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For stimuli modeling stop consonants varying in the acoustic correlates of voice ons¢Vaing

human listeners are more likely to perceive stimuli with loi@is as voiced consonants—a pattern

of perception that follows regularities in English speech production. The present study examines the
basis of this observation. One hypothesis is that loffies enhance perception of voiced stops by
virtue of perceptual interactions that arise from the operating characteristics of the auditory system.
A second hypothesis is that this perceptual pattern develops as a result of experience with
f0-voicing covariation. In a test of these hypotheses, Japanese quail learned to respond to stimuli
drawn from a series varying in VOT through training with one of three patternf0efoicing
covariation. Voicing and0 varied in the natural pattergshorter VOT, lowerf0), in an inverse
pattern(shorter VOT, highef0), or in a random patter(no f0-voicing covariation Birds trained

with stimuli that had nof 0-voicing covariation exhibited no effect 6D on response to novel
stimuli varying in VOT. For the other groups, birds’ responses followed the experienced pattern of
covariation. These results suggéét does not exert an obligatory influence on categorization of
consonants gs/0ICE] and emphasize the learnability of covariation among acoustic characteristics
of speech. ©2001 Acoustical Society of AmericdDOI: 10.1121/1.1339825

PACS numbers: 43.71.An, 43.71.Es, 43.71.8WT]

I. INTRODUCTION tion. When listeners categorize synthetic or digitally manipu-
lated natural speech tokens of a phonetic series varying per-

Among the world’s languages, fundamental frequencyceptually from voiced to voiceles®.qg., from[ba] to [pa])

(f0) and voicing tend to covary. Cross-linguistically, this |isteners more often identify tokens as voicge., as[bal)
observation is extremely reliable; so reliable, in fact, that thisyhen f0 is low. For higherf0’s, listeners more often report
relationship has been said to arise as a result of physiologicalearing voiceless consonarite., [pa)). This finding is ex-
constraints on speech production. However, cross-linguistigeemely robust, and has been reported across multiple pho-
analysis demonstrates the@ and the acoustic correlates of netic contexts, using a variety of measufesy., Chistovich,
voice onset timgVOT) covary only among consonants that 1969; Haggardet al, 1970; Fujimura, 1971; Massaro and
are used distinctively by languagéKohler, 1982, 1984, Cohen, 1976, 1977; Derr and Massaro, 1980; Gruenenfelder
1985; Kingston, 1986; Kingston and Diehl, 199thus sug-  and Pisoni, 1980; Haggaet al, 1981; Kohler, 1985; Kohler
gesting that the influence is not a mandatory consequence ghd van Dommelen, 1986: Whalet al, 1993; Castleman

the speech-production system. Vowels immediately follow-zng Diehl, 1996

ing voiced consonante.g.,[b], [d], [g]) tend to have lower Perception of voiced versus voiceless consonants thus
f0’s than those following voiceless consonafesy.,[pl. [t],  follows the regularities of speech production. Much has been
[k]; House and Fairbanks, 1953; Lehiste and Peterson, 196%5de of this correspondence and a good deal of speculation
Mohr, 1971; Hombert, 1978; Caisse, 1982; Peterson, 198355 surrounded the question of wh§ and VOT covary in
Ohde, 1984! For. example, the fundamen.tal frequency Ofspeech productiorfe.g., Kingston and Diehl, 1994How-

the vowel[A] (as inbud tends to be lower in the utterance gyer, the mechanisms that govern the perceptual side of this
[da] than in thg ;yllable{tA] (Kingston ar.1d. D|gh|, 1994 correspondence remain largely unknown.

