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In humans, masking by harmonic complexes is dependent not only on the frequency content of the
masker, but also its phase spectrum. Complexes that have highly modulated temporal waveforms
due to the selection of their component phases usually provide less masking than those with flatter
temporal envelopes. Moreover, harmonic complexes that are created with negative Schroeder
phases(component phases monotonically decreasing with increasing harmonic fregueaagy
provide more masking than those created with positive Schroeder plmasestonically increasing

phase, even though both temporal envelopes are equally flat. To date, there has been little
comparative work on the masking effectiveness of harmonic complexes. Using operant conditioning
and the method of constant stimuli, masking of pure tones by harmonic complexes was examined
in budgerigars at several different masker levels for complexes constructed with two different
fundamental frequencies. In contrast to humans, thresholds in budgerigars differed very little for the
two Schroeder-phase waveforms. Moreover, when there was a difference in masking by these two
waveforms, the positive Schroeder was the more effective masker—the reverse of that described for
humans. Control experiments showed that phase selection was relevant to the masking ability of
harmonic complexes in budgerigars. Release from masking occurred when the components were in
coherent phase, compared with a complex with random phases selected for each component. It is
suggested that these psychoacoustic differences may emerge from structural and functional
differences between the avian and mammalian peripheral auditory systems involving traveling wave
mechanics and spectral tuning characteristics2@O0 Acoustical Society of America.
[S0001-496600)06203-9

PACS numbers: 43.80.Lb, 43.66.GNVA]

INTRODUCTION Explanations for various masking effects traditionally
invoke features of the mammalian auditory system. These
Over the years, masking studies involving the detectiorfeatures are likely to be important in the avian auditory sys-
of pure tones against a background of broadband noise havem as well, supported by mechanisms that may or may not
been conducted in a number of species of bifdsoling,  be similar to those found in mammals. In general, the best
1982, 1991; Fay, 1988Although there are some exceptions absolute thresholds for birds fall between about 1 and 5 kHz
(Dooling, 1982; Dooling and Saunders, 1975; Dysdral,  and approach the levels of sensitivity typically reported for
1998; Langemanet al, 1998, masking patterns in birds are humans and other mammalBooling, 1982, 1991l Avian
generally similar to those reported for mammals, with criticalaudibility curves are typically more narrowly tuned than
ratios increasing about 2—3 dB/octa¢eay, 1988; Klump, those of mammals, with sensitivity falling off at about 15
1996; Okanoya and Dooling, 1987In contrast, there is dB/octave below 1 kHz and about 50 dB/octave above 5 kHz
much less comparative data on the masking of pure tones hypooling, 1980, 1982; Okanoya and Dooling, 198While
complex sounds. Recent studies show that in humans andany characteristics of hearing in this frequency region are
other mammals, masking by complex sounds is influencetnown to be similar in birds and mammals, the special ef-
by both the frequency content and the temporal characterigects of masking by harmonic complexes have not been stud-
tics of the maskers. Harmonic complexes used as maskersd in birds.
offer an intriguing array of results that incorporate aspects of  In human listeners, Smitlet al. (1986 reported large
both simultaneous and temporal masking. They lend themdifferences in masking by harmonic complexes that were
selves to manipulation of temporal aspects of stimuli whileidentical in long-term spectra, but varied in their phase spec-
permitting the long-term spectral information to remain con-tra. By selecting phases according to an algorithm developed
stant. Masking by these complex sounds is strongly affectely Schroede(1970, the waveform envelope becomes very
by the temporal waveform shapes, and interpretations oflat, and the instantaneous frequency within each period
these effects have focused on specific cochlear functionsweeps upward or downward, depending on the sign of the
such as traveling wave mechanics and nonlinear active gaiphase equation. Two such “Schroeder-phase” complexes
(Kohlrausch and Sander, 1995; Carlyon and Datta, 1997are shown in Fig. (8 and (b). These two harmonic com-
1997b; Summers and Leek, 1998 plexes, one the time-reverse of the other, can produce large
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WWWWWMWWWWWM WWWWWWWWMW two Schroeder-phase waveforms in birds is much more simi-
lar.

(a) Negative Schroeder (b) Positive Schroeder
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I. METHODS

A. Subjects

Three adult budgerigar@ll females were used as sub-
jects. The birds were kept on a normal day/night cycle cor-
related with the season and maintained at approximately

WWWM}J\WW\/MW 90% of their free-feeding weights. For comparison, two hu-
mans(laboratory staff membersvere also tested in this ex-
(c) Cosine Phase (d) Random Phase

9.=0 . =Random(0:2n) periment. All bird and human subjects had hearing within

normal limits for their species, as shown by their audio-
FIG. 1. Temporal waveforms of four harmonic complexes. Three periodgrams.
(30 m9 are shown for each waveform. Each waveform is constructed of
harmonics 2-50 of a fundamental frequency of 100 Hz. All components
have equal amplitude. The phase of each component is selected accordingBo Stimuli

the equations showny(, = phase for each component,N=total number of . . . .
components Stimuli consisted of masker harmonic complexes alone

and masker-plus-signal, with the pure-tone signal added in-

phase to the maskers at appropriate signal-to-masker levels.

