Investigations of the precedence effect in budgerigars:
Effects of stimulus type, intensity, duration, and location
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Auditory experiments on the localization of sounds in the presence of reflections, or echoes, that
arrive later and from different directions are important to understanding hearing in natural
environments. The perceived location of the auditory image can change with the time delay between
the presentations of a leading and lagging sound. These changes in perceived location,
encompassing the precedence effect, have been examined behaviorally or physiologically in humans
and a number of animals. Here, these results are extended to include budgerigars. Behavioral
methods were used to measure the discrimination performance between a stimulus presented at
and —90° azimuth with a delayleft-right), from the same two stimuli presented with the opposite
delay(right-left). At short delays, where humans experience summing localization, budgerigars have
difficulty discriminating between the two presentation types. With increasing delays, where humans
experience localization dominance, budgerigars show improved discrimination performance. At
even longer delays, where echo thresholds are found in humans, discrimination performance
worsens again. The shapes of the discrimination functions are affected by the intensity, locations,
and durations of the stimuli, and are subject to a buildup effect. These results show that budgerigars
exhibit the phases of the precedence effect similar to humans and other animaR0039
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I. INTRODUCTION types of stimuli usede.g., Schubert and Wernick, 196%he
) ) ) instructions given to the listenetBlauert, 1997; Zurek,
The precedence effect is an important aspect of binaurgggy the location of the lead and lag stimdliitovsky and
hearing and has a long history in both psychoacoustighinn.cunningham, 2001and the immediately preceding
and neurophysiological experimenig.g., Blauert, 1997, pigiory of the auditory information presented to the listener
Litovsky et al, 1999; Wallachet al, 1949. Previous work — cjigion 1987, Taken together, these results suggest that the

hag sdhov::/)n thgt th? zreced(tanc? tﬁﬁeCt ha_s tr:jr?e C[.'t'cal ftlth ecedence effect is not a simple auditory echo suppression
ptgrlols, asef ontJu grptin S ‘t) t('e peirceével %C"’t‘ lon ot echanism, but a more general auditory mechanism that im-
stimulus as a function of the interstimulus delay between twa, hearing in natural situations.

;glrinc?osmailsgnt:eesznzree)cchﬂlEtzr?ressr:%gzgrg\)/?:\:\llzauEir;é)\l/zckalIZ Comparative studies of the precedence effect are much
' . . Y more difficult to conduct than those in humans because ani-
et al. (1999]. The echo threshold is defined as the (BF . . .

: X . mals cannot be directly queried about the location of real or
terstimulus interval between a lead and a) lpgst which an . . : .

I hantom targets in space. Behavioral and physiological stud-
observer hears both the lead and lag stimuli at separate loca- .
Ies, however, have both experienced some degree of success

tions (Blauert, 1997; Freymaat al., 1991). The echo thresh- ) ' : . .
: . by using a wide variety of creative techniques to answer the
old is the longest temporal interval relevant to the prece-

dence effect, and, above this delay, the precedence effect Eé:estllc(m $f undzrlylﬂg mechamsrl?_f ofkthe adug!torigséyg tem.
no longer evident. Within certain limits below the echo Itovsky, Yin, and colleaguete.g., Litovsky and Yin, a,

threshold, stimuli emanating from two different speakersb; Yin, 1994, for example, have conducted an extensive set

produce the perception of a single stimulus coming soIeI)Pf experiments on aspects of the precedence effect in cats.

from the position occupied by the leading speaker. The rangghey have demonstrated some interesting underlying neural

of ISIs over which this perception occurs defines localizatiorCC'Telates to localization dominance, summing localization,

dominance. Finally, summing localization occurs when theand echo thresholds in the inferior colliculus of kittens and
ISI is even shorter than in localization dominance. Work with@dult cats(Felis catug and have compared these results with
humans shows that during this time period, a phantom sourcd®™Me Of the behavioral findings in humans.

is perceived as being somewhere between the two sound 1he Pbehavior and underlying neural correlates of the
sources. The exact values of the time ranges described in thEecedence effect have also been demonstrated in several