The covariation betweefi0 and voicing in language Diehl and Kluende(1989 offer an hypothesis that ac-
production has a corresponding regularity in speech percepsonts for the regularities in speech perception and produc-
tion. By their auditory enhancemerdccount, constellations
¥Electronic mail: lholt@andrew.cmu.edu of articulations(such as those that lead to Io@ and other
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characteristics of +voice] consonanistend to covary be- might arise from learning. Recent results have demonstrated
cause these combinations confer a perceptual advantage ttee considerable influence covariation within the language
the listener. The covariance ¢ and voicing in speech environment has upon speech perception. For example, Pitt
production, they argue, is a result of language communitiesand McQueer{1998 have shown that listeners are sensitive
tendency to coordinate components of speech that have mip the natural covariation of phonetic segments by demon-
tually enhancing auditory effects. Thus, the perceptual interstrating that experimental manipulation of transitional prob-
action of fO and VOT evident in listening studies is due to abilities between speech sounds can elicit predictable context
the stable operating characteristics of the auditory systeneffects. Saffraret al. (1996 likewise have argued that adult
For this account to provide an explanation for the perceptuahs well as infant listeners use natural covariation among syl-
influence off0 on voicing categorization, it must offer the lables in word segmentation.
additional hypothesis that the coupling of Id@’s with the It is possible that listeners’ experience with the natural
acoustic characteristics of voiced consonants interacts, inovariation betweeriO and voicing shapes speech percep-
some manner, to create an acoustic signal that is more robutsbn. By this proposalf 0-voicing covariation in speegbro-
than alternative combinations. In a proposal that builds upowmluction arises from speakers’ tendency to produce voiced
the earlier work of Stevens and Blumsteibh981), Diehl  consonants with lowefQ’s than their voiceless counterparts.
et al. (1995 have argued that loWfO contributes to the pres- Listeners may learn and use this covariation suchftband
ence of low-frequency energy during and near the consonanipicing interact in speecherception This learning account
thus enhancing the perception of voicing. This auditory enimakes fewer predictions than the auditory enhancement ac-
hancement account therefore implies that the natural covariazount about why speech production should be so patterned.
tion of fO and voicing observed across languages confers a@ne possibility is that articulations d0 and VOT are not
advantage in auditory processing by virtue of making low-fully independent. However, as Kingston and Di€h994)
frequency energy more salient fpvoice] consonants. have argued, no one has yet explained how the articulations
In a similar vein, Kingston and Diehl1994 have ar- of fO and VOT depend on one another. Whatever the nature
gued that mutually enhancing characteristics of speech praf the linguistic habits of speakers that promd@VOT co-
duction are explicitly represented by a level of representatiowariation, they remain to be fully uncovered.
intermediate individual acoustic/phonetic correlates of voic-  The following experiment was designed to tease apart
ing, like a low f0, and higher-level representations of dis- the relative roles that stable preexisting auditory characteris-
tinctive featuregsuch aqg +voice]). The advantage of these tics and effects of experience wittD-voicing covariation
integrated perceptual propertig$PP9 is in limiting energy  have in explaining the influence ¢ on categorization of
expenditure in speech production and producing mutuallconsonants as voiced or voiceless. Among human listeners,
enhancing acoustic effects, thus aiding communication foespecially native English speakers who have had extensive
both the speaker and the listener. Kingston and Diehl proexperience withf 0-voicing covariation, this is an extraordi-
pose that the auditory system literally treats a 16& at  narily difficult task. It would be most desirable to have a
vowel onset and a short VOT as perceptually equivalent bepopulation of listeners who are inexperienced with covaria-
cause both act to increase the percept of low-frequency ertion betweenfO and voicing. Among these individuals, it
ergy near the stop consonant. Like earlier auditory enhancevould be possible to exercise complete experimental control
ment accounts, this hypothesis implies that the influence obver experience and thus assess relative contributions of au-
fO on categorization of consonants as voiced or voiceless idition versus learning.
a result of demands upon language to provide a robust, Nonhuman animals are just such a population. An ex-
readily intelligible, speech signal. The distinction of this ac-tensive literature now exists to demonstrate the feasibility of
count from earlier treatments of auditory enhancement is thaising nonhuman animals in experiments aimed at under-
it posits an additional level of representatidbiehl et al,  standing human speech perception. For the most part, non-
1995. human animals have provided two distinct services in devel-
These auditory enhancement accounts are in agreemeoping our knowledge of speech perception. In one way, they
that the reasofi0 acts to shift listeners’ perception of voic- have served as “pristine” auditory systems, unblemished by
ing is that the acoustic cues provided b9 and voicing the experience with speech that human listeners bring to the
interact to enhance some perceptual propésty., the per- laboratory. In experiments designed to exploit this character-
ceived presence of low-frequency energBy these ac- istic, it is possible to examine the contributions of audition to
counts, stable characteristics of the auditory system are respeech perception while factoring out potential effects of ex-
sponsible for producing perceptual interactions among th@erience. From these experiments, we have learned that non-
acoustic characteristics df0 and voicing. However, pre- human animals respond to speech categorigdllgrse and
existing auditory characteristics may not be the only feasibl&Snowdon, 1975; Kuhl and Miller, 1975, 1978; Waters and
explanation for the interaction df0 and voicing in speech Wilson, 1976, exhibit phonetic context effeci®entet al,
perception. After all,fO and voicing covary in speech pro- 1997; Lottoet al,, 1997, and are sensitive to acoustic trad-
duction and, as a result, the language environment is ricng relations(Kluender, 1991; Kluender and Lotto, 1994
with structured covariance. Should listeners be sensitive tdlonhuman animals have also provided a means of directly
this covariance, experience with it could influence categorimanipulating experience with speech to test its eff&dt-
zation of voiced and voiceless consonants that varyGn enderet al, 1987, 1998; Lotteet al, 1999. In experiments
That is, perceptual interactions betwe&f and voicing of this sort, animals have served as a population in which
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there is the possibility of exquisite experimental control overcondition provides a control group with which to compare
speech experience. These methods have allowed rather ptée other two conditions. If auditory interactions betwdéén
cise characterization of effects of experience that can be difand voicing influence birds’ response to novel test stimuli in
ficult to garner with human adult or infant listendsge Holt  the control condition, then birds should respond more ro-
et al,, 1998 for a discussion of these isspaad have led to bustly to voiced consonants with lof¥® and voiceless con-
demonstrations that nonhuman animals exhibit learningsonants with highfO despite that they have no experience
dependent hallmarks of speech perception such as phonetigth fO-voicing covariation. If experience with covariation
categorizationKluenderet al, 1987 and internal phonetic betweenfO and voicing is responsible for the perceptual
category structuréluenderet al, 1998; Lottoet al,, 1999.  trading relation, then this group of quail should exhibit no
Under both experimental paradigms, nonhuman animalsffect of fO upon voicing response.
have served well, demonstrating that they often respond to The remaining conditions are critical to the issue of
speech in much the same manner as human listeners. Théether experience witti0-voicing covariation influences
present experiment is a fusion of these two experimental appatterns of perception. If experience with covariation is re-
proaches. Here, the aim is to delineate the relative contribusponsible for the effect of0 on voicing identification, quail
tions of perceptual interactions arising from stable operatinghat experience natural covariation during training should ex-
characteristics of the auditory system and those arising frorhibit an influence off0 on response to novel stimuli in the
experience with covariation in the environment. The presentlirection of covariation. However, because the pattern of ex-
design investigates the influence fd@f upon nonhuman ani- perience for this condition follows that observed naturally in
mals’ responses to stimuli that vary in voicing via manipu-languages, effects observed are difficult to disentangle from
lation of VOT across three conditions; two conditions pro-putative auditory influences. However, if quail that experi-
vide experience withfO-voicing covariation and a third encereversedcovariation exhibit a “reversed” influence of
strictly eliminates such experience. Nonhuman animal listenfO on response to voicing such that consonants Wigner
ers are essential for this endeavor because they allow rigofQO’s are more often responded to as voiced consonants, then
ous experimental control over the characteristics of experithe pattern of behavior should mirror that of the input cova-
ence withf0O-voicing covariation. riance and diverge from the pattern of results predicted by
auditory interactions.