differences in masking. The amount of masking for eachsimyji were created digitally, at a sampling rate of 40 kHz,
Schroeder-phase masker is affected by the fundamental fr%‘sing software from Tucker-Davis Technologies to combine

quency of the complex and the frequency location of th&eq encies in the correct phases and amplitudes, followed
signal within the masker bandwid{Kohlrausch and Sander, by an inverse fast Fourier transforfFT) to create the

1999. Masking by the positive Schroeder-phase wave may ., eforms. They were created off-line and stored as files for
also change dramatically as a function of stimulus |€@elr- playback during the experiment.

lyon and Datta, 1997b; Summers and Leek, J988immers The masking stimuli were positive and negative
and Leek(1998 showed that differences in masking by the Schroeder-phase harmonic complexes as shown in Eay. 1

two Schroeder waveforms were not specific to pure tone siganq ), with equal-amplitude components at frequencies that
nals, in that they also produce a differential amount of interyyere integral multiples of a fundamental frequency, and
ference.wrth spggch intelligibility. ) . starting phases selected according to the Schroeder algo-
While specific cochlear processing mechanisms arejhmsas shown in the figure. Maskers included all harmon-
thought to underlie the masking of pure tones by harmoniGeg of the fundamental frequency from 200 to 5000 Hz. Two
complexes in mammals, possible explanations are much lesgngamental frequencies were used, 50 and 100 Hz. The
clear in birds. The masking effects of harmonic complexes iy, mper of components in the maskers was determined by the

birds are unknown. Moreover, while the inner ears of birdsg,,qamental frequency, and was 97 and 49 for the 50- and
show some general similarities to mammalian inner ears;no_H4; fundamentals r,espectively.

there are also a host of important differences, including dif-  tha maskers were 260 ms in duration including 20-ms

ferences in size, morphology, spatial arrangement, and fungsosin@ onset and offset ramps. The tones were 180 ms in
tion of cochlear structuredor a review, see Manley, 1980 g ration, including the 20-ms ramps. The signal was tempo-
For these reasons, a comparison of masking by harmonigyy centered in the masker, and was always added in-phase
complexes in mammals and birds might prove useful in tryit the masker component having the same frequency. Ex-

ing to understand the relative contributions to masking ofCept where noted, the signal frequency was either 2.8 or 2.85

various cochlear features and processes. In addition, th@ﬂz for fundamental frequencies of 100 or 50 Hz, respec-

manner in which the maskers interact with bird inner ear;ely  Signal-to-masker levels were created for testing in
mechanisms, as revealed by masking differences betweejiyg steps.

Schroeder-phase waveforms, may add to our understanding
of important problems in avian hearing such as how the
avian auditory system processes complex sounds Iikg
species-specific vocalizations. The budgerigars were tested in a wire cage X283

In this study, we report masking effects of harmonic X 16 cm) mounted in a sound-isolation chamiperdustrial
complexes with phase spectra constructed according to th&coustics Company, IACJ3 A response panel consisting of
positive and negative Schroeder algorithms, and some cortwo microswitches with light-emitting diode§. EDs) was
trol conditions using cosine-pha$Eig. 1(c)] and random- mounted on the wall of the test cage just above the food
phase[Fig. 1(d)] maskers. We show for both birds and hu- hopper. The microswitch was tripped when the bird pecked
mans that there is an effect of stimulus phase on masking, dee LED. The left microswitch and LED served as the obser-
shown by responses to cosine- and random-phase maskevstion key while the right microswitch and LED served as
In contrast to human listeners, however, in whom negativehe report key. The behavior of the animals during test ses-
Schroeder complexes are more effective maskers than posiions was monitored by a video camera syst8any HVM-
tive Schroeder complexes, the masking effectiveness of thg22).

. Testing apparatus—Birds
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FIG. 2. Mean thresholds are plotted as
signal level in dB relative to each
component of the masker as a function
of overall masker level at the bottom

. Humans of the figures, and for the level per
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ror bars indicate standard deviations

for the three birds. Larger numbers on
the ordinate(toward the top of the
graphg indicate more masking and
smaller numbers denote less masking.
Left panel(a) shows data for a funda-
mental frequency of 50 Hz, and a sig-
nal frequency of 2.85 kHz; right panel
(b) shows data for a fundamental fre-
guency of 100 Hz, signal frequency of
2.8 kHz.
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Test sessions were controlled by an IBM 486 computertion were selected to bracket the presumed threshold, and
The digital stimuli were output to a KEF loudspeakarodel  psychometric functions were developed. At the conclusion of
80C) via Tucker-Davis modules at a sampling rate of 40 kHztesting, thresholds were defined as the level of the tone de-
and presented at masker levels of 20, 40, 60, or 80 dB SPltected 50% of the time, adjusted by the false-alarm rate,
Stimulus calibration was performed using a General Radiavhich corresponded td’ of about 1.5—-1.8.
sound level metefmodel 1982. Stimulus intensities were
measured with a 1/2-in microphone attached to the soung. Testing apparatus and procedures—Humans
level meter via a 3-m extension cable. The microphone was . .
placed in front of the response keys in the approximate po: The h.uman subjects were se'ated n a sound—f[reated

booth, facing a touch-screen terminal. The same stimulus

sition occupied by the bird’s head during testing, I\/IaSkerfiles used for the birds were played through Tucker-Davis

intensities were measured several times during these experi- . )
g Pehodules to one TDH-49 earphone. Stimulus levels were cali-

ments to ensure that stimulus levels remained constant arbrated with the earnhone in a 6-cc counler using a sound
the entire system was calibrated. level meter P P 9