above three pieces of the precedence effect depend on th¥Periments with albino ratsRattus norvegicus Kelly
(1974, for example, showed through behavioral procedures
that discrimination between background click pairs from the
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a certain range. Discrimination was worse at very short andpace(Dentet al,, 1997]. Masked thresholds for a tone em-
very long delays, as in the cats. Generally, results from indebedded in noise emitted from one speaker on one &dg,
pendent laboratories using different methodologies suggesight side tone, right side noiseof the birds were much
that mammals do indeed perceive summing localization anworse than thresholds for a tone embedded in noise emitted
localization dominance stimuli in a manner similar to hu-from two speakers on two sidé€s.g., right side tone, right
mans[see review in Litovskyet al. (1999]. and left side noiseof the birds. Moreover, the amount of
Correlates of the precedence effect have been found ihinaural release from masking was similar to the amount
one bird species to date, the barn ¢Wyto albg. Keller and  seen in humans with mudarger headgDentet al, 1997.
Takahashi1996; see also Takahashi and Keller, 198%a- One possible mechanism for this enhancement in free-
sured responses to simulated echoes by neurons in the extéield binaural masking release is the existence of the interau-
nal nucleus of the inferior colliculus of the barn owl and ral canal in these and other birfigview in Klump (2000].
correlated those responses to behavioral data. Keller and Taksing laser vibrometry, it has been shown that the phase
kahashi(1996 found these birds perceived sounds presentedesponse of one tympanum is affected by sound traveling
simultaneously from two lateral speakers as coming from dhrough the interaural pathway from the opposite ear, provid-
central location in space in behavioral experiments. In thes#g a potential mechanism for improving directional hearing,
experiments, the barn owl’s echo thresholds were found to bespecially at low frequencieéLarsen etal, 1997. The
about 5 ms(Keller and Takahashi, 1996; Takahashi andpressure-difference receiver can only aid in sound localiza-
Keller, 1994, similar to those found by Tolliret al. (2000  tion if the sound pressure level of the sound to the inner
in the cat, and those found in humafesg., Blauert, 1997  tympanum is not attenuated too much relative to the sound
While cats and barn owls have similar head si@esl there- pressure level of the sound to the external surface of the
fore similar interaural sound localization ciieshey have tympanum([see review in Klump(2000]. In budgerigars,
extremely different evolutionary histories, life styles, and au-especially at low frequencies, the attenuation of sounds
ditory neuroanatomyCarr, 1992. Thus, it is interesting that through the interaural canal range from 2 dB at 0.5 kHz to 17
their echo thresholds are so similar. dB at 2 kHz (Larsenet al, 1997. The experiments here
Measuring the precedence effect in barn owls is als@ttempted to determine whether budgerigars could enhance
interesting because, like cats, they are nocturnal predatofteraural timing information of primary sounds versus ech-
with highly specialized auditory systems designed for track-0€s using the interaural can@r another mechanism.
ing and capturing prey. It was not known whether other ~ The results in humans suggesting that binaural time or
smaller birds without obvious external ear or central nervoudntensity difference cues are not necessary for localization
system adaptations for sound localization would exhibit thedominance or summing localizatidfhitovsky et al, 1997;
precedence effect or whether the timecourses of summinffakerd and Hartmann, 1994; Rakeztlal, 2000 are inter-
localization, localization dominance, and echo threshold$sting with respect to budgerigars as well. It is known that
would be similar across different bird species. This is a prob{in humans at leaseach position in space is associated with
lem of some intrigue because small birds have small headgharacteristic peaks and troughs in the spectrum of sounds
with closely spaced ears. These anatomical characteristi@nd that human listeners can use this information for sound
result in small interaural time and intensity differences,/ocalization(Hebrank and Wright, 1974; Seari¢ al., 1976.
which would seem to work against a robust precedence eflne head, pinnae, and body interacting with the sound at
fect. each position in space create these spectral peaks and
The present study sought to investigate the precedendEPughs. It was not known how many cues these small birds
effect in the budgerigatMelopsittacus undulatdsa small ~ With no pinnae might generate or if they would be able to
parrot and popular cagebird. It was unclear whether thesgxhl_bn the p_reced(_-)nce effect with minimal binaural interau-
birds would exhibit a robust precedence effect or how itral time and intensity cues, so the precedence effect was also
would differ from that demonstrated in humans, other ani-determined along the median sagittal plane. The results from
mals, and specialized birds such as barn owls. Budgerigaf§€S€ experiments should provide interesting insights as to
were chosen, in part, because they are well studied in thi'€ importance of the above-mentioned binaural cues for lo-
psychoacoustics field. More is known about hearing and aucating an object in space. The following experiments define

ditory discriminations in this species, in both quiet and noisyth€ timecourses for echo thresholds, localization dominance,
backgrounds, than in any other bigske, for example, Dool- and summing localization in budgerigars and compares these
ing et al, 2000. values to those found in humans and other animals.