Il. EXPERIMENT
A. Method

Japanese quailCoturnix coturnix japonicg an avian 1. Subi

. . ; ) jects
species that has been used extensively in auditory and speech ) )
perception research, served as listenfee Dooling and _ Twenty-one adult Japanese quaCoturnix coturnix
Okanoya(1995 for behaviorally derived quail audiogrars. japonica served as listeners in the experiment. Some of the
Quail were chosen because they have proven to be very cguail with smaller body weights failed to reach criterion per-
pable subjects in auditory learning taskéluender et al, ~ formance(pecking ten times more often to positive stimuli
1987; Lottoet al, 1999 and avian subjects, in general, are than to negative stimuli, see Sec. Il Baving 16 quail to
known to exhibit phonetic categorization that mimics essen€Nter into testing. Free-feed weights ranged from 104 to
tial aspects of human phonetic categorizatigtuender 160 g.
et al, 1987, 1998; Lottt al, 1999. In addition, quail have o
demonstrated the ability to respond behaviorally to voiced? Stimuli
versus voiceless stimul{Kluender, 1991; Kluender and a. Stimulus synthesig bilabial stop-consonant series of
Lotto, 1994. 19 stimuli varying perceptually frorfbal-[pa] was synthe-

The experiment was designed to assess potential infllsized using the parallel branch of the Kl&it980 speech
ences of auditory constraints and experience Withvoicing  synthesizer. Endpoint stimuli were based upon the produc-
covariation on quails’ responses to voicingfésvaries. To tions of a single male talker who uttered “ba” and “pa” in
achieve this aim, quail were assigned to one of three condisolation. For all stimuli in the series, nominal formant fre-
tions. Birds in each condition first were trained to respond taquencies were equivalent. First through third formants
either voiced or voiceless syllable-initial stop consonants byfF1-F3) were 150, 800, and 2100 Hz, respectively, at
pecking a key. Conditions were distinguished by the mannestimulus onset. Frequencies for all three formants changed
that fO and voicing covaried in the set of stimuli used to linearly over the next 40 ms to 750, 1220, and 2600 Hz for
train the quail. For birds in the first conditiof) and voicing F1-F3. Formant frequencies remained at these values for
covaried in the natural manner; voiced consonants had lowehe remainder of the 250-ms total duration.
fO’s than voiceless consonants. A second group of quail was Voice onset time was modeled acoustically by varying
trained with stimuli that varied in the reverse manner; voicedamplitude of voicingKlatt parameter AV, set to zero during
consonants hadiigher f0's and voiceless consonants had VOT duration, noise in the signalAH=55 during VOT
lower fO's. duration and amplitude of the first formafA1=0 during

A final subset of the quail experienced training stimuli VOT duration, to modeF1 cutback. These parameters were
that had no orderly covariation betweéd and voicing; the varied in 5-ms steps to mimic acoustic changes from 5 to 95
two dimensions were uncorrelated among these trainingns VOT. From this base set of stimuli, fundamental fre-
stimuli. As a result, the quail in this last group received noquency f0) was manipulated to create a full stimulus corpus
orderly experience witlf 0-voicing covariation. Thus, this that varied in VOT (5-95 m$ and fO. To accomplish
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8 4 FIG. 1. Sampling distributions for
voice onset timg¢VOT, panel(a)] and
61 fundamental frequenc}f0, panel(b)]

from which stimuli were drawn for
presentation to quail during training.

Relative Presentation Frequency

0 10 20 30 40 50 60 70 80 90 100 93 99 105 111 117 123 129 135 141 147 158
Voice Onset Time (VOT) Fundamental Frequency (Hz)