A standard/two alternative forced choice proced(Bé
2AFC) was used to generate abbreviated psychometric func-
Birds were trained by standard operant auto-shapingions for each thresholdviacmillan and Creelman, 1991
proceduregDooling and Okanoya, 19950 peck at the left Correct answer feedback was provided after each trial.
microswitch key(observation keyduring a repeating back- Stimuli were tested in 40-trial blocks. For each experimental

ground until a new stimulus was presented alternately witttondition (phase selection and masker lgyehree to five
the background sound. The time between pecking the obsesignal levels were tested. Linear interpolation was used to
vation key and the initiation of alternating sounds was ran-estimate a threshold level that would produce about 85%
dom, with a range of 2—-7 s. If the bird pecked the rightcorrect performanced( = 1.5).
microswitch and LED(report key within 2 s ofthis alter-
nating pattern, the food hopper was activated for 2 s. The¢). RESULTS
dependent variable was percent correct on trials involving arA Effects of masker level
alternating sound pattern. A failure to peck the report key -
within 2 s ofsound alternation was recorded as a miss, and a Masking by the positive and negative Schroeder-phase
new trial sequence was initiated. Thirty percent of all trialsmaskers as a function of masker level for two fundamental
were sham trials in which the target sound was the same dsequencies is shown in Fig. 2. The human data are consis-
the repeating background sound. A peck to the report keyent with previous studies of Schroeder-phase masking in
during the 2 s sham trial was recorded as a false alarm, andumans(Summers and Leek, 1998; Kohlrausch and Sander,
the lights in the test chamber were extinguished while thel995. Human listeners showed larger masking differences
repeating background continued. The length of this time-ouas the masker level increased, and the positive Schroeder-
period was normally 5 s, but varied according to an indi-phase stimuli were the less effective maskers. At the highest
vidual bird’s behavior, with longer time-out periods imposedmasker levels, the difference in masking for the two phase
if birds began developing higher false alarm rates. Sessiorgelections was 15—-20 dB. At both fundamental frequencies,
with a total false alarm rate of 16% or higher were discardedhowever, the birds showed only small masking differences
In all, 14% of the test sessions were discarded, which idbetween the two Schroeder-phase maskers. The amount of
typical for these proceduré®ooling and Okanoya, 1995 masking difference increased slightly with increasing level at
For each experimental condition, signal levels in 5-dBboth fundamental frequencies, as seen with the humans, with
steps were presented using the method of constant stimuihasking differences of 5 to 8 dB at the highest masker level
(Dooling and Okanoya, 1995Signal levels within a condi- for a fundamental of 50 HZleft pane), and 3—4 dB for

D. Training and testing procedures—Birds
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complexes with 100-Hz fundamental frequency. A major dif-
ference between the birds and the humans, however, is the
the negative Schroeder-phase masker was the less effecti
masker for the birds.

A two-way analysis of variancdANOVA) with re-
peated measures was carried out for the budgerigar date3
separately for the two fundamental frequencies. For the’,
50-Hz fundamental, there was a significant effect of stimulus g
level (F36=201.90,0<0.001), but no effect of phase selec-
tion (p>0.05). The interaction between level and phase was
also not significant §>0.05). However, a Bonferrortitest
indicated that the phase difference at a masker level of 80 dE° —40[ | | | | | A L
was significant {=3.49,p=0.01). Differences due to phase 1000 1500 Egi"g%d Ff‘;‘zincy (3#20)0 3500 4000
selection were not significant at any other masker levels.

Similar results emerge from the ANOVA for a fundamental FIG. 3. Mean thresholds as a function of signal level in dB relative to each
frequency of 100 Hz. There was a significant effect ofcomponent of the masker as a function of signal frequency. Maskers had a

B . . fundamental frequency of 100 Hz, and were tested at an overall level of 80
masker level 3 =43.95,p<0.001), with no other signifi-

dB SPL.
cant main effects or interactions. Here again, however, the

negative Schroeder masker provided significantly less mas'fiuency region of the signal used here. Critical ratios of bud-

ing than the positive masker at a stimulus level of 80 dB ( georigars near 2.8 kHz are smaller than those reported for

:2'36} p§0.05): . ) humans(Dooling and Saunders, 1975; Dooling, 1980, 1982;
Within species, in both birds and humans, the OVera"Farabaugret al, 1998; Saunderst al, 1979.

differences in thresholds between the two fundamental fre-

guencies shown in_ the two panels of Fig. 2 were minorg efects of signal frequencies

