sug-
gested should provide recognition scores between 25% and
75% correct for all listeners in this experiment. Four word
lists were presented at each of the five SNRs used. Speech
stimuli were mixed with the noise for each listener separately
such that different lists were presented at each of the five
SNRs across listeners. Furthermore, order of presentation of
the lists varied across listeners so that the order of presenta-
tion of SNR was randomized. Word level was held constant
at 68 dB SPL during testing.

2. Labeling words with voiced and voiceless final
stops in noise

Stimuli used for the labeling tasks were taken from the
second experiment of Nittrouer (2004). These were natural
tokens of a male adult speaker saying cop, cob, boot, and
booed. Three tokens of each word were used so that there
was natural variation in properties such as fundamental fre-
quency and intonation. Although efforts are always made to
select tokens with similar fundamental frequencies and flat
intonation contours, some variation inevitably exists. When
listeners are hearing tokens from only two word categories,
these slight variations could influence phonetic decisions if
only one token of each word is used. Having several tokens
of each word, with all the natural variability that entails,
controls for this possible confound.

For each word, the release burst and any voicing during
closure was deleted. Vocalic length was manipulated either
by reiterating a single pitch period from the most stable re-
gion of the vocalic portion or by deleting pitch periods from
that stable region. Thus, formant offset transitions were left
intact. Care was taken to ensure that the points in the wave-
form where pitch periods were either reiterated or deleted
subsequently lined up at zero crossings to avoid any clicks in
the signal. Seven stimuli were created for each token in this
way, varying in length from the mean length of the three
tokens of the word ending in a voiceless stop to the mean
length of the three tokens ending in a voiced stop. For cop/
cob, the continua varied from 82 to 265 ms. For boot/booed,
the continua varied from 97 to 258 ms. Steps were kept as
equal in size as possible across the continua. Mean F1 fre-
quency at voicing offset was 300 Hz across the three tokens
of boot, 268 Hz across the three tokens of booed, 801 Hz
across the three tokens of cop, and 625 Hz across the three
tokens of cob. Clearly there was a greater difference in
F1-offset frequency between cop and cob than between boot
and booed. In summary, four continua were generated: one
each with boot, booed, cop, and cob formant offsets. Each
continuum had seven stimuli of different lengths, and three
tokens of each of those stimuli.

For listening conditions that required that these stimuli
be presented in noise, noise was generated in the same way
as for the speech recognition task. As with those stimuli, all
labeling stimuli were equalized in amplitude before being
combined with the noise. And again, the level of the words
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was held constant at 68 dB SPL. All listeners heard the la-
beling stimuli presented in noise at 0-dB SNR; adults also
heard the stimuli presented at —3-dB SNR.

D. Procedures

Testing took place over two test sessions on different
days at least 3 days apart, but not more than 2 weeks apart.
This separation between sessions was used to diminish the
possibility that there would be learning effects for the word
lists, which were presented at both sessions.

The screening tasks were the first things done on the first
day, followed by the 20 word lists, either in quiet or in noise.
These word lists were the first thing presented on the second
day. Half the listeners heard them in quiet on the first day
and in noise on the second day, and half heard them in the
opposite order. After hearing the 20 word lists, listeners were
presented with the labeling stimuli. Children were presented
with four sets of stimuli for labeling: cop/cob and boot/
booed, both in quiet and at 0-dB SNR. Adults were presented
with six sets of stimuli for labeling: cop/cob and boot/booed,
in quiet and at both 0- and —3-dB SNR. The order of presen-
tation of these stimulus sets was randomized across listeners,
with certain restrictions. Children had to hear one set of each
word pair (cop/cob or boot/booed) at each session, and one
of these sets had to be presented in quiet and the other at
0-dB SNR. Adults were restricted from hearing the same
word pair consecutively, and they had to hear stimuli in each
listening condition at each of the two sessions. So, for ex-
ample, at the first session an adult listener might hear cop/
cob, boot/booed, and then cop/cob again in the conditions of
0-dB SNR, quiet, and —3-dB SNR, respectively. At the next
session this listener would hear boot/booed, cop/cob, and
boot/booed, in the listening conditions of —3-dB SNR, quiet,
and 0-dB SNR, respectively.

The task when listening to the 20 word lists at varying
SNRs was to repeat the word. The experimenter recorded
onto the computer whether the response was correct or not.
The word had to be completely correct to be counted as such.
Listeners had to recognize correctly at least 180 words on the
20 word lists (90%) when presented in quiet to have their
data included in this analysis. This requirement served as a
check that all listeners could understand the words used and
perform the repetition task.