this, the 19-member series varying perceptually fridra-  pendent distributions for samplirf@ and VOT were created
[pal was synthesized at 14 differef@’s, 96—114 Hz in 3-Hz by modeling Gaussiafnorma) distributions with variance
steps and 135-153 Hz in 3-Hz steps. This created@n of 1.25 stimulus stepgased upon series of 3-Hz steps for
X VOT stimulus space consisting of a corpus of 266 stimulifO and 5-ms steps for VOTFor each dimension, two dis-
(19 VOT valuesx14 f0’s). Two distinct ranges fofO were  tributions were created. These distributions corresponded to
created to provide a “low” versus “high” distinction, with  high versus lowfO (distribution means were 105 and 144
non-overlapping values roughly corresponding perceptuallyHz, respectively and voiced versus voiceless consonants
to male and female voice. For each stimulé®, was con- (with distribution means of 20 and 80 ifsStimuli were
stant across the entire stimulus duratfon. presented with relative frequencies that were discrete ap-
b. Stimulus samplingTypically, speech perception ex- proximations of these continuous Gaussian distributions.
periments that examine phonetic labeling do so using one dfigure 1 illustrates relative frequencies fd@r and VOT val-
several phonetic series that vary perceptually from oneles. Using distributions of0 and VOT values rather than
clearly identifiable phonetic endpoint to another via anindividual stimuli (e.g., one stimulus with a lowW0 versus
acoustic manipulation. This is generally true of both humarone with a highf0) allowed for a more sensitive test of
and nonhuman studies of speech perception. Here, one of tlteractions betweerfO and VOT because it encouraged
primary goals is to examine the role of experience in shapingjuail to generalize to novel stimuli. Likewise, it provided a
perception. As a result, the traditional approach is adapted tmore realistic model of 0/VOT covariation.
better model some of the statistical characteristics of speech c¢. Stimulus presentatiorsStimuli were synthesized with
sound distributions that human listeners encounter. 12-bit resolution at a 10-kHz sampling rate, matched in rms
Although there have been few large-scale efforts to meaenergy and stored on a computer disk. Stimulus presentation
sure the acoustic characteristics of multiple phonetic segwas under the control of an 80386 computer. After D/A con-
ments across multiple speakers, those that €gist, Peter- version(Ariel DSP-16, stimuli were low-pass filtere.8-
son and Barney, 1952; Lisker and Abramson, 1984ygest kHz cutoff frequency, Frequency Devices #87amplified,
that there is a good deal of variability in the acoustic char-and presented to quail via a single 13-cm spedReerless
acteristics of speech sounds across speakers. Fortunately fot592 in a tuned enclosure providing flat frequency re-
listeners, there is also a good deal of regularity. In an earlpponse from 40 to 5000 Hz. Sound level was calibrated by
inventory of cross-language stop-consonant voicing, for explacing a small sound-level metéBruel & Kjaer 2232 in
ample, Lisker and Abramso(1964 observed between- and the chamber with the microphone positioned at approxi-
within-speaker variation in VOT. However, they also re- mately the same height and distance from the speaker as a
ported very regular underlying acoustic patterns for the phobird’s head.
nemes of a particular language. Across speakers and produc-
tions, estimated VOT values tended to cluster around . procedure
particular mean value that occurred most frequently across o S
productions of a particular phonerfeee Newman, 1997In 1. Training stimuli
addition, there was variance such that values adjacent to the Reinforcement contingencies were structured to train
mean were also observed, but less frequently. To put thiguail to respond differentially to training stimuli drawn from
observation in more concrete terms, the measured valugke VOT distributions shown in Fig.(8) (i.e., 5—-35 ms VOT
roughly approximated a normalGaussian distribution.  versus 65—90 ms VOT Half of the birds in each condition
Therefore, there is reason to believe that normal distributiongvere rewarded for pecking in response to voiced stimuli
are a reasonable approximation of the distributions underlyt5—35 ms VOT, designated-voice birdg. Longer VOT
ing variability in speech production. (65—95 m$ signaled reinforcement for the remaining qualil
In line with these observations, stimuli from the VOT (—voice bird3. The exact stimuli that were presented to
X f0O stimulus space were not presented equally often duringuail in a given training session were determined by ran-
the experiment. Rather, there was a statistical structure to trelomly sampling from the Gaussian distributions described
manner in which stimuli were sampled from the space. Indeearlier (see Fig. 1 Stimuli were constrained in the number
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of positive versus negative stimuli that could occur in a sesterval to reinforcement was 30(40—65 $ so that positive

sion, but otherwisefO and VOT were randomly selected stimuli were reinforced on an average of once per trial. Note

from the appropriate distribution. that when a trial was lon¢g.g., 65 $and times to reinforce-
During training, stimuli varied by condition. One group ment were shor{e.g., 10 § reinforcement was available

of quail was trained with stimuli exhibiting “natural” cova- more than once. Likewise, on shorter positive trials, rein-

riance. That is, voiced stimuli had loW0 and voiceless forcement did not become available if time to reinforcement

stimuli had highf 0. Quail in this group heard stimuli created was longer than the trial. Any reinforcement interval that did

to mimic 5-35-ms VOT that were synthesized with #h  not expire during one positive trial carried over to the next

varying between 96 and 114 Hz and 65-95-ms VOT stimulipositive trial. Such intermittent reinforcement encouraged

with an fO of 135-153 Hz. The matching betweéfd and consistent peck rates during later non-reinforced testing tri-

VOT adhered to these constraints, although the precisals. During negative trials, birds were required to refrain

fO/VOT stimuli varied randomly from within the sampling from pecking fo 5 s for the trial to be terminated. This

distributions(see Fig. 1L Another group of quail was trained procedure has been used successfully to train Japanese quail

on the “reverse” of this covariation. These birds heardin other speech perception taskduender, 1991; Kluender

5-35-ms VOT stimuli synthesized with &® of 135-153 and Lotto, 1994; Lottt al, 1997, 1999

Hz and 65-95-ms VOT stimuli synthesized with & of

96-114 Hz. For a final group of “control” quailf0 and

VOT did not covary. Stimuli presented to these quail had i i ) i
All birds learned quickly to respond differentially to

random assignment ¢ to VOT. For this group of quaif,0 . . . . T X
and VOT values were chosen from the sampling distribyVOT. Birds continued to train with the distributions until

tions in the same manner as for the other quail. However, ng'€y responded with 10:1 performance for positive versus
constraints upofi0 to VOT mapping were enforced® was negative stimuli. Among the 21 quail that began magazine

assigned randomly to VOT values. For any presentafion, and autoshape training, 16 quail maqle it to criterion perfor-
could be chosen from either the high or the low distribution,M'2nce and were entered in the testing procedure. Of these
independent of VOT value. birds, five were in the “natural” condition, seven were in the

“reverse” condition, and four were in the “control” condi-
tion.

Following training, quail were tested on novel, interme-

Following 18 to 22 h of food deprivatiofadjusted t0  giate members of thial-[pa] series(VOT from 40 to 60 ms
each bird individually for optimal performangCebirds were  in 5.ms stepssynthesized witif0 of 105 and 141 Hz, the
weighed and placed in a small sound-attenuated chambgfodes of thef0 sampling distributions of training stimuli. In
within a larger single-wall sound-attenuated bod¢8uttle  gj ten stimuli were tested2 f0’sx5 novel intermediate
Acoustics Corp. In a go/no-go identification task, quail series membeysin each daily test session, the ten test trials
pecked a lighted keyl.2 cm squarelocated 15 cm above (each with a fixed trial duration of 30) svere randomly
the floor and centered below a speaker from which stimuljnterspersed among normal training trials. Each testing ses-
were presented. A computer recorded responses and COgpn began with 15 trials of training stimuli. Novel test trials
trolled reinforcement. could not occur until after these 15 trials as an assurance that