However, the masking patterns for the two fundamental fre- ) _

quencies within a species differed somewhat. In budgerigars, Because budgerigars are known to have their smallest
larger masking differences between positive and negativéritical ratios around 2.8 kHz and larger critical ratios at 1.0
Schroeder waves occurred with the lower fundamental fre@nd 4.0 kHz, one test of whether the reduced effectiveness of
quency[Fig. 2a)] than the higher onfFig. 2b)]. This sug-  Schroeder maskers for budgerigars compared with humans is
gests that some characteristics of the 50-Hz fundamental fré€lated to the unusual shape of the critical ratio function is to
quency stimuli might have affected the amount of masking®St the birds on different signal frequencies. Figure 3 shows
by the positive and negative Schroeder maskers. ThE€ masking for three signal frequencies provided by
maskers generated with the lower fundamental frequenci©Sitive- and negative-phase maskers with a fundamental
contained more components and a longer period thaH€duency of 100 Hz, tested at an overall masker level of 80
maskers with a fundamental of 100 Hz, and there was also @8 SPL. For signal frequencies of 1.0 and 2.8 kHz, two of
different spectral spacing of the components. Either of thesH'® notable masking effects observed earlier are also shown
aspects of the maskers might have contributed to thdere: small differences between masked thresholds, and
Schroeder masking differences observed. This masking dnt_hose differences are in the reverse order of those shown in
ference is especially obvious at the highest masking leveflumans, with the negative Schroeder masker being less ef-
where the greater masking for the positive Schroeder igectlve fqr birds. At 4.0_kHz, however, there was an increase
clearly seen for the 50-Hz fundamental. in masking and no differences between the positive and

Humans also showed some differences in the patterns 6}egative Schroeder masked thresholds. Recall that critical

masking at the two fundamental frequencies. For a fundaratios for these birds around 2.8 kHz are about 2 dB less than

mental frequency of 100 Hz, masking by the negativethey are at 1.0 or 4.0 kHz. Thus the increase in masking by
rmonic complexes from 2.8 to 4.0 kHz is consistent with

Schroeder phase waveforms did not change as the male%?1 ) o . ST
level increased over a 40-dB rangfeom 40 to 80 dB SPL earlier critical ratio results, put the S|mllgr!ty in masked
This masker became less effective at higher masker Ieve@rEShOId at .1.0 and 2.'8 KHz is not. The cr.mcal ratios were
when the fundamental was 50 Hz. For both fundamental fre™€2sured with a continuous broadband noise as the masker,
quencies, however, the positive Schroeder masker beca’%ég\ereas the energy in the maskers used here is discretely
i

systematically less effective over the range of masker level stgbutedt, (ljclgur:]lng otr;]Iy ft_lw ho![e nurr;ber muIt|p:ef ?f th_teh
from 40 to 80 dB. In all, a drop in relative masking of nearly undamental. Ferhaps the faflure to contorm completely wi
ac‘[r|t|cal ratio results is due to the difference in energy spacing

25 dB occurred over that masker range for both fundament within continuous random noise and harmonic complexes
frequencies. In contrast, over the same range of masker lev- P

els, the amount of masking for budgerigars for both masker%'sed as maskers.
changed by only about 10 dB.

Overall, the budgerigars were more resistant to maskin
than humans, with most of their thresholds falling below It might be supposed that, given the results for the two
(i.e., less maskingthose of the human listeners. Such differ- Schroeder maskers, budgerigars are simply less sensitive
ences in masking may be related to critical ratios in the frethan humans to phase changes in harmonic maskers. Figure 4

| T 1
e 20 @ Positive Schroeder
S B Negative Schroeder

Masker Compone

-30F -
Budgerigars (N=3)

Threshold (d

&. Cosine maskers versus random maskers
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shows that this is not the case. This figure shows maskechanics and within-processing-channel differences in internal
thresholds for harmonic maskers constructed with all comerest factors. It is likely, therefore, that the species differ-
ponents in cosine phase or with component phases selectedces in masking by harmonic complexes observed here
randomly. Results from the Schroeder maskers are replottedlight also be related to species differences in the same ana-
from Fig. 2. Masking data for humans are shown in the lefttomical and/or physiological factors. The major findings that
panel and for the budgerigars in the right panel. In this exmust be explained here arét) birds generally show less
periment, the masker fundamental frequency was 100 Hzverall masking from harmonic complexes than do humans;
and the signal frequency was 2.8 kHz. For the random phas®) although clear differences in masking effectiveness of
selections, two different maskers with separate phase drawfarmonic complexes occur with different phase selections
were used, and the results were averaged. (e.g., cosine-phase maskers relative to random-phase
For both humans and budgerigars, masking by randommaskery, large differences between the positive and negative
phase harmonic complexes changes very litle as maskefcnroeder-phase maskers were not observed in the budgeri-
level increases from 40 to 80 dB SPL. However, for bothgars in any of the conditions tested here, in contrast to results

species, there is a release from masking by the cosine-phag8y human listeners; and3) when differences between
stimuli over this range, with masking dropping by 15-20 dB55king by Schroeder-phase complexes in birds occur, the

for both birds and humans. Cps!ne—. and random-phase COMssitive Schroeder waveform is the more effective masker—
plexes, therefore, produce distinctive patterns of maskin