The capabilities of the budgerigar’s binaural auditory
system have also been investigated and show some intrigy- GENERAL METHODS
ing results. For instance, absolute localization thresholds fo/& Subiect
these birds are not remarkaljlbout 20° for the budgerigar ubjects
compared to 2° for the barn owl; review in Klun{g000]. Four adult budgerigarghree males, one femalevere
This is slightly, but not dramatically, better than what oneused in these experiments. The birds were either bred from
would expect from their small heads and closely spaced earsommercial stock in a vivarium at the University of Mary-
However, budgerigars do exhibit the phenomenon of binaukand or purchased from a local breeder. The birds were
ral release from maskindthe improvement in threshold housed in individual cages and kept on a normal day/night
when separating the signal from the background noise irycle correlated with the season at approximately 90% of
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their free-feeding weights. All animal experimentation was Incorrect report key pecks were punished with a time-
conducted under the auspices of an approved protocol fromut during which all of the room lights were extinguished. A
the Animal Care and Use Committee at the University ofmiss was recorded if the bird failed to peck the report key
Maryland, College Park. within 2 s of thechange in stimulus presentation. Sham tri-
als, where there was no change of sound presentation type
_ from background to target, consisted of 30% of all trials.
B. Testing apparatus Pecks to the report key during these trials were counted as

The psychoacoustic experiments took p|ace in a Wiréalse alarmS, and the birds were again pUniShEd with a ||ghtS-
test cage (2518x14cn’) mounted 115 cm from the Out period. Sessions with a false alarm rate of 15% or higher
ground in a sound-attenuated chamber ¥28x 2.0 nt). were discarded. Approximately 6% of all sessions were dis-
The test cage consisted of a perch, an automatic feeder on tarded for this reason.
floor of the cage(food hoppey, and two vertical response An experimental session consisted of 100 trials. The
keys extending from the floor in front of the bird. The re- birds were tested at least two sessions a day, and between 5
sponse keys were two sensitive microswitches with 8-mnnd 7 days a week. Each bird was run on at least 200 trials at
light emitting diodes(LEDs) located just above the food €ach experimental condition, and the last 100 trials after per-
hopper. The bird pecking the LED tripped the microswitch.Cent correct values stabilized were analyzed. To minimize
The left microswitch and LED served as the observation keyany response biases, two of the birds were trained to repeat-
and the right microswitch and LED served as the report keyind background sounds from the left speaker, and two were
During a session, a small light at the top of the test cagdrained to repeating background sounds from the right
illuminated the chamber. The behavior of the animals duringsPeaker.
test sessions was monitored at all times by an overhead video

camera system. '
The experiment was controlled by an IBM Pentium Il Ill. EXPERIMENT 1: THE EFFECTS OF STIMULUS

microcomputer operating Tucker-Davis Technolodi€BT, TYPE

Gainesville, FI) modules. Stimuli were generated in advance  The exact values of the time ranges of summing local-

of testing, stored in digital form, and output at a samplingjzation, localization dominance, and echo thresholds depend
rate of 50 kHz via a timing generat¢fDT, Model TGO to  on the types of stimuli usece.g., Schubert and Wernick,
a four-channel D/A convertefTDT, Model DA3-4. Each  1969. In humans, different stimuli give very different echo
signal was then output from a separate channel of the D/Anresholdgsee reviews in Blaueftl997 and Litovskyet al.
converter to a separate digital attenudfdDT, Model PA4  (1999]. The onset durations, overall durations, and carrier
and a separate amplifigiTDT, Model HBE to separate frequencies of the stimuli can all have an influence on the
speakers located in the testing chamb@ealistic 3 timecourses of the precedence eff¢eboutgast and Aoki,
midrange tweetgr Two speakers were placed at the samej994; Rakerd and Hartmann, 1986; Yang and Grantham,
height as the cage, 60 cm from the position of the bird’s head 997, In this first experiment, we tested the birds’ discrimi-
during testing. Stimulus calibration was performed with apation of pairs of broadband noisé8.1, 1, and 50 ms in
Larson-Davis sound level metéviodel 825, Provo, UTand  duration, as well as recorded natural contact calls of the
20-ft extension cable. For all measurements;ia. micro- budgerigar, at different 1SIs.
phone was placed in the position normally occupied by the  The hirds were also tested on discrimination of stimulus
bird's head during testing. Additional measurements of theyairs with different lead locations. In humans, echo thresh-
spectral and temporal characteristics of the stimuli wergyds are higheflater in time when the lead originates from
made by passing the output of the sound level meter to ge right and the lag from the left than the reverse condition.
Stanford Research Systems FFT spectrum analfedel  One of the arguments for this asymmetry is that overall hear-
SR760, Sunnyvale, Chand a Tektronix digital oscilloscope ing abilities are asymmetrical in humats.g., Ward, 1957;
(Model TDS3014B, Portland, OR Emmerichet al, 1988, so the suppression of echoes is more
efficient when the direct source is presented to the better ear
(Grantham, 1996 Asymmetrical hearing abilities have never
been found in birds, which made them interesting subjects
The birds were trained by a standard operant autofor a study of asymmetries in localization dominance and
shaping program to peck at the microswitch keys for foodecho thresholds.
reinforcement. First, they pecked repeatedly at the left key  The budgerigar experiments here are modeled after ear-
(observation keyduring repeating presentatiofrate of 2/3  lier discrimination experiments on rats. Kel(974) tested
of a stimulus emitted from single sour@eackground; e.g., a rats on their ability to discriminate between paired-
left speaker only After a random interval of 1-6 s, the same background sounds presented from a left then a right speaker
stimulus was played from a different sour@arget; e.g., (L-R) from paired-target presentations of sounds from a right
from the right speaker The bird was trained to peck the then left speake(R-L) with the same ISI between sound
right key (report key when it detected this change in order to presentations. The rats had difficulty distinguishing between
obtain food. Percent correct hit values on trials involving athe two presentation types at extremely short deldgk-
change from background to target were recorded for furtheground versus target; 31—62s), where summing localiza-
analysis. tion is operating. Presumably, the rats perceived only one