Following magazine training and autoshaping proce+yjrds had “settled into” the task before responding to test
dures, reinforcement contingencies were gradually introstimuli. After these initial trials, 10 test trials were randomly
duced over 8 days in sessions of 60 to 72 trials. During thisnterspersed with 60 training trials for a total of 70 trials per
time, average amplitude of the stimuli was increased from 5Qest session. Contingencies remained the same for training
to 70 dB SPL to introduce sound without startling the birds.stimyli, but during test trials no contingencies were in effect.
Average trial duration increased from 5 to 30 s, intertrialBjrds neither received food reinforcement nor needed to re-
interval decreased from 40 to 15 s, average time to reinforceyain from pecking for presentation to terminate after 30 s.
ment increased from 5 to 30 s, and the ratio of positive torraining and testing stimuli were randomly ordered for each
negative trials decreased from 4:1 to 1:1. After the graduahjrq. Testing continued for 20 daily sessions, providing a

daily training sessions consisted of 72 stim(86 positive  of each of the ten test stimuli.

and 36 negative

On each trial, a stimulus was presented repeatedly onc
per 1550 ms at an average peak level of 70 dB SPL. On
trial-by-trial basis, the intensity of stimuli varied randomly The data set was submitted to an analysis of peck re-
from the mean of 70 dB by+0-5 dB via a computer- sponses across high and Id@ for all test stimuli. For each
controlled digital attenuatgiAnalog Devices 7111 The av-  bird, raw pecks were collected for each test trial. There is
erage duration of each trial was 30 s, varying geometricallynherent variance in peck rates across individual birds.
from 10 to 65 s. The intertrial interval was 15 s. Responsed herefore, total pecks to each test stimulus were summated
to positive stimuli were reinforced on a variable-interval across the 20 repetitions of the novel stimuli. Mean peck
schedule by 1.5-2.5 s of access to food from a hopper beates(i.e., pecks per 30-s triplvere calculated for both high-
neath the peck key. Duration of reinforcement was also adand low+f0 test stimuli. These means were then transformed
justed for each bird for consistent performance. Average ininto normalized peck rates by dividing peck rates to test

3. Testing

2. Training procedure

. Results
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Natural No Reverse Haggardet al, 1981; Whalenet al, 1993; Castleman and

| overiaton  Coveriafion Govertation Diehl, 1996. Stimuli with high fO tend to be labeled as
09 | Wlow 0 voiceless whereas otherwise similar stimuli with a 6@
© ' OHigh f0 are more often labeled as voiced.
5 %] - These data demonstrate that the influencd @fupon
5 0.7 voicing need not arise from species-specific mechanisms.
8 o6 However, this single condition does not allow determination
% 05 | of whether the general mechanisms that may govern the in-
S 04 | teraction of fO and voicing arise from auditory perceptual
g ' interactions or from experience withO/VOT covariation.
5 031 Qualil in this condition experiencefd and VOT covariation
Z 02 that modeled the covariation found among many of the
0.1 world’s languages. Although it is possible that experience
0.0 I with this pattern of covariation may have influenced their
+VOICE-VOICE  +VOICE -VOICE  +VOICE -VOICE perception of novel stimuli, it is also possible that auditory

G, 2. A lzed peck rates to G405 Hz, black bais interactions led them to respond to stimuli with a higfiér

. 2. Average normalized peck rates to z, black baisversus . .
high (141 Hz, white bars f0. For each VOKf0 covariation condition as better exemplgrs of voiceless consonants than those WIth
(natural, reverse, controldata is presented for birds reinforced to peck to lower fO. Thus, it is necessary to turn to the behavior of quail
voiced stimuli(+voice) and for those reinforced to peck to voiceless stimuli in the remaining conditions to evaluate the relative influence
(—voice). of auditory constraints and learning.

stimuli by the individual quail’s highest peck rate to the ten L
test stimuli. This transformation adjusted peck rates to agb‘%;fggge of the controf condition: No 10 /VOT
scale between zero and one for each bird, thus minimizing
the variance that arises from the fact that some birds are First, consider the control condition in whictd and
“heavier” peckers than other@ushet al, 1993. This nor- VOT did not covary during training. For stimuli presented to
malization method has been used previous|y to mitigatélua” in this condition,fO and voicing characteristics varied
natural variance across individual animésg., Lottoet al., independently. If experience with covariation rather than au-
1997. ditory enhancement explains the effectf® upon VOT la-
Normalized mean peck rates and corresponding standafling for “natural” quail, there should be no effect 60
errors are presented in Fig. 2. Data are displayedf@y Upon responses of control quail in this condition. However, if
(black bars correspond tt0= 105 Hz, white bars show0 the auditory system conspires to bias |6@-stimuli to be
=141H2, sorted by condition(natural, control, reverse responded to as short VOT stimuli, control quail should peck
and presented foi-voice and—voice birds. Matched-pairs N @ manner that mirrors effects typically observed for En-
t-tests were computed for the difference between normalize#llish listeners.

peck rates to low- and high@ test stimuli for +/—voice In fact, quail in the control condition digot demon-
birds in each condition. strate an influence of0 upon their pecking behavior. With

no covariation betweef0 and VOT in the training stimuli,

) . i . quail exhibited no effect of 0 on response to novel stimuli.
Birds that were trained to peck in responsevtiiced  Neijther the birds trained to peck teoiced consonants
consonants and heard natural covariationféfand VOT  (t—0.56,p=0.30, average normalized peck rates of 0.53 and
during training demonstrated a difference in their response tg 5g for low and highf0, respectively nor those trained to
novel stimuli as a function of0. These quail pecked signifi- respond tovoicelessconsonantgt=1.05, p=0.18, average

cantly more(t=4.80,p<0.01) to novel, intermediate VOT  normalized peck rates of 0.75 and 0.79 for low and High
series members synthesized witlow fO (0.75 average nor- respectively were influenced by0.