h imilar in budaeri din h Th . Yhe reverse of the asymmetry observed in humans.
that are similar in budgerigars and in humans. The species Turning first to the finding of less masking in the birds

differences emerge with the Schroeder-phase maskers. {Han in the human listeners, recall that the frequency analyz-

blrds,_ both throeder-phase maskers produce a release frcfr% channels at the signal frequeri@&8 kH2) in budgerigars
masking relative to the random-phase maskers across the en- . )
are narrower than those found in humébsoling and Saun-

tire range of masker levels. In humans, however, it is onIyders 1975; Dooling and Searcy, 1979, 1985: Sau

the positive Schroeder phase that shows the same relea 8 o
: . e 78a, 1978b, 1979Less masker power within the relevant
from masking evidenced by the cosine-phase masker. Th itical bands near the signal frequency would result in lower

negative Schroeder phase masker has nearly the same Gff&lsresholds for the birds than for humans. The bandwidth of

tiveness as the random-phase masker over the rangeg?

masker levels. In aggregate, these results suggest that p 1e analyzing channel surrounding the signal frequency also

cessing mechanisms involved in masking by harmonic Com(_jetermmes how many harmonic components will interact to

plexes are fundamentally different between humans anfreduce a within-channel output waveform. To the extent
birds. that the individual components are more nearly resolved by

the relatively narrow analyzing channels, the influence of the

temporal waveform shape on masking will be reduced.
lil. DISCUSSION Within-channel waveform shapes also may be altered by

Masking by harmonic complexes in humans is thoughtcochlear processes other than the bandwidths of analyzing