During the labeling tasks, listeners responded by saying
the label and pointing to the picture that represented their
selection. Listeners had to pass preliminary tasks with two
sets of stimuli in order to proceed to testing. First, unedited
versions of the words (i.e., with the release bursts and voic-
ing during closures intact) were presented. Each of the six
words (e.g., three tokens of boor and three tokens of booed)
was presented twice. The listener had to respond correctly to
at least 11 of the 12 (92%) without feedback to proceed to
the next preliminary task. This requirement ensured that all
listeners could perform the task and that they all recognized
the voicing distinction for word-final stops presented in
quiet. This first preliminary task was administered only prior
to the first presentation of either set of words (boot/booed or
cop/cob). The second preliminary task was administered
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prior to the presentation of each set of words, in each condi-
tion. In this task the best exemplars of the six stimuli in the
listening condition about to be tested were presented twice
each. The term “best exemplar” is used here to refer to the
stimulus in which formant transitions and vocalic duration
most clearly signaled a specific voicing decision. These
stimuli had the release bursts and any voicing during closure
removed. So, for example, the best exemplars of cop were
the three tokens taken from the speaker saying cop (so that
formant transitions were appropriate for the voiceless stop),
with the shortest vocalic portions. The listener needed to
respond correctly to at least 11 of the 12 presentations of best
exemplars (92%) to proceed to testing. This requirement en-
sured that all listeners were able to make voicing judgments
based on one or the other of the available cues, or a combi-
nation of those cues. If listeners do not base the phonetic
decision they are being asked to make on the cues available
to them, it is pointless to ask questions about the relative
weighting of those cues. This preliminary task also serves as
a general check on the quality of the stimuli created: If a
large number of listeners, particularly adults, cannot hear the
presumed best exemplars of each category with near-perfect
accuracy, it suggests that the stimuli do not validly replicate
natural tokens.

During testing, ten blocks of the 14 stimuli were pre-
sented (i.e., stimuli with formant transitions appropriate for a
voiced or voiceless final stop, at each of the seven vocalic
durations). Because there were actually three tokens with
each kind of offset transitions (voiced or voiceless), the pro-
gram was designed to select randomly one of the three to
present during the first block, and then repeat this random
selection during the next block without replacement. After
three blocks the process was repeated until ten blocks had
been presented. For children, cartoon pictures were displayed
on the monitor and a bell sounded at the end of each block.
They moved a marker to the next space on a game board
after each block as a way of keeping track of how much
more time they had left in the test. Listeners had to respond
correctly to at least 80% of the best exemplars during testing
to have their data included in the final analysis. This require-
ment is commonly viewed as providing a check that the lis-
tener paid attention to the task. The reasoning is that, if lis-
teners could respond with better than 90% accuracy to these
best exemplars during the preliminary task, then they should
be able to respond with at least 80% accuracy during testing,
if general attention is maintained during testing. It might also
be argued that a listener who labels the best exemplars of
each phonetic category with better than 90% accuracy during
the preliminary task and then fails to label accurately those
same tokens during testing was operating on the perceptual
edge, so to speak, during the preliminary task. That is, the
listener may have just barely been able to label the best ex-
emplars using the available cues during the preliminary task
when no additional demands were present. The increased
demands of having to listen to many ambiguous tokens
might be enough to disrupt his/her abilities to integrate those
cues into a phonetic percept. Regardless, however, of
whether the cause of uncertain responding to best exemplars
is a general lack of attention or disrupted perceptual process-

J. Acoust. Soc. Am., Vol. 118, No. 2, August 2005

ing, there is little to be learned from labeling functions that
hover around the 50% line for the length of the function.
That sort of responding only means that the listener could
not perform the labeling task with the available cues.

Each listener’s labeling responses were used to construct
cumulative distributions of the proportion of one response
(the voiced response in this experiment) across levels of the
acoustic property manipulated in a continuous fashion (vo-
calic duration in this experiment) for each level of the acous-
tic property manipulated in a dichotomous fashion (formant
offsets in this experiment). Best-fit lines were then obtained
using probit analysis (Finney, 1964). From these probit func-
tions slopes and distribution means (i.e., phoneme bound-
aries) were computed. Generally, phoneme boundaries are
given in physical units for the property manipulated in a
continuous fashion, such as Hz or ms. However, in this ex-
periment step size differed slightly for the two sets of
stimuli. Consequently, phoneme boundaries are given using
steps as the units of description. Similarly, slope is generally
given as the change in probit units per unit change on the
physical continuum. In this experiment, slope is given as
change in probit units per step. Probit analysis can extrapo-
late so that phoneme boundaries outside of the range tested
can be obtained. For this work, the values that extrapolated
phoneme boundaries could take were limited to 3.5 steps
beyond the lowest and highest values tested.” Mean slope of
the function is taken as an indication of the weight assigned
to the continuously varied property: the steeper the function,
the more weight that was assigned to that property. The sepa-
ration between functions at the phoneme boundaries (for
each level of the dichotomously set property) is taken as an
indication of the weight assigned to that dichotomously set
property, as long as settings of the property clearly signal
each phonetic category involved: the greater the separation,
the greater the weight that was assigned. Because these
stimuli were created from natural tokens, offset transitions
clearly signaled either voiced or voiceless final stops.