C. Training and testing procedures
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ISI between presentations as the repeating background
stimulus pairs. The repeating backgroufidR) was pre-
sented a random number of timésetween 6 and 12at a
HEEEN b o 0O rate of 2/s before the target®-L) were presented. Target
| | pairs were presented four times tofals), or until th.e birds
| | responded. No sounds were plqyed during th.e relnforcement
| | period. Only one ISI was tested in each experimental session.
+90 ell HEEN ’] o000 Il N Testing of the different ISIs was varied randomly between
Speaker | | | experimental sessions. These ISIs ranged from 0.1 to 40 ms
o | N S . . . (although some different ISIs were used in the different
) stimulus conditions and a total of at least 13 ISI values
Time (s) were tested for each stimulus type.
FIG. 1. Schematic of trial events. Stimuli are presented at a rate of 2/s. All four subjects were tested on L-R versus R-L dis-
Stimuli are presented from the90° speaker first, followed, after a short Criminations at different ISIs with 1-ms broadband noise
delay, from the+90° speaker. Background stimuli are presented a randonpulses(clicks) to determine the nature of the precedence ef-
number of timeg6—12 before targets are presented. Targets have‘the Sameact in budgerigars. To examine the effect of stimulus dura-
delay between lead and lag speakers, they are merely reversed in position. . .
Birds have four presentations of the target to respond before the repeatir%on’ two SUbJECtS(Penny and Will were also tested on
background continues again for the next trial. 0.1-ms clicks and 50-ms noise bursts. To assess the prece-
dence effect using the natural vocalizations of these birds,
three of the subject¢Penny, Will, and Spike were also
sound as coming from somewhere in the middle for bothiested on three recorded contact calls from three different

background and target presentation typ@se phantom budgerigars.

sound image so they could not distinguish between the  Finally, two subjects(Cirrus and Wil) were tested
background and targets. The rats could easily discriminat@Cross all I1SIs on both the left-first and the I'ight-ﬁl’St click
the L-R pair from the R-L pair at presentation delays fromconditions, in a random order. They were also tested on the
0.25 to 16.0 ms, where localization dominance is operating€ft-first clicks where the testing cage was rotated 180°
The rats could distinguish the left-first from the right-first Within the chamber. This experimental condition measured
stimuli because they only perceived the sounds as comin@e effect of the location of the lead stimulus on the prece-
from one Speaker location in the backgrou«ﬂe |eading dence effect. In humans there is an asymmetry in the bUlldUp
speaker position Therefore, the perceived left-only back- Of localization dominance depending on which side the lead-
ground sound was easy to discriminate from the target. Th&g sound is emittedClifton and Freyman, 1989; Grantham,
rats became unable to distinguish between the two present&996, and we could test for a similar phenomenon in birds.
tion types again with much longer dela§&)—32 m. This is Results should also reveal whether any spectral artifacts or
above the echo threshold for the rats; they heard both soun@sies used for the precedence effect were due to the experi-
from separate locations during both the background and th&ental setup.