to be influenced by a number of processes in the peripherghannels, and these other processes may contribute to the
auditory system. Schroeder-phase harmonic maskers are p&gual effectiveness of positive and negative Schroeder-phase
ticularly intriguing in that they have identical long-term harmonic complexes for the birds. Smighal. (1986, and
spectra and waveform envelopes, while having temporal finéater, Kohlrausch and Sand&r995, argued that, in humans,
structure that is reversed. Explanations of the masking difbecause of an interaction between the phase spectrum of the
ferences between the two Schroeder waves observed in h@chroeder-phase maskers and the phase characteristic of the
man listeners have primarily addressed traveling wave mebasilar membrane, the positive-phase masker becomes trans-
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formed internally (i.e., on the basilar membranénto a  slightly and the excitation patterns begin to show a slightly
highly modulated waveform, with relatively long intervals of shallower lower-frequency side than high-frequency side
low-amplitude activity—much as is seen externally in a(Gleich, 1994. In contrast, mammalian tuning curves at fre-
cosine-phase wave. The interaction between the basilajuencies above 1 kHz broaden significantly with level, with
membrane and the negative Schroeder masker, howevehe low-frequency tail becoming more shallow. Excitation
does not create such peaks in the internal waveform. Insteagatterns on the mammalian basilar membrane become in-
it produces an envelope that is more like its external waveereasingly asymmetrical with level, as the high-frequency
form shape, or like a random-phase wave. Thus(thier-  side of the excitation becomes ever more shallow and the
nally) modulated positive-phase masker would be a poorelow-frequency side remains fairly steep, in contrast to pat-
masker than thénternally) flat-envelope negative Schroeder terns exhibited in birds.
masker, as the signal could be detected within the low- On the basis of tone-on-tone masking studies, budgeri-
amplitude portions of the positive Schroeder waveform. Ad-gars appear to share with other birds a tuning curve shape
ditional reductions in masking by the positive Schroederthat is more symmetrical than that typically found in mam-
masker might also be due to active gain mechanisms in thmals (Saunderst al,, 1979; Dooling and Searcy, 1988n
mammalian cochlea, which differentially amplify low- and fact, if budgerigars follow the typical avian patterns of tun-
high-amplitude portions of a sound. Carlyon and Dattaing, only at the highest levels might the slightly increased
(19973 and Summers and Leekl1998 have reported asymmetry contribute to a difference in masking between the
changes in the effectiveness of the positive-phase maskaegative and positive Schroeder maskers. Thus to the extent
with increasing level that are consistent with the activity ofthat tuning asymmetries observed in mammals are involved
the nonlinear gain mechanism in the cochlea. The contribuin masking differences found there, we might expect less
tion of the active gain mechanism was further demonstratedhasking differences between Schroeder-phase complexes in
by Summers and Leek by showing a loss of the differentiabirds. Moreover, because the tuning curve asymmetry is op-
masking effect in human listeners with sensorineural hearingosite to the asymmetry observed in mammals, the direction
impairment—a condition usually involving damage to activeof any masking difference would be the reverse of that seen
cochlear processin@Patuzziet al, 1989. in humans. This, of course, is exactly the pattern observed in
An explanation of the Schroeder masking results in birdghe budgerigars as masker level increase® Fig. 2
that relies on the dynamics of cochlear processing and active While considering the possible contributions of tuning
nonlinear mechanisms is somewhat problematic. This is bezurve shapes to these masking differences, however, it must
cause of the small size of the avian basilar papilla, our laclbe remembered that the long-term spectra of the Schroeder
of knowledge regarding the phase characteristics of the aviacomplexes are identical, with differences only in the direc-
inner ear, and uncertainty about the existence and charactdren of the within-period glides in their instantaneous spectra.
istics of nonlinear processing in birds. The length of the budUpward-sweeping instantaneous frequencies found in the
gerigar basilar papilla is only about 3 mm—an order of mag-negative-Schroeder harmonic complex would change the dy-
nitude smaller than the human basilar membrédanley  namic aspects of neural firing relative to that produced by
et al, 1993. Moreover, the stiffness gradient of the chicken instantaneous frequencies sweeping downward, as in the
basilar papilla is much steeper than its counterpart in th@ositive Schroeder-phase waveform. Differences in
human cochleavon Bekesy, 1960 Though there is un- Schroeder-phase masking may in part result from the glide-
doubtedly a traveling wave on the bird basilar papilla, itslike aspects of the maskers interacting with temporal charac-
time course is likely to be much shorter from base to apexeristics of neural firing. For example, Carnetal. (1999
than that observed in humans. These, and possibly otheeported that, in cats, impulse responses of auditory nerve
structural and functional differences, suggest that the phadéers show an initial upward or downward frequency glide,
characteristics of the inner ears of the two species differ condepending on the best frequency of the neuron in question.
siderably. There is no evidence for the kind of hair cell mo-Frequency-modulated impulse responses in basilar mem-
tility in birds that is responsible for the active gain processesbrane motion at high frequencies have also been rep(ited
and therefore nonlinearity, in mammali$lanley, 1995. Boer and Nuttal, 1997; Recit al., 1998, and several recent
Other nonlinear gain mechanisms may exist in the avian inauditory models of tuning characteristics in mammals incor-
ner ear, possibly related to the function of the tectorial memporate an upward- or downward-sweeping impulse response
brane(Manley, 1995. (e.g., Irino and Patterson, 199These glides in the impulse
Perhaps the most intriguing finding from this study is theresponses may reflect the phase characteristic of the basilar
reversal in birds of the Schroeder masking effect observed imembrane, and may relate to the Schroeder masking differ-
humans. In the budgerigars, the positive Schroeder-phasces observed in humans. It is not clear whether such fre-
maskers were more effective, while in humans, the negativeguency glides might be found in neural impulse responses in
phase complexes produced the greater amounts of maskingirds, or whether such glides might be reversed relative to
We would expect that species differences in inner ear tuninghose found in mammals, perhaps in conformity with the
or neural firing patterns may contribute to these maskingsymmetry characteristics of avian tuning curves.
differences. Gleich(1994 reported that tuning curves and There are two other minor factors that deserve mention
excitation patterns in birds are generally more symmetricain considering the contrasting findings here from humans and
and change less with increasing stimulus levels than those dfom budgerigars. First, there is a possible contribution from
mammals. At very high levels, the tuning curves broaderdifferent transducers in the experimental setups. Birds per-
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formed this listening task in a sound field, and were free tamasking than did humans. These differences in masking per-
move aroundalthough in practice, because they were busyformance between species are likely due to differences in
pecking the observing key, their heads moved very little instructure and function of the two auditory peripheries. They
this sound fielfl Humans listened to these complex soundsmay relate to differences in traveling wave characteristics
over earphones. Informal testing of humans in the same freand to different manifestations of active cochlear processing
field as the birds confirmed the human pattern of Schroedeén avian and mammalian ears. A known difference between
masking effectdi.e., negative producing more masking than species relating to shapes and widths of neural tuning curves
positive), but the masking differences were slightly smallermay emerge as a significant contributor to these observed
than under earphones. Depending on the size of the room amdasking differences.

the amount of reverberation, some phase alterations might The differences in masking between budgerigars and hu-
occur in some sound fields between the loudspeaker and threans observed here encourage the use of these types of har-
ear. However, the masking differences for humans listeningnonic complex stimuli in studies relating auditory percep-

in the bird’s testing box were still much larger than observediion to species-specific structures and processing
in the birds. The results of this sound field testing make itmechanisms. Stimulus manipulations of both long-term and
unlikely that these transducer differences were responsible iimstantaneous frequencies, as well as control of dynamic as-
any major way for the differences in performance observegbects of sounds such as temporal envelopes and fine struc-
between species. Further confirmation that these maskinmire, open a broad vista of challenges to comparative explo-
differences are not due to random movements of the birdgations of auditory function.