malized ratg¢ than to the same stimuli synthesized with a
higher f0 (0.39 average normalized rateQuail trained to
peck tovoicelessconsonants in the natural condition also
exhibited a significant shift in behavior as a functionfof Consider, now, the final condition. If experience with
(t=3.02, p<0.01), pecking more robustly to novel stimuli fO/VOT covariation is responsible for effects observed in the
with ahigher fO (0.79 average normalized ratban to those ‘“natural” quail, then covariation in the opposite direction
with alower fO (0.58 average normalized rate (i.e., low fO paired with voiceless consonanshould influ-
Thus, these birds’ responses to novel stimuli mirroredence birds’ behavior in the opposite manner. In fact, birds
natural covariation of 0 and VOT. Quail trained to peck in trained to peck tovoiced consonants for which covariation
response to voiced stimuli pecked most vigorously to novelith fO was in the direction opposite natural covariation
stimuli with alow f0, whereas quail trained to peck to voice- exhibited a significant difference in their pecking behavior
less stimuli responded most to stimuli withhigh fO. This  contingent onfO (t=4.26, p<0.01), pecking most vigor-
avian pattern of results mirrors data that have been observeaalisly to stimuli with highf0 (0.83 average normalized rate
in human perception(Chistovich, 1969; Haggarcet al,  and less to stimuli with lonfO (0.51 average normalized
1970; Fujimura, 1971; Massaro and Cohen, 1976, 1977ate. Birds’ behavior mirrored the covariation inherent in

1. Influence of “natural” f0 |VOT covariation

3. Influence of “reverse” f0 |VOT covariation
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their training stimuli and was opposite the direction pre-peck rates to novel stimuli collapsed across the twoft@st
dicted by auditory enhancement hypothesis. Thus, these datar +voice and—voice quail. Quail differentially responded
suggest that the influence ¢ on VOT labeling is not to test stimuli varying in VOT, demonstrating that their be-
bound to correspondence with the pattern typically observetdavior was not solely the result of sensitivity ft@. Note that

in the world’s languages, but rather is influenced by the patthe data points illustrated are drawn from the middle of the
tern of fO/VOT covariation present in the speech input. series and can thus be expected to be “boundary” stimuli.

The results for birds trained to peck voicelessconso-  Broader identification functions are common for animal sub-
nants are less clear in that they did not exhibit a significanjects. Typically, this characteristic is taken as indicative of
effect of fO upon their response to novel stim(i=.85, p attentional differences between animals and humang.,
=0.22. Low f0 (0.70 average normalized ratnd highf0 Kuhl and Miller, 1978, but it also may be due to the ani-
(0.75 average normalized ratdid not differentially influ- mals’ more limited experience with speech sounds. Quail
ence quails’ pecking behavior to novel stimuli. It appearstrained to respond ta-voice exhibited a very different pat-
likely that the failure to find an influence ¢ upon birds’ tern of response to novel test stimuli than did thewoice
response to novel stimuli in this condition is related to rathercounterparts. This indicates that althoudB influenced
high variability. Two of the four birds in this condition did quails’ responses, they used bdthand VOT to perform the
exhibit a modest influence of0 upon response to novel task.
stimuli in the direction predicted by their experience. How-
ever, the remaining quail did not differentially respond as &, piscussioN
function of f0.

To summarize these results across conditions and coun-  The objective of the present experiment was to examine
terbalancing, birds in five of the six conditions test®l the relative contributions of stable auditory perceptual inter-
types of experience€2 mappings to voicingexhibited be- actions and experience with covariation in understanding the
havior that supports the hypothesis that experience with confluence offO upon[voicg] labeling. Many studies have
variation is fundamental to effects 60 upon voicing per- demonstrated that listeners’ categorization of synthetic or
ception. digitally manipulated natural speech varying perceptually
from voiced to voiceless across a phonetic series can be
shifted by changes if0. Stimuli with lowerfQ’s are more
often categorized as voiced consonants whereas stimuli with

The results are therefore in line with the hypothesis thabtherwise identical acoustic characteristics, but with higher
the influence off0 is related to experience withO/VOT  f0’s, tend to be labeled as voiceless. This pattern of percep-
covariance. However, the data presented thus far have réion mimics patterns of speech production commonly ob-
ported only the influence of0. It is possible that these re- served across languages. Voiceless consonants tend to be
sults reflect a tendency by birds to respond solely on theroduced with highefQ’s than their voiced counterparts.
basis off0, to the exclusion of VOT. If this is the case, then The mechanisms behind this phenomenon are largely
the results do not bear upon the hypotheses under investiganknown, but there are at least two prominent hypotheses.
tion, but rather merely reflect the ability of quail to m&@  The first hypothesis, in line with the tenets of auditory en-
variation to a pecking response. To examine this possibilityhancementDiehl and Kluender, 1989; Kingston and Diehl,
it is necessary to inspect birds’ responses across novel VOI994; Diehlet al, 1995, suggests that general auditory in-
stimuli, independent of 0. Figure 3, which illustrates these teractions among mutually enhancing acoustic characteristics
data, suggests that the birds’ responses were sensitive td fO and VOT couple to improve the intelligibility of
VOT. Data points in Fig. 3 correspond to average normalizedroiced consonants with lowf0 and voiceless consonants

4. Influence of VOT on birds’ responses
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with high f0. Another possibility is that experience with co- (1976, 1977 have also reported marked individual differ-
variation of fO and voicing within the speech signal is re- ences in the influence df0 on listeners’ categorization of
sponsible for effects of0 upon[voicE] labeling. fricatives as /s/ versus /z/.