Some investigators (e.g., Turner ef al., 1998) have com-
puted partial correlation coefficients between each acoustic
property and the proportion of one response as a way to
describe the weighting of acoustic properties. Nittrouer
(2004) compared results for partial correlation coefficients
and slopes/phoneme boundaries and found that conclusions
reached by the two kinds of metrics were largely the same.
However, slopes and separations in phoneme boundaries
were found to provide slightly more sensitive estimates of
weighting strategies. Furthermore, slopes and separations in
phoneme boundaries correspond more directly to visual im-
pressions gleaned from graphed labeling functions. For both
these reasons the decision was made to analyze slopes and
phoneme boundaries in this study.

lll. RESULTS
A. SNR

One 6-year-old and one 4-year-old failed to meet the
requirement that they recognize correctly 90% of the words
presented in quiet, and so their data were not included. Fig-
ure 2 shows mean percent-correct recognition scores for each
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FIG. 2. Percent-correct word recognition for CVC words heard at five
SNRs.

age group at each SNR. Recognition scores are similar across
age groups at all SNRs, with the minor exception that
8-year-olds’ scores are roughly 5 percentage points better
than the other groups at all SNRs. Across SNRs, mean rec-
ognition scores (and standard deviations) were: 43.7 (1.7) for
adults; 48.6 (1.9) for 8-year-olds; 43.6 (1.9) for 6-year-olds;
and 40.6 (1.8) for 4-year-olds. A two-way analysis of vari-
ance (ANOVA) was performed on these recognition scores,
with age as the between-subjects factor and SNR as the
within-subjects factor. The main effect of age was signifi-
cant, F(3,78)=10.80, p<<0.001, as was the main effect of
SNR, F(4,312)=498.64, p<0.001.4 Most likely, the signifi-
cant age effect was largely due to the better recognition
scores exhibited by 8-year-olds, rather than to a linear devel-
opmental trend. The age X SNR interaction was not signifi-
cant.

Although not the focus of this study, it is interesting to
compare these results for speech recognition in flat-spectrum
noise with those from Nittrouer and Boothroyd (1990) for
speech recognition in speech-shaped noise. Figure 3 shows
results for adults and 4-year-olds from the current study, and
for adults and 4-year-olds from Nittrouer and Boothroyd.
Results from Nittrouer and Boothroyd are shown for only 0-
and 3-dB SNR because these are the only SNRs that study
used. Four-year-olds from the two studies performed identi-
cally, but adults from Nittrouer and Boothroyd showed
roughly a 20% advantage over adults from this study. It
seems that adults benefit from the high-frequency signal por-
tions that are readily available when speech is embedded in
speech-shaped noise (as in Nittrouer and Boothroyd) rather
than in flat-spectrum noise (as in this experiment). Children,
on the other hand, apparently do not achieve this benefit.

B. Labeling results for all age groups, quiet
and 0-dB SNR

1. Boot/booed

One 6-year-old and one 4-year-old failed to meet the
requirement that they recognize correctly 80% of the best
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FIG. 3. Percent-correct word recognition for CVC words for adults and
4-year-olds from this experiment (now) and from Nittrouer and Boothroyd
(1990) (N&B).

exemplars during testing, and so their data were not in-
cluded. These were different children from those who failed
to meet the criterion for participation with the word lists
presented in varying SNRs.

a. Adults versus children. Figure 4 shows labeling func-
tions for all age groups for boot and booed presented in quiet
and at 0-dB SNR. This figure indicates that functions were
similarly placed for children and adults when stimuli were
heard in quiet, particularly for stimuli with boot offset tran-
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FIG. 4. Labeling functions for boot/booed stimuli presented in quiet and at
0-dB SNR, plotted with all age groups together. Filled symbols indicate
responses to stimuli with booed formant offsets; open symbols indicate re-
sponses to stimuli with boot formant offsets.

Susan Nittrouer: Perception of word-final stop voicing



sitions. Children’s labeling functions for stimuli with booed
offset transitions are slightly more to the right (i.e., towards
longer vocalic durations) than those of adults, indicating that
children did not weight these offset transitions quite as
strongly as adults did. When these stimuli were heard in
noise, children’s labeling functions for stimuli with booed
and boot offset transitions show less separation than those of
adults. Graphically, children’s functions are closer to the cen-
ter of the plot than are those of adults. That is, functions for
stimuli with booed offset transitions are more to the right
(towards longer vocalic durations) and stimuli with boot off-
set transitions are more to the left (towards shorter vocalic
durations). This pattern indicates that children did not weight
offset transitions as strongly as adults. It is difficult to tell
how slopes of the functions may have changed, if at all,
across noise conditions, but it does appear as if adults’ func-
tion for the originally voiced stimuli might be steeper than
those of children in the noise condition.