within the listening boxes may be found in the reliability of
response patterns in replications of experimental conditions

by the birds, suggesting that the stimuli were controlling reA\CKNOWLEDGMENTS

sponses in a systematic manner. This work was supported by NIH Grants DC-00198 to
Finally, the effect of the bird middle ear system on theser j.p. and DC-00626 to M.R.L. M.L.D. was supported by an
data is not clear. The middle ears of birds are connectethstitutional NRSA from NIH(DC-00046. We are grateful
through an interaural pathway in their highly trabeculatedio vvan Summers for interesting discussions regarding these
skull. It is now known that this interaural pathway can influ- gata. Otto Gleich also provided stimulating and enlightening
ence the nature of the acoustic stimulus perceived by thgjscussions on the topics addressed in this paper. Special
binaural auditory systeniColeset al, 1980; Larseretal,  thanks to M. Mavilia, K. Inouye, B. Lohr, and J. Lentz for
1997; Lewis, 1983; Rosowski and Saunders, 188@ prob-  assjstance. The opinions or assertions contained herein are
ably affects certain binaural phenomena such as sound locahe private views of the authors and are not to be construed
ization (Park and Dooling, 1991and binaural masking re- as official or as reflecting the views of the Department of the
lease (Dent et al, 1997. It is not known whether the Army or the Department of Defense.
interaural pathway differentially distorts the positive and
negative Schroeder maskers in ways that affect their masking
effectiveness. Carlyon, R. P., and Datta, A. J1997a. “Excitation produced by
Schroeder-phase complexes: Evidence for fast-acting compression in the

auditory system,” J. Acoust. Soc. AmM01, 3636—3647.
IV. CONCLUSIONS Carlyon, R. P., and Datta, A. J1997h. “Masking period patterns of

[P Schroeder-phase complexes: Effects of level, number of components, and
The shape of the temporal waveform has a significant JLo " Cobuie (noents » 3. Acoust. Soc. Ar01, 36483657,

impact.on the ability of harmonic complexes to mask PUr€carey, L. H., McDuffy, M. J., and Shekhter,(1L999. “Frequency glides
tones in both humans and budgerigars. In both species,in the impulse responses of auditory-nerve fibers,” J. Acoust. Soc. Am.
highly peaked waveforms with all components in cosine 1|05 2R38§-2L391_- BB HiL K. G. Hutchings. M.E.. and G .

. . es, R. B, Lewis, D. B., Hill, K. G., Hutchings, M. E., an ower, D. M.
phase genera"y prOduce_ less ,maSkmg than random phag%l%(}. “Directional hearing in the Japanese qué&Coturnix coturnix
maskers,_ and the maskln_g dlffe_renc_es between the_ t\{vojaponica) Il. Cochlear physiology,” Exp. Biol86, 153—170.
maskers increase monotonically with stimulus level, again inle Boer, E., and Nuttall, A. L(1997. “The mechanical waveform of the
both species. Significant species differences emerge, how-Pasilar membrane. I. Frequency modulatidfglides’) in impulse re-

. . . sponses and cross-correlation functions,” J. Acoust. Soc. .3583—
ever, with other selections of harmonic component phases. 3292 i

As previously reported in humans, masking by positivepent, M. L., Larsen, O. N., and Dooling, R. 1997. “Free-field binaural
and negative Schroeder-phase complexes produce differunmasking in budgerigar@vielopsittacus undulatys' Behav. Neurosci.
ences in signal threshold that increase as masker level in-11L 590-598. _ _ o

. Dooling, R. J.(1980. “Behavior and psychophysics of hearing in birds,” in
creases fr(?m low to moderate Ievels. The negative SChroederComparative Studies of Hearing in Vertebrateslited by A. N. Popper
waveform is usually the more effective masker. These resultsand R. R. FaySpringer-Verlag, New York pp. 261—288.
hold for fundamental frequencies of 50 and 100 Hz. Dooling, R. J.(1982. “Auditory perception in birds,” inAcoustic Commu-

In budgerigars however. the two Schroeder phase nication in Birds edited by D. E. Kroodsma and E. H. MilléAcademic,

! L . . New York), pp. 95-130.
maskers produced nearly identical thresholds until the highpygjing, R. 1.(1991). “Hearing in birds,” in The Evolutionary Biology of
est masker level was reached. When small differences inHearing edited by D. Webster, R. R. Fay, and A. N. Popf@pringer-
masking were observed, the direction of masking effective- Verlag, New York, pp. 545-560. S
ness was reversed relative to that found in humans, with thB2°/ing. R. J., and Okanoya, K1995. “The method of constant stimuli in
. . T testing auditory sensitivity in small birds,” iMethods in Comparative
positive Schroeder masker showing the greater masking ef-psychoacousticedited by G. M. Klump, R. J. Dooling, R. R. Fay, and W.

fects. In addition, in most cases the budgerigars showed lessC. StebbingBirkhaeuser Verlag, Baselpp. 161-169.

1743 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 Leek et al.: Harmonic complex masking in budgerigars 1743



Dooling, R. J., and Saunders, J.(@€975. “Hearing in the parakegiMelop- Manley, G. A.(1990. Peripheral Hearing Mechanisms in Reptiles and
sittacus undulatus Absolute thresholds, critical ratios, frequency differ-  Birds (Springer-Verlag, Berlin
ence limens, and vocalizations,” J. Comp. Physiol. Psyc&l.1-20. Manley, G. A.(1995. “The avian hearing organ: A status report,” Ad-
Dooling, R. J., and Searcy, M. H1979. “The relation among critical vances in Hearing Researchdited by G. A. Manley, G. M. Klump, C.
ratios, critical bands, and intensity difference limens in the parakeet Koppl, H. Fastl, and H. Oeckinghaugé/orld Scientific, New Jerseypp.