target presentations. The sounds were too close together for

rats to be able to tell which sound came first, however, so

they could not discriminate between the background and tar2- Stimuli

get presentations. The first experiment was designed to mea- Al of the stimuli were presented at peak sound pressure
sure whether budgerigars would exhibit the precedence efaye| of 60 dBA) SPL measured at the bird’s head. The
fect using similar methods, what the timecourses of theicks had a 0-ms rise-decay time and the 50-ms noise bursts
components of the precedence effect were, and the effect gfzq a 5-ms rise-decay duration. The longer stimuli also gen-
using different stimuli. erally contained more energy at higher frequencies than the
shorter stimuli. This is unlikely to be a significant factor
since the hearing abilities of these decreases dramatically
above about 5 kHz. The contact calls were typical of bud-
gerigar calls(see Farabaugh and Dooling, 1998equency
modulated patterns with most of their energy between 2 and
Once the birds were trained to peck repeatedly duringt kHz, durations of between 120 and 160 ms, and with onset
presentation of a single stimulus emitted from the lefttimes of approximately 5—10 ms.
speake—90°, repeating backgrouhdnd to report a change As a control for potential monaural intensity fluctuations
in the location of this repeating backgrou#90° target, in the stimuli that the budgerigars may have used as cues for
paired stimuli were introduced into the experiments. Herediscrimination between background and target click pairs,
the repeating background involved presenting the stimulthe 1-ms click pairs were also tested with the intensity roved
from two speakers as in Kelly€1974) experiment with rats *=4 dB (around 60 dB from presentation to presentation.
(see Fig. L In other words, the background was a repeatingTwo of the budgerigaréPenny and Spikewere tested at all
stimulus involving the left then the right speakers, with veryISls in this control experiment, and results were compared to
short delays between the two sound presentations. In eacheir results from the 1-ms click pair discrimination experi-
session, the target stimulus pairs had the séboeopposite ~ ment where the intensities were not roved.

Background I Background

| |

| | Target
-90 %b o oo |

Speaker

A. Methods

1. Procedures
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100

80

60

Percent Correct Discrimination
Percent Correct Discrimination

20 F —&— Cirrus
—O— Spike 20 | = 0.1 ms clicks
Pe:.;'ty —l— 1 ms clicks
B IW1. v e —— 50 ms noise bursts
0 0.1 1 10 . . . - Cor:tact calls
Interstimulus Interval (ms) 0.01 0.1 1 10
FIG. 2. Results from four individuals tested on the discrimination of 1-ms Interstimulus Interval (ms)
click pairs. Percent correct discrimination values are shown as a function of o o
ISI. FIG. 3. Results from two individuals tested on the discrimination of three
types of broadband stimulus pairs, and from three individuals tested on
discrimination of budgerigar contact calls. Percent correct discrimination
values are shown as a function of ISI.
B. Results

Discrimination for thesingle clicks used in trainingeft

only background versus right only target&as close to than those at the longer and shorter delays.

100% for all four birds. Percent correct values for paired At shorter delays, percent correct values in the budgeri-
stimuli tested at different ISIs are shown in Fig. 2 for the gars for the 0.1 ms ISI were significantly lower than those
four individual budgerigars tested on 1-ms clicks. Here, theyom the 0.5-, 0.8-, 1.0-, 2.0-, 30.0-, and 40.0-ms intervals
task was to dispriminate alL-R r_epeating background from qp<0.05), and the 0.3- and 0.5-ms ISls were significantly
R-L target, at different ISls ranging from 0.1 to 40 ms. TwO (ifferent from the 8.0-ms ISI {<0.05). At the longer de-

of the birds were tested in the above-mentioned ConditionbayS, the lowest percent correct Va|l_(a$8 ms were S|gn|f|_
with the L-R background and R-L targeiSirrus and Spike  cantly different from those at shorter 1S18.3, 0.5, 0.8, 1.0,
and two of the birds were tested in the opposite conditionp o, and 5.0 mss and both the 8- and 10 ms-ISIs were sig-
with the R-L background and L-R targef#ill and Penny. nificantly different from some longer ISK80 and 40 msp

For all four subjects, percent correct discrimination in-<0.05). These results, as a whole, establish that budgerigars

creased, decreased, and then increased again as ISIs iy exhibit the phenomena of the precedence effect, including
creased. The four birds deviated by 3% to as much as 43%umming localization, localization dominance, and echo