Using a nonhuman animal model, these two hypotheses Although neither of these resultene a null finding for
were teased apart in the present experiment. Results froghildren, the other based on a single listgrigexceptionally
quail in the “natural” and “reverse” covariation conditions strong evidence that experience plays a role in determining
demonstrate that experience witB/VOT covariance influ- the influence of O upon perception of voicing, coupled with
ences quails’ response to novel stimuli. Quail that respondethe findings of the present experiment, they hint at a role for
to +voice and —voice in the “natural” and those who experience and offer intriguing possibilities for further re-
pecked to+voice in the “reverse” condition pecked more search.
often to fO/VOT combinations that matched their pattern of ~ Sinnott and Saporité2000 recently have presented data
experience. One subset of these qudiiose who were from American English and Spanish adults as well as mon-
trained to peck to-voice stimuli in the “reverse” condition ~ keys (Macaca fuscatpon the perceptual influence of first
did not adhere to this pattern of results. Howevi@,had a  formant (F1) transition onset frequency covariation with
null effect on responses to novel stimuli for these quail, so i9ap duration in a speech series that varied feamto stay.
is difficult to interpret these data. Overall, three of the fourUnlike English, Spanish does not have native consonantal
groups of quail in conditions wherk0 covaried with VOT ~ cluster contrasts liksay versusstay. Incremental increases
demonstrated an effect 60 upon response to novel stimuli N 9ap duration in Sinnott and Saporita’s stimuli caused per-
that mirrored the covariance experienced during trainingePtion to change frorsayto stayfor all subjects. However,
The data of thetvoice quail in the reverse condition, espe- SUPIECtS varied in their use of thel onset cue, which cova-
cially, are difficult to explain from an account that relies "€d with gap duration. American English listeners exhibited
upon auditory interactions because they sug§@stioes not @ Strong influence of 1-onset frequency on stimulus identi-
exert an obligatory influence on perception[ubice] con-  fication. Spanish listeners differed in the degree to which
sonants in the absence of covariation with VOT. they used~1 onset as a cue. Monkeys did not appear to use

The results of the “control” condition complement F1 onsetatall. Sinnott and Sapori2000 suggest that the
these findings. Quail that did not experience regularity inimportant factor dellneatln_g these subject populations is de-
fO/VOT covariation during training showed no shift in re- 9r€€ Of exposure to English and thuska onset and gap
sponse to test stimuli contingent 68. These results suggest duration covarlat_lon. These findings thus appear to suggest a
that the influence of0 is not strictly related to stable mutu- P€rceptual learning component for another example of cue

ally enhancing interactions that are auditory in nature. covariation in speech perception.

A. Ties to previous experiments B. The generality of auditory mechanisms

The present results may relate well to findings of some  There is at least one important criticism that could be
previous experiments that examined human listeners’ pefleveled against the current experiment. The present results
ception of voicing as a function df0. For example, Bern-  are much less clear if the avian auditory system of the Japa-
stein (1983 found that adult listeners make use 0 in  nese quail is sufficiently different from the human auditory
identifying words that vary in word-initial voicinggatever-  system so as not to capture putatively important characteris-
susKate), but 4- and 6-year-old children do not. These re-tics that may contribute to auditory interactions betwéén
sults are consistent with the hypothesis that experience maahd voicing. Though there are significant anatomical and
play a role in determining the influence @ upon percep- physiological distinctions between avian and human auditory
tion of consonantal voicing. systems(see, e.g., Popper and Fay, 198Mere are several

Likewise, Haggarcet al. (1981) reported an intriguing reasons to believe that the data presented here reliably rep-
cross-linguistic difference that arose serendipitously from gesent audition quite generally. First, avian species have been
study of the influence of0 upon phoneme boundaries be- shown to exhibit a number of effects in speech perception
tween voiced and voiceless consonants. One of their 35 lighat rely upon audition, with no influence of learnifgg.,
teners identified members of a series of stimuli varying inKluender and Lotto, 1994; Doolingt al, 1995; Dentet al,

VOT quite differently from the rest of the listeners tested.1997; Lottoet al, 1997. These effects quite closely mirror
This listener exhibited uncharacteristically flat identificationhuman perceptual results, so despite distinctions between
functions across VOT, suggesting that she relied almost eravian and human auditory systems, it appears that there is a
tirely upon thefO variation and almost completely disre- great deal of functional correspondence. Furthermore, the
garded variation in VOT. Upon recalling the listener to de-present stimuli differed critically in VOT and0—two
termine whether she suffered from a hearing deficit, Haggardcoustic cues that rely on rather low-frequency hearing. Pre-
et al. found that the listener had been born in Italy and hadviously, Kluender and Lottd1994; Kluender, 1991have
emigrated to the United States at age five, though she had rehown that quail are quite capable of this sort of task, exhib-
command of Italian as an adult. Haggatdal. suggested that iting effects of F1 on their response to voiced and voiceless
these odd data might underscore the importance of earlgtimuli. Thus, the conclusions drawn from the observation
learning in determining phoneme boundaries and acoustithat quail in the “control” condition failed to exhibit an
cue weighting in speech perception. Massaro and Coheeffect of fO upon response to novel stimuli, although depen-
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dent upon the functional correspondence of human and aviaanimal models can contribute to our understanding of these
audition, are supported by these previous positive results. processes.