To investigate the apparent age-related effects observed
in Fig. 4, simple effects analyses were done on phoneme
boundaries for each listening condition separately, with age
as a between-subjects’ factor and formant offsets as a within-
subjects’ factor. Simple effects analysis is often a reasonable
selection of statistical test for experiments with several inde-
pendent factors because it permits the examination of effects
for one or more of those factors at each level of another
factor, while using the overall estimate of error variance.

For stimuli presented in quiet, only the main effect of
formant offsets was significant for phoneme boundaries,
F(1,78)=808.30, p<0.001. The age X formant offsets inter-
action was close to significant, F(3,78)=2.47, p=0.068,
probably reflecting the slight difference in placement of
adults’ and children’s functions for stimuli with booed offset
transitions. For stimuli presented in noise, the main effect of
formant offsets was again significant, F(1,78)=731.70, p
<0.001, and this time the age X formant offsets interaction
was significant, F(3,78)=12.40, p<0.001. Therefore, it
seems fair to conclude that listeners of all ages placed label-
ing functions in roughly the same locations when stimuli
were heard in quiet, indicating that formant offset transitions
were weighted similarly. However, when stimuli were heard
in noise, children’s labeling functions were actually less
separated, indicating that they decreased the weight they as-
signed to those formant offset transitions from the quiet con-
dition.

Simple effects analysis was done on slopes for each of
the four functions separately with age as the between-
subjects factor. Only the function for stimuli with booed off-
sets presented in noise showed a significant age effect,
F(3,78)=10.35, p<0.001, although it was close to signifi-
cant for stimuli with booed offsets presented in quiet,
F(3,78)=2.37, p=0.077. Clearly adults weighted vocalic du-
ration more than children for stimuli presented in noise (at
least for those stimuli with booed offsets): Mean slopes for
stimuli with booed offsets presented in noise for individual
age groups were 0.79 (0.39) for adults; 0.46 (0.21) for
8-year-olds; 0.40 (0.11) for 6-year-olds; and 0.43 (0.25) for
4-year-olds. For stimuli presented in quiet, mean slopes for
stimuli with booed offsets presented in quiet were 0.74
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(0.36) for adults; 0.70 (0.31) for 8-year-olds; 0.55 (0.31) for
6-year-olds; and 0.52 (0.32) for 4-year-olds. Thus, it appears
that children actually assigned slightly more weight to vo-
calic duration for stimuli presented in quiet than they did for
stimuli presented in noise.

b. Effects for each age group. The information above
compared results for children and adults, which was neces-
sary to do in order to address two of the three hypotheses
posed. However, the third hypothesis to be tested, that adults
(and perhaps older children) would weight vocalic duration
more in noise than in quiet, could only be addressed by com-
paring results in quiet and noise for each age group sepa-
rately.

Figure 5 shows labeling functions for each age group
separately for boot/booed when stimuli were presented in
quiet and at 0-dB SNR. Regarding the weight assigned to
offset transitions, evidence can be gathered from the separa-
tion between labeling functions. Adults’ labeling functions
appear similar for stimuli presented in quiet and at 0-dB
SNR, but children’s labeling functions appear less separated
for stimuli presented in noise, rather than in quiet. To see
whether these noise-related changes were significant, simple
effects analyses were performed on phoneme boundaries for
each age group separately. The term of most interest was the
noise X formant offset interaction because a significant inter-
action would indicate that indeed the direction of change in
phoneme boundaries across listening conditions was differ-
ent for stimuli with boot and booed offset transitions (i.e.,
functions were “moving towards the center”). Results are
shown in Table I and show that all three children’s groups
had significant noise X formant offset interactions. This pat-
tern of the functions moving closer to one another when the
stimuli were presented in noise, rather than in quiet, indicates
that children weighted those offset transitions less when
stimuli were heard in noise than when they were heard in
quiet. Because adults’ labeling functions did not differ in
location for stimuli heard in noise and in quiet, it can be
concluded that they weighted offset transitions equally in
both conditions.

Of course, the focus of this particular experiment was on
the possibility that listeners (in particular, adults) might in-
crease the weight assigned to vocalic duration in decisions of
word-final voicing when speech is heard in noisy back-
grounds. If the perceptual weight for vocalic duration in-
creased when listening in noise, then the slopes of labeling
functions for stimuli heard in noise would be steeper than
those of stimuli heard in quiet. To evaluate this possibility, a
simple effects analysis was performed on slopes for each age
group separately. The effect of noise was examined sepa-
rately for the booed and boot functions. Only results from
8-year-olds showed a significant noise effect, and only for
stimuli with booed offset transitions, F(1,78)=8.48, p
=0.004, although 6-year-olds’ results for stimuli with booed
offset transitions were close to significant, F(1,78)=3.42, p
=0.068. However, instead of functions being steeper when
stimuli were heard in noise, rather than in quiet, they were
shallower: for 8-year-olds, mean slope=0.46 probit units in
noise versus 0.70 in quiet; for 6-year-olds, mean slope
=0.40 probit units in noise versus 0.55 in quiet. These results
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FIG. 5. Labeling functions for boot/booed stimuli presented in quiet and at 0-dB SNR, plotted with each age group separately.

indicate that 8-year-olds (and probably 6-year-olds)
weighted vocalic duration less when stimuli were in noise,
rather than in quiet. These changes are opposite to predic-
tions.