from each other in their discrimination values at the differentthresholds.
ISIs, but shapes of the curves were similar across birds. As  Two subjects were tested with the intensities of the
one check on whether the variation across birds was due &imuli roved by +4 dB from presentation to presentation.
subject differences in perceptual processes or to subject diffhe discrimination functions were not significantly different
ferences in the adaptation to the testing procedures; a across ISI between the roved and unroved conditions for ei-
analysis was used. The averatjevalue across the four birds ther bird as shown by a paireetest [Penny:t(12)=0.46,
at all ISls for this experiment was 2.32 and the rangel'of p>0.05; Spike1(12)=0.65,p>0.05]. The birds could not
values across birds was 2.05 to 2.53. The interindividuateliably use intensity difference cues to discriminate back-
variation in the data shown in this experiment is fairly smallground from target in the roved condition, suggesting other
compared to similar experiments in humdris®e, for ex- mechanisms were shaping the discrimination functions.
ample, Litovsky and Shinn-Cunninghaf@001)]. To test the effects of stimulus duration on discrimination
A one-way repeated measures analysis of variancebilities, two budgerigars were additionally tested on stimu-
(ANOVA) showed that there were significant differenceslus pairs where the stimuli were 0.1 and 50 ms in duration
across ISls for all subjec{d=(12,36)=9.15,p<<0.00]. At (Fig. 3). The results for all three broadband stimuli are simi-
intermediate delay&.5 to 5 m$, all birds performed well— lar. Discrimination was low at the shortest ISIs, high at in-
they easily discriminated the R-L target from the L-R back-termediate ISIs, an6somewhat lower again at longer ISls.
ground.PosthocBonferronit-tests showed that the interme- At the shortest ISlIs, the 0.1-ms click pairs were the easiest to
diate delays of 0.8, 1.0, and 2.0 ms were all significantlydiscriminate, followed by the 1-ms clicks, and then the
different from the shorter delay of 0.1 ms and the longer50-ms noise bursts. The peak of responding., where lo-
delays of 8, 10, and 15 m$€0.05). The percent correct calization dominance might be at a maximuwwas at a simi-

values at these intermediate ISIs were significantly higher
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lar I SI across stimulus types: at 1 ms for the 0.1-ms clicks, 100
at 1 ms for the 1-ms clicks, and at 4 ms for the 50-ms noise
bursts. Echo thresholds, or the lowest point of responding
(lowest percent correct discrimination valliesere at 20 ms

for the 0.1-ms stimuli, at 8 ms for the 1-ms stimuli, and at
12-ms for the 50 ms stimuli.

The ISIs used for the three click conditions were not all
exactly the same, so statistics were completed on the six ISIs
that were tested with all three stimulus tygespresentative
of short through long 1S)s 0.1, 0.8, 1.0, 2.0, 8.0, and 20.0
ms. A two-way repeated measures ANOV&timulus type
X1SI) showed that there were significant differences across
stimulus type FE(2,17)=3.86,p<0.05), across ISIs

80

60

40

Percent Correct Discrimination

20 b —@— Budgerigars

(F(5,17)=9.54,p<0.001), and a significant interaction be- —— Humans

tween stimulus type and ISIF(10,17)=6.79,p<0.001). ﬁCR:‘;

PosthocBonferronit-tests showed that at the shortest ISIs of —A— Rats

0.1 ms, the 50-ms stimulus was significantly different from L T
the other two shorter stimulip<0.05), but the two shorter

stimuli were not significantly different from each other. Interstimulus Interval (ms)

Average results for three individuals tested on three dlf'FIG. 4. Discrimination functions for budgerigat$-ms clicks, this study
ferent contact callgcalls from three different budgerigars humans[0.025 ms clicks(Litovsky et al, 1997], cats[0.05-ms clicks
across ISls are also shown in Fig. 3. Discrimination betweeriCranford, 1982, rats triangles, 0.05-ms click¢Kelly, 1974], and rats
these call pairs was high from 0.1 to 100 ms, so ISIs down tgUPside-down triangles, 0.05-ms clickdoeffding and Harrison, 1979
0.02 ms were tested. The three birds were very similar in ) ) ) ] -
their discrimination abilities across ISls and across contac’® Proportion of trials that a sound image was identified at
calls. The contact calls varied in peak frequency, amounts dh€ Position of the leading sour¢eitovsky et al, 1997. For
amplitude modulation, and duration, yet performance wadll e>.<pe.r|ments, a high percent cor'rect 'value indicates that
similar for all three calls. These results show that contacfocalization dominance was operating; in other words, the
calls can also elicit at least some of the components of théfcation of the lead was easily discriminated or identified.
precedence effect. For all species, localization dominance was at a maximum at

The average percent correct discrimination functiongd€lays of 0.5-5.0 ms and at a minimum at longer and shorter
across ISls were compared for the left-first condition, the!SIs-
right-first condition, and with the cage rotated 180° within
the testing chamber. Discrimination was almost identical relV. EXPERIMENT 2: THE EFFECTS OF FRONT
gardless of which side the leading stimulus was located. A/ERSUS REAR STIMULUS LOCATION

two-way (speaker locatior ISI) repeated measures ANOVA This experiment tested whether the precedence effect
showed that there was a significant effect of [$(10,32)  occurred on the midline. In humans, the precedence effect
=6.09,p<0.001, but there were no significant differences occurs on the median sagittal plane at similar timecourses as
between the speaker locatiofs(2,32)=0.86,p>0.05 or  are found in the azimuthal plané.itovsky et al, 1997;

an interaction effect between the two variab]ég20,32) Rakerd and Hartmann, 1994; Rakextal, 2000. To deter-
=0.19,p>0.03]. Two important conclusions can be made mine if the binaural properties of the sound were important
from this experimental condition. First, the testing chambergy necessary for the precedence effect in budgerigars, similar

is acoustically symmetrical, as seen when comparing th@rocedures as described above were utilized in the median
almost-identical right first and cage rotated 180° discriminaplane.