(Melopsittacus undulatyg’ Bull. Psychon. Soc13, 300—302. 219-232.

Dooling, R. J., and Searcy, M. H1985. “Non-simultaneous auditory  Manley, G. A., Schwabedissen, G., and Gleich(I293. “Morphology of
masking in the budgerigaiMelopsittacus undulatys’ J. Comp. Psych. the basilar papilla of the budgerigavlelopsittacus undulatyi J. Mor-
99, 226-230. phol. 218 153-165.

Dyson, M. L., Klump, G. M., and Gauger, §1998. “Absolute hearing  okanoya, K., and Dooling, R. J1987. “Hearing in passerine and psitta-

thresholds and critical masking ratios in the European barmn owl: A com- jne hirds: A comparative study of absolute and masked auditory thresh-
parison with other owls,” J. Comp. Physid82 695-702. olds,” J. Comp. Psych101, 7—15.

Farabaugh, S. M., Dent, M. L., and Dooling, R.(1998. “Hearing and
vocalizations in native Australian budgerigaf®lelopsittacus undula-
tus),” J. Comp. Psych112 74-81.

Fay, R. R.(1988. Hearing in Vertebrates: A Psychophysics Databddkl-
Fay, Winnetka, lllinois.

GI;:JC:y S];(;griég'ryiﬁﬂ%:;na?faet:;:?: 'lyth.hAeCs(,)tj;I;.nggg CRI;;. ﬁ)lpgzggtlon “Basilar-membrane responses to clicks at the base of the chinchilla co-

Irino, T., and Patterson, R. 01997. “A time-domain, level-dependent chlea,” ,‘]' Acoust. Soc. Am103 1972_19‘?9' L
auditory filter: The gammachirp,” J. Acoust. Soc. Ad01 412—-419. Rosowski, J. J., and Saunders, J.(£380. “Sound transmission through

Klump, G. M. (1996. “Bird communication in the noisy world,” irEcol- the avian interaural pathways,” J. Comp. Physkilg 183-190.
ogy and Evolution of Acoustic Communication in Biresiited by D. E. ~ Saunders, J. C., Denny, R. M., and Bock, G.(R3783. "Critical bands in
Kroodsma and E. H. MillefCornell University Press, New Yoykpp. the parakeetMelopsittacus undulatys’ J. Comp. Physiol125 359-365.
321-338. Saunders, J. C., Else, D. V., and Bock, G.(R978h. “Frequency selec-

Kohlrausch, A., and Sander, AL995. “Phase effects in masking related to tivity in. the parakeetMelopsittacus 'undulatl)sstudied with psychophysi-
dispersion in the inner ear IIl. Masking period patterns of short targets,” J. &l tuning curves,” J. Comp. Physiol. Psych8g, 406-415.

Park, T. J., and Dooling, R. 31991). “Sound localization in small birds:
Absolute localization in azimuth,” J. Comp. PsyctD5 125-133.

Patuzzi, R. B., Yates, G. K., and Johnstone, B.(1289. “Outer hair cell
receptor current and sensorineural hearing loss,” Hear. £37-72.

Recio, A., Rich, N. C., Narayan, S. S., and Ruggero, M. (A998.

Acoust. Soc. Am97, 1817-1829. Saunders, J. C., Rintelmann, W. F., and Bock, G(B79. “Frequency
Langemann, U., Gauger, B., and Klump, G. {1998. “Auditory sensitiv- selectivity in bird and man: A comparison among critical ratios, critical

ity in the great tit: Perception of signals in the presence and absence of bands, and psychophysical tuning curves,” Hear. Re803-323.

noise,” Anim. Behav.56, 763—769. Schroeder, M. R(1970. “Synthesis of low-peak-factor signals and binary
Larsen, O. N., Dooling, R. J., and Ryals, B. 1997. “Roles of intracra- sequences with low autocorrelation,” IEEE Trans. Inf. Theldii6, 85—

nial air pressure on hearing in birds,” Diversity in Auditory Mechanics 89.

edited by E. R. Lewis, G. R. Long, P. M. Narins, C. R. Steele, and E.Smith, B. K., Sieben, U. K., Kohlrausch, A., and Schroeder, M(1R86.

Hecht-Poinar(World Scientific, New Jerseypp. 253—259. “Phase effects in masking related to dispersion in the inner ear,” J.
Lewis, D. B.(1983. “Directional cues for auditory localization,” iBioa- Acoust. Soc. Am80, 1631-1637.

coustics, a Comparative Approachkdited by D. B. Lewis(Academic, Summers, V., and Leek, M. R1998. “Masking of tones and speech by

London), pp. 233-257. Schroeder-phase harmonic complexes in normally hearing and hearing-
Macmillan, N. A., and Creelman, C. ©1991). Detection Theory: A User’'s impaired listeners,” Hear. Re418 139-150.

Guide (Cambridge University Press, Cambridge von Bekesy, G(1960. Experiments in HearingMcGraw-Hill, New York).

1744 J. Acoust. Soc. Am., Vol. 107, No. 3, March 2000 Leek et al.: Harmonic complex masking in budgerigars 1744