2. Cop/cob

All listeners were able to complete this task.

a. Adults versus children. Figure 6 shows labeling func-
tions for all age groups for cop and cob presented in quiet
and at 0-dB SNR. As with boot/booed stimuli presented in
quiet, it appears that listeners of all ages had similarly placed
labeling functions for these cop/cob stimuli when they were
presented in quiet. The results of the simple effects analysis
done on phoneme boundaries for each listening condition

separately confirmed this impression: for the quiet condition,
only the main effect of formant offsets was significant,
F(1,80)=680.22, p<<0.001. In particular, the age X formant
offsets interaction was not significant, nor close to signifi-
cant. Although it appears from the lower half of Fig. 6 that
children’s labeling functions for cop/cob stimuli presented in
noise may be less separated than those of adults, the simple
effects analysis done on phoneme boundaries does not con-
firm this impression: As with stimuli presented in quiet, only
the main effect of formant offsets was significant, F(1,80)
=092.13, p<<0.001. Consequently, the conclusion may be
drawn that adults and children weighted formant offsets
similarly for these stimuli, in both noise and quiet.

As with results for boot/booed stimuli, simple effects

TABLE 1. Results of simple effects analysis (for each age group separately) for phoneme boundaries, boot/
booed stimuli presented in quiet and in noise at 0-dB SNR. The main effect of noise refers to whether stimuli
were heard in quiet or in noise. The main effect of formant offsets refers to whether formant offset transitions
were consistent with a final voiced or voiceless stop. Degrees of freedom were 1, 78 for all effects.

Noise X formant

Noise Formant offsets offsets
F )4 F )4 F p
Adults 0.12 NS 437.35 <0.001 1.03 NS
8-year-olds 0.46 NS 190.34 <0.001 11.26 =0.001
6-year-olds 0.04 NS 226.86 <0.001 26.29 <0.001
4-year-olds 2.24 NS 237.36 <0.001 6.86 =0.011
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FIG. 6. Labeling functions for cop/cob stimuli presented in quiet and at
0-dB SNR, plotted with all age groups together. Filled symbols indicate
responses to stimuli with cob formant offsets; open symbols indicate re-
sponses to stimuli with cop formant offsets.

analyses were conducted on slopes for each function sepa-
rately, with age as the between-subjects factor. The main
effect of age was significant for both functions from stimuli
presented in noise: for stimuli with cop offsets, F(3,30)
=5.00, p=0.003; for stimuli with cob offsets, F(3,80)=7.02,
p<0.001. For stimuli with cop offsets presented in noise,
mean slopes were 0.34 (0.22) for adults; 0.31 (0.22) for
8-year-olds; 0.19 (0.11) for 6-year-olds; and 0.17 (0.11) for
4-year-olds. For stimuli with cob offsets presented in noise,
mean slopes were 0.66 (0.34) for adults; 0.50 (0.24) for
8-year-olds; 0.33 (0.14) for 6-year-olds; and 0.41 (0.23) for
4-year-olds. Looking at stimuli presented in quiet, the main
effect of age was close to significant for stimuli with cob
offsets only, F(3,80)=2.30, p=0.084. For these stimuli,
mean slopes were 0.74 (0.37) for adults; 0.61 (0.28) for
8-year-olds; 0.46 (0.35) for 6-year-olds; and 0.56 (0.41) for
4-year-olds. Consequently, the conclusion may be drawn that
adults weighted vocalic duration more than children for
stimuli presented in noise, and possibly for stimuli presented
in quiet when formant offsets were appropriate for a voiced
final stop.

b. Effects for each age group. Figure 7 shows labeling
functions for cop/cob for each age group separately. Unlike
Fig. 5 showing functions for boot/booed, it appears that lis-
teners in all groups performed similarly for stimuli presented
in quiet and noise. Statistical analyses support that conclu-
sion. Table II shows results of the simple effects analysis
done on phoneme boundaries for cop/cob. No age group
showed a significant noise X formant offsets interaction. As
with results for boot/booed, simple effects analyses were
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FIG. 7. Labeling functions for cop/cob stimuli presented in quiet and at 0-dB signal-to-noise ratio, plotted with each age group separately.
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TABLE II. Results of simple effects analysis (for each age group separately) for phoneme boundaries, cop/cob
stimuli presented in quiet and in noise at 0-dB SNR. Degrees of freedom were 1,80 for all effects.