Holt et al. (1999 have presented data from a mamma-
lian model(the chinchilla,Chinchilla villidera) performing a
similar task that provide further support for the present COnNACKNOWLEDGMENTS
clusions. Chinchillas’ audiograms closely model those of hu- . ) i ,
mans(Hendersoret al, 1969. Furthermore, the properties This work was supported in part by a National Science
of their auditory system are well mapped and, psychoacoué?oundat'on Predoctoral Eellowshlp to the first a.uthor.'Add|-
tically, their behavior corresponds quite well with that of ional support was provided by NSF Young investigator
humans. For these reasons, chinchillas are one of the mo@&ivard DBS-9258482 to the third author. Some of the data
common species used in systems auditory neurophysiolog)/€re preser_1ted_ at the 138th Meeting of the Acoustical _SOC|-
research. As a part of a larger project examining auditony Of America in Columbus, OH. The authors thank Eric P.
cues to voicing, Holet al. (1999 tested chinchilla percep- Lotto for his assistance in conducting the experiment and

tion of VOT as a function of changes ii0. Unlike quail in ~ S€rving as the male voice upon which the experiment's
the “natural” and “reverse” conditions of the current ex- Stimuli were based. The authors also gratefully acknowledge

periment, chinchillas were not trained with covariance pethe helpful comments of Randy L. Diehl, John Kingston, and

tweenf0 and VOT. Thus, the chinchillas’ experience closelyJ0an Sinnott. Correspondence and requests for reprints
modeled that of quail in the “control” condition. Their pat- should be addressed to Lori L. Holt, Department of Psychol-

tern of response was also similar. Like control quail, chin-09Y, Camegie Mellon _l.Jniversity, 5000 Forbes Ave., Pitts-
chillas did not exhibit an effect dfo upon response to voic- Purgh, PA 15213e-mail: Iholt@andrew.cmu.egu

ing differences. Thus, the generalizability of the current

results is supported by the fact that a mammalian speé'u:ies IAlthough it is accurate to refer to the syllable-initial English voiceless stops

. f dit t that | | d Ithat have mainly been examined in these studies as “voiceless aspirated”
possession of an auditory system that more closely mode §tops, they will be referred to here simply as “voiceless” stops for ease of

that of humanpgalso fails to exhibit an effect ofO upon  reading.
VOT response when there is no history of experience witHfThere are many acoustic cues that correlate with voicing. For example,
covariation betweerio and VOT. presence of voicing during consonant constriction, low first formé&tit)(
near consonant constriction, absence of significant aspiration after conso-
nant release, relatively short closure interval, and relatively long preceding
vowel are all effective perceptual cues to fveice] contrast. Lisker and
C. Role of learning in speech perception Abramson(1964 demonstrated that the primary acoustic correlate of voic-
. ing is variation in voice onset tim@OT) in utterance-initial position. In its
The present results should not be taken as evidencenost precise usage, VOT refers to an articulatory characteristic—namely,
against an auditory enhancement account of speech perceple interval of time between the release of a stop consonant and the onset of
tion. Though its emphasis is very clearly upon general audi_voicing of the following vowel. Hereafter, we abandon the cumbersome

| hani h di h hrase “acoustic correlates of voice onset time” and extend the usage of
tory perceptual mechanisms, the auditory enhancement a OT to include the acoustic effects of the VOT as well, sacrificing preci-

count does not fail to posit a role for learning. Diegdtlal. sion but preserving readability. Tigtimulussection(11.A.2) describes the
(1990, for example, explicitly point out that a successful Pprecise acoustic cues synthesized to model voicing in the present experi-

; : ent.
theory of SpeeCh perception must prowde both an account Qglhere has been a good deal of debate about whether overall frequency of

“the tranSfer funCt.ion of the auditory system” as well as tg o direction off0 contour contributes more reliable cues to voicing
“the listener’s tacit knowledge of speech and language-(e.g., Lea, 1973; Umeda, 1981; Ohde, 1982; Silverman, 1986; Castleman
specific facts that are relevant to phonetic categorizatign”  and Diehl, 1996 Rather than modeling these more complex aspect§ of

244). They go on to argue that it is presently possible to pethe present stimuli had a fl&0. As a result, these stimuli might be thought

much more unequivocal about influences of the auditory SyS_to model initial or peaki 0, each of which has been found to systematically

t than it is to b licit about h-rel tk led vary as a function of voicingUmeda, 1981 There is substantial evidence
em than 1t Is to be explicit about speech-relevant Knowledge€y, ; stimyli synthesized with fld&0 contours influence listeners’ perception

of listeners. As a consequence, they begin by seeking explast voicing.
nation “in terms of general auditory mechanisms before ap“These distributions differ in some ways from what is typical of English
pealing to speech-specific tacit knowledgé. 245. We voicing categories. For example, the modal VOT values for the voiced and

. . . oiceless distributions were 20 and 80 ms, respectively. The mid-point
agree that the determination of the role of experience and{boundary” for these stimuli was thus approximately 50 ms VOT whereas,

learning ought to be a fundamental pursuit in understandingn English, the labial VOT boundary is approximately 25 thisker and
speech perception. Data from nonhuman species and thos&bramson, 1964 This difference was tolerated in an effort to avoid inclu-

from nonspeech studids.g., Kluendetet al, 1998; Saffran sion of stimuli with VOT values less than or equal to 0 ms for fear that the
o ’ ' 0-ms boundary might introduce unwanted discontinuities in the stimulus

etal, 1999 ?ques’( that very general Ieammg_ processe_sset. Another difference is that the standard deviations of our stimuli were
may play an important role. Furthermore, phonetic categori-equivalent across voiced and voiceless modes. Lisker and Abrah@64

zation is unlikely to be the only domain where experience ishave shown that the standard deviations of VOT distributions depend on

important to speech perception. modal VOT; shorter VOT cate_gorles‘tend tq hav_e smal_ler standard devia-

. . tions than longer VOT categories. This detail of distributions was not mod-

An important lesson from the present work is that struc- eled here. Manipulations of both distribution modes and standard devia-

tured experience influences perception. The speech signal, ifions may prove to be interesting variables for further research of how

general, is richly structured with regularities imposed both complex phonetic categories are learned. However, as a starting point, we
; ; ; ;- chose to test the hypothesis in the most straightforward manner.
by phySICal constraints on artICUIatory processes and by IInSOptimal performance was operationally defined as the highest ratio of

guistic ?OnStraintS that shape the habits_ of talkers. EXperi'pecks to positive versus negative stimuli. Birds are idiosyncratic in the
ence with this structure shapes perception, and nonhumaamount of food deprivation necessary to achieve stable optimal perfor-
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