tion curves. Second, the location of the leading stimulus does

not affect the timecourses of the precedence effect in bude" Methods

gerigars. This experiment used same apparatus, 1-ms click
Average data from the four budgerigars using 1-msstimuli, and procedures as in Experiment 1. Three of the

clicks are plotted along with data from cats, rats, and humanbudgerigars from experiment (Penny, Spike, and Wil

in Fig. 4. The methodology across studies varies widely, butvere used in this experiment. In this experiment, the lead

the overall shapes of the percent correct functions across I1Send lag speakers were placed at 0° and X8@&ctly in front

can be compared in a very general sense. The rats were ref and directly behind the budgerigars at eye/ear levidie

quired to discriminate R-L from L-R clicksKelly, 1974, sounds were played from each speaker in quick succession

similar to the budgerigar task. The other rat data were fronduring the repeating backgroundront then back with a

Hoeffding and Harrisori1979, where rats were required to short delay between presentatigrend the order of presen-

identify the location of a leading source. Percent correct datéation was reversed during the target tridte back then

for the cat gives the proportion of trials the cats correctlyfront). Click delays ranging from 0.1 to 40 ms were tested in

identified the location of the leading source in a pair of clicksa random order, and results were compared to the results

(Cranford, 1982 Percent correct values for the humans givefrom these subjects tested in the left-right speaker condition
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in experiment 1. Although the budgerigars were free to move 100
their heads during the course of these experiments, the re-
guirement that the observation key be pressed down to ini-
tiate the presentation of the target stimulus pairs inhibited

head rotation dramaticall{*=1 cm to the right or left

80

B. Results 60

The variance between the three subjects in this experi-
ment was much larger for the front back discrimination than
for the left right discrimination at most ISls, especially at the
longest ones(above 2 mp A two-way (speaker position
X 1Sl) repeated measures ANOVA showed that there were

Percent Correct Discrimination

20

significant effects of speaker positiopF(12,52)=3.06, —— 60 degree separation

p<0.01] and ISI[F(1,52)=8.29,p<0.005, but no signifi- x 122322222?;',222‘;2

cant interaction between the two variabl¢s(12,52) o L A e s
=0.63,p>0.05]. Overall, percent correct values were sig- 0.1 1 10
nificantly higher for the left-right speaker condition than for Interstimulus Interval (ms)

the front-back speaker condition. For both conditions, there
was a significant effect of ISks in previous experimentsA FIG. 5. Average discrimination functions for three budgerigars tested on
lack of a significant interaction between the two Variab|esd|scr|m|natlon of 1;ms Ellck pa|rso as a function of ISI with the stlmu_ll

. . presented from=30°, 60°, and 90°. Error bars represent between-subject
suggested that the shapes of the two functions were not S'&t’andard errors.
nificantly different. Discrimination of front-back stimuli was
equivalent to that of left-right discrimination.

variables [ F(30,53)=2.02,p<0.05]. Posthoc Bonferroni

V. EXPERIMENT 3: THE EFFECTS OF STIMULUS t-tests found some differences in percent correct discrimina-
SEPARATION DISTANCE tion values across stimulus separations. The 30° and 90°

In humans, there are no differences in echo thresholdgPeaker locations were significantly different at the interme-
with changes in spatial separation of a lead and lag sourc@ate ISls of 0.8, 1, 2, and 5 mp{0.05). The 30° and 60°
(Litovsky and Shinn-Cunningham, 200However, localiza- speaker locations were significantly different at the 2-ms ISl
tion dominance is stronger in stimuli that have smaller interOnly (p<<0.05). The 60° and 90° speaker locations were sig-
aural time differencegcloser together in spag¢han those nificantly different at the 5-ms ISI onlyp(<0.05). The echo
with larger interaural time differencéfurther apart in space thresholds across the three speaker conditions ranged from 5
(Shinn-Cunninghamet al, 1993; Litovsky and Shinn- MS in the 60° and 120° separation conditions to 8 ms in the
Cunningham, 2001. This experiment tested whether the 180° separation condition. Generally, at the timecourses
timecourses of the components of the precedence effedyhere localization dominance was operating, discrimination

changed with decreased speaker separation distance in buRgrformance was higher when the speakers were further
gerigars. apart than when they were closer together.