Noise X formant

Noise Formant offsets offsets
F P P F P
Adults 241 NS 252.03 <0.001 0.06 NS
8-year-olds 3.27 =0.074 169.81 <0.001 0.76 NS
6-year-olds 1.80 NS 245.16 <0.001 0.31 NS
4-year-olds 1.88 NS 212.30 <0.001 0.04 NS

conducted on slopes for cop and cob functions separately, for
each age group. No significant or marginally significant
noise effects were found. Thus, listeners of all ages weighted
vocalic duration similarly in noise and quiet.

The finding of significant age effects for slopes when
stimuli were presented in noise, but not in quiet (other than
the marginally significant age effect for stimuli with cob off-
sets presented in quiet) suggests that listeners modified their
weighting of vocalic duration based on whether stimuli were
presented in noise or in quiet, and children showed greater
shifts than adults. These shifts were enough to create signifi-
cant age effects for stimuli presented in noise that were not
seen for stimuli presented in quiet, but not enough for any
one listener group to show a significant noise effect. Of im-
portance to the current study, the slight, nonsignificant shifts
in weighting of vocalic duration from the quiet to the noise
condition were in the direction of less weight being assigned
to vocalic duration in noise than in quiet for all groups. This
shift is opposite to the prediction.

C. Labeling results for adults, quiet, 0-dB SNR, and
-3-dB SNR

Results of the analyses done on labeling functions for
stimuli presented in quiet and at a 0-dB SNR (described
above) revealed no significant differences for adults in place-
ment or steepness of functions for boot/booed or cop/cob
presented in these two conditions. However, adults also
heard stimuli at an even poorer SNR (-3 dB) to see if this
decrement in SNR would affect their performance.

Figure 8 shows labeling functions for adults for stimuli
presented in the three listening conditions (quiet, 0-dB SNR,
and -3-dB SNR), for boot/booed and cop/cob. From this
figure it appears that functions are similar across listening
conditions for the cop/cob stimuli. For the boot/booed
stimuli, functions for the quiet and 0-dB SNR conditions are
similar, as demonstrated by the simple effects analysis for
adults described in the previous section, but functions for the
—3-dB SNR condition appear to be closer to the middle of
the figure. This trend is similar to that observed for children
at the 0-dB SNR. To evaluate these impressions, two-way
ANOVAs were performed on phoneme boundaries for the
boot/booed and cop/cob stimuli separately, with noise and
formant offsets as within-subjects’ factors. Results of these
analyses are shown in Table III. Of particular importance, the
noise X formant offsets interaction was significant for boot/
booed phoneme boundaries, as it had been for children for
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stimuli presented in quiet and at 0-dB SNR. This result sup-
ports the observation that functions were less separated (i.e.,
closer to the middle of the plot) when stimuli were presented
at —3-dB SNR. This trend was not found for phoneme
boundaries for cop/cob stimuli.

Simple effects analyses were done on slopes for each
function separately. Only the booed slopes showed a signifi-
cant effect of noise, F(2,42)=6.24, p=0.004. Slopes for the
booed functions were 0.74 (0.36), 0.79 (0.39), and 0.50
(0.28) for the quiet, 0-dB, and —3-dB conditions, respec-
tively. The noise effect was close to significant for cob
slopes, F(2,42)=3.08, p=0.057. Slopes for the cob functions
were 0.74 (0.37), 0.66 (0.34), and 0.50 (0.20) for the quiet,
0-dB, and —3-dB conditions, respectively. Clearly there is
evidence that adults decreased the weight assigned to vocalic
duration at the poorest SNR. As with the shift in weighting
for vocalic duration observed for children at the 0-dB SNR,
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FIG. 8. Labeling functions for boot/booed and cop/cob stimuli presented in
quiet and in noise at 0-dB and —3-dB SNR, adults only. Filled symbols
indicate responses to stimuli with voiced formant offsets; open symbols
indicate responses to stimuli with voiceless formant offsets.
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TABLE III. Results of ANOVAS for phoneme boundaries for boot/booed and cop/cob stimuli heard in quiet and
at 0-dB and —3-dB SNR, adult listeners only. Degrees of freedom were 2, 42 for the main effect of noise, and
the noise X formant offsets interaction, and 1,21 for the main effect of formant offsets.

Noise X formant

Noise Formant offsets offsets
F p p F p
Boot/booed 2.11 NS 268.20 <0.001 6.36 =0.004
Cop/cob 1.41 NS 363.19 <0.001 0.61 NS

this shift for adults is in the opposite direction to the predic-
tion.

IV. DISCUSSION

The purpose of this experiment was to test the hypoth-
esis that developmental changes in perceptual strategies for
speech occur because some acoustic properties in the speech
signal are more resistant to noise than others, and mature
speech perception takes advantage of this signal redundancy
by shifting weight away from the more vulnerable properties
and towards the more resistant properties as listening condi-
tions dictate. According to this account, the ability to adjust
perceptual weighting strategies depending on listening con-
ditions would be a skill that children would need to develop.
However, no evidence was found to support the suggestion
that adults make use of redundant cues in this way, at least
not for voicing decisions of word-final stops. It does appear,
however, that noise masked the signal property weighted
most heavily by all listeners in decisions of syllable-final
stop voicing: formant offset transitions. That is, the weight
assigned to this acoustic property decreased when stimuli
were heard in noise, and presumably this decrease was due to
those transitions being less available perceptually (i.e., they
were masked). This masking could degrade speech recogni-
tion in naturally noisy settings. But, even when faced with
this degradation, listeners did not shift the focus of their
perceptual attention to vocalic duration.

Differences were observed between the two sets of
stimuli in how resistant offset transitions were to masking by
the noise. Cop/cob stimuli had high F1 frequencies at syl-
lable center, and so F'1 fell substantially for cob. As a result,
the difference in the frequency of F1 at voicing offset be-
tween cop and cob was considerable (176 Hz). Boot/booed
stimuli, on the other hand, had low F1 frequencies at syllable
center, and so F1 did not fall very much going into closure
for the voiced cognate. As a result, there was little difference
in the frequency of F1 at voicing offset between boot and
booed (32 Hz). These latter stimuli showed greater masking
effects for formant offset transitions than did the former
stimuli. Whether this is because the offset transitions did not
distinguish as strongly between the voiced and voiceless
cognates for boot/booed as for cop/cob or because F'1 offset
transitions are not as extensive for boot/booed as for cop/cob
cannot be determined by this study because the two factors
covaried.

Eight-year-olds demonstrated two results that seemed to
run counter to developmental trends. First, their recognition
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scores for words presented in noise were 5 percentage points
better than those of adults, at every SNR. No obvious expla-
nation for this result can be offered, but it is probably not
important. In spite of having better overall recognition scores
than adults, 8-year-olds performed similarly to younger chil-
dren on the labeling task in noise. Second, 8-year-olds were
the only group to show a significant effect of noise on the
slope of labeling functions (although the effect was margin-
ally significant for 6-year-olds), and this effect was restricted
to stimuli with booed offset transitions. For these stimuli,
mean slopes in quiet and noise, respectively, were 0.74 vs
0.79 for adults, 0.70 vs 0.46 for 8-year-olds, 0.55 vs 0.40 for
6-year-olds, and 0.52 vs 0.43 for 4-year-olds. Thus,
8-year-olds were able to attend to vocalic duration when
stimuli were presented in quiet, but this attention was dis-
rupted when stimuli were presented in noise. A similar trend
is observed for 6-year-olds, and to even a lesser extent for
4-year-olds, although effects for these listeners did not reach
statistical significance.

A secondary question addressed by this work was
whether age-related differences in perceptual weighting strat-
egies would be found when stimuli were presented in more
naturalistic conditions than most laboratory studies offer. The
most revealing finding in these data is that adults had steeper
labeling functions than children (with p values for age effects
of <0.10) for five of the eight functions obtained. Three of
these functions were obtained in the noise condition. In fact,
only one labeling function obtained in noise failed to show
an age effect on slope, supporting the proposal that there is a
genuine age-related difference in the weighting of vocalic
duration, even in real-world conditions. This finding fits with
the more general notion that children initially attend prima-
rily to the slowly changing, global resonances of the vocal
tract, and gradually incorporate information from other
sources (such as vocalic duration) as they acquire experience
with their native language.

There was also an age-related difference in the amount
of masking produced by noise, particularly for boot/booed
stimuli. This result matches findings of Nittrouer and Boo-
throyd (1990), who concluded that peripheral masking likely
accounts for this difference in masking effect between chil-
dren and adults. But, greater central masking for children
could also explain this difference. Since Nittrouer and Boo-
throyd was published, two studies have shown that children
experience greater masking effects than adults for multitonal
maskers (Oh, Wightman, and Lutfi, 2001; Wightman et al.,
2003). This sort of masking is thought to be central in nature.
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However, these experiments with multitonal maskers used
nonspeech stimuli presented simultaneously with the
maskers, and so the implications for speech stimuli are not
clear. In addition, Wright et al. (1997) showed that children
with specific language deficits experienced greater backward
masking than children developing language normally. Back-
wards masking is also considered a central effect (Plack,
Carlyon, and Viemeister, 1995). Perhaps the difference re-
ported by Wright et al. between two groups of children based
on the presence or absence of a disorder could reflect a more
general, developmental trend. Perhaps children experience
more central masking than adults, accounting for the greater
reduction in weighting of offset transitions when stimuli are
presented in noise. However, Wright et al.’s finding was also
obtained with nonspeech stimuli, possibly limiting its rel-
evance to speech.

Still one other possible explanation should be considered
for the apparent age-related difference in noise masking.
Brady, Shankweiler, and Mann (1983) examined recognition
in noise of words and environmental sounds by 8-year-olds
with reading disorders, and by 8-year-olds learning to read
normally. Both groups of listeners were able to recognize
words and environmental sounds in quiet with near-perfect
accuracy. When the environmental sounds were presented in
flat-spectrum noise at a 0-dB SNR, both groups showed
similar masking effects. When the words were presented in
noise, again at 0-dB SNR, the children who were learning to
read normally showed better recognition, compared to their
results for environmental sounds. The children with reading
disorders showed no improvement in recognition for words
in noise over environmental sounds in noise. Brady et al.’s
conclusion was that the ability to recognize phonetic struc-
ture in the acoustic speech signal actually provides some
“release from masking,” so to speak, for skilled listeners.
According to this explanation, the increased masking for
speech signals experienced by younger listeners is a conse-
quence of poorer (less-mature) language abilities, rather than
a source of those poorer abilities. Unfortunately, this study
can shed no light on whether the age-related differences
found in the reduction of weighting of formant offset transi-
tions when stimuli were presented in noise can best be ex-
plained by central masking effects or by differences in lin-
guistic processing (specifically, in abilities to recover
phonetic structure).

In the end, this study leaves open the question of why
children gradually modify their perceptual weighting strate-
gies for speech. The reason that has been suggested previ-
ously arises from evidence indicating that developmental
changes in speech perception strategies and in the abilities to
recover and use phonetic structure co-occur. Evidence from
different investigators shows that children gradually modify
their perceptual weighting strategies for speech (e.g., Green-
lee, 1980; Krause, 1982; Nittrouer, 1992; Parnell and Amer-
man, 1978; Siren and Wilcox, 1995; Wardrip-Fruin and
Peach, 1984) and that they gradually acquire skills such as
counting word-internal phonetic units (Liberman er al.
1974), judging similarity of phonetic structure between dif-
ferent words (Walley, Smith, and Juszcyk, 1986), and using
phonetic structure for storing words in working memory
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(Nittrouer and Miller, 1999). One study showed that these
developmental changes in speech perception and abilities to
access and use phonetic structure co-occur in the same group
of children (Mayo et al., 2003). Finally, several studies have
found that when one developmental change is delayed, the
other is as well (Nittrouer, 1999; Nittrouer and Burton, 2001;
2005). In light of such evidence, the suggestion has been
made that the acoustic properties that gradually, through
childhood, come to be weighted more are ones that facilitate
the recovering of phonetic structure in the child’s native lan-
guage. Certainly none of the data reported here contradict
that suggestion.

In conclusion, this experiment was designed largely to
test the hypothesis that children’s perceptual weighting strat-
egies for speech change through childhood to allow them to
take advantage of signal redundancy in natural listening en-
vironments where some acoustic properties may be masked.
This hypothesis would have been supported if adults (and
perhaps older children, as well) shifted perceptual attention
away from formant offset transitions and toward vocalic du-
ration when listening to signals in noise. However, this result
was not observed, and so the suggestion that the need to take
advantage of redundancy in speech signals motivates devel-
opmental shifts in perceptual weighting strategies for speech
is not supported. In fact, no evidence was found to support
the generally held perspective that skilled perceivers of
speech shift the focus of their attention from one acoustic cue
to another as listening conditions dictate. The data reported
here were consistent, however, with the notion that there is a
developmental shift in perceptual weighting strategies for
speech in which phonetically relevant signal properties, other
than global resonance patterns, come to be weighted more
strongly. Finally, a developmental decrease in the masking
effects of environmental noise was observed.
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'In keeping with investigators such as Kewley-Port, Pisoni, and Studdert-
Kennedy (1983), the term “dynamic” is used here to refer to signal prop-
erties involving formant movement. These authors took this term directly
from distinctive feature theory. According to this theory, “static” properties
contrast with dynamic properties, and refer to broadband spectral patterns
that remain stable over at least a few milliseconds, such as steady-state
vowel formants, fricative noises, and release bursts. In this work, a tempo-
ral property (vocalic length) is considered, and along with static properties
is subsumed under the general term of “nondynamic.”

’In order for the separation between labeling functions to be a valid indica-
tor of the weight assigned to the dichotomously set property (i.e., the prop-
erty that defines each continuum), the two settings of that property must
unambiguously signal each of the two phonetic labels that listeners are
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being asked to use. The dichotomously set property in Nittrouer (2004) was
formant offsets. Because the stimuli were constructed from natural stimuli,
this property clearly signaled voiced and voiceless final stops unambigu-
ously.

3Although the value of these limits is somewhat arbitrary, they essentially
establish numerical markers for functions that never cross the 50% line.
Importantly, the use of these markers only serves to constrain the probabil-
ity of obtaining statistically significant results, and so cannot bias proce-
dures to show effects where there are none.

*F and p values are reported for any results with p<0.10. Results with p
>0.10 are described as “not significant” (NS).
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