A. Methods

This experiment used same apparatus, 1-ms click
stimuli, and procedures as in experiment 1. Three of the budY!- EXPERIMENT 4: THE EFFECTS OF STIMULUS
gerigars from experiment (Cirrus, Will, and Pennywere INTENSITY

used in this experiment. In this experiment, the lead and lag In humans, the precedence effect decreases at very low

Sépl)iiikg;?awser;naﬁrfo frzrr;d (;iotoozroatrnJrsEs\(f)veraen?e;ti?j i asensation level$45 to 10 SL; Govertet al, 2000. How-
Y ging ' eq:‘er, Shinn-Cunningharset al. (1993 found only a small

random order under both speaker separation conditions, an o . : ; .
ect on localization dominance when increasing the stimu-

e
results_ were cog]pared o the_resu_lts from_ these SUbJeC‘as levels from 80 to 110 dB. In two early studies with head-
tested in thet90° speaker condition in experiment 1. . . . . .

phones in humans, an increase in click sensation level re-

sulted in a decrease in echo threshdBabkoff and Sutton,
1966; Schubert and Wernick, 1969 he effect of stimulus

The results for the three budgerigars tested on thretevel on the timecourses of localization dominance and echo

stimulus separations are shown in Fig. 5. Discrimination perthresholds have not been well examined in behavistadies
formance was generally highest in the condition with thewith animals. However, in cats, suppression decreased in
largest separation of lead-lag stimulus pairs. A two-waymost neurons in the inferior colliculus with increasing stimu-
(stimulus separationISl) repeated measures ANOVA lus level(Litovsky and Yin, 1998a, b Here, the birds were
showed that there was a significant effect of [§(10,53) tested on 1-ms click stimuli at three different intensities to
=7.14,p<0.000]], stimulus separatiofF(3,53)=17.57, see if there was an effect of the intensity of the stimuli on the
p<<0.0001, and a significant interaction between the two precedence effect.

B. Results
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100 mance did not drop to its lowest point for the 50- and 60-dB

condition until 8 ms. These results show that echo thresholds
occur later for less intense stimuli.
80

VII. EXPERIMENT 5: BUILDUP OF THE PRECEDENCE
EFFECT

60 - .
In humans, several repetitions of the pairs of lead-lag

stimuli cause a “fading out” of the perceived location of the
echo(Clifton and Freyman, 1989This buildup of suppres-
sion in humans also occurs over a longer time period for
longer ISls, increasing the echo threshold with each presen-
tation (Clifton and Freyman, 1989 The buildup and break-

40

Percent Correct Discrimination

20F —o 5048 down of the suppression of echoes has only been behavior-
—@— 60dB ally found in one animal, the catKalmykova, 1993
—— 70dB Kalmykova found that echo thresholds in cats increased from
bt — el 12 to 17 ms with repeated lead-lag presentations. This is an
01 ! 10 interesting problem, but the neural substrates for this buildup
Interstimulus Interval (ms) effect have not yet been fourfdlitovsky and Yin, 1998a

FIG. 6. A discrimination functions for three budaeri § This experiment tested whether localization dominance
. 6. Average discrimination functions for three budgerigars tested on,, : . : - .
discrimination of 1-ms click pairs as a function of ISI with the stimuli 'builds up for bUdgengarS in @ manner similar to the way It

presented at three stimulus intensities. Error bars represent between-subjdilds up in humans.
standard errors.

A. Methods

A. Methods This experiment used the same apparatus, 1-ms click

This experiment used the same apparatus, 1-ms clicktimuli, and procedures as in experiment 1. Three subjects
stimuli, and procedures as in experiment 1. Three of the budrom experiment XCirrus, Penny, and Willwere also used
gerigars from experiment {Cirrus, Penny, and Willwere in this experiment. The birds’ percent correct discrimination
also used in this experiment. Click-pair discriminationsvalues following different numbers of background stimulus-
across ISIs were measured with the stimuli presented a lev@lair presentationganging from 1 to 12 presentations at the
of 50 and 70 dBA) SPL and compared to the results with 2/s rat¢ and at different ISI$1, 2, and 5 mswere measured.
1-ms clicks measured at 60 @8) SPL in experiment 1. Because the number of background presentations had to be

kept random from trial to trial to ensure validity in the psy-

chophysical data from the birds, at least 600 total trials were
B. Results collected from each bird at each ISI. Then, hits and misses

for each number of background presentations at each ISI

The average discrimination functions across ISIs foryere counted. This resulted in approximately 60 triat40
three different stimulus intensities are shown in Fig. 6 fortrials) for each data point for each bird. As a control, the
three subjects. A two-wagstimulus intensity<ISI) repeated  pjrds were tested on their discrimination of a single click
measures ANOVA showed that there was a significant effeGom the left as the background and a single click on the
of ISI [F(12,76)=6.84,p<0.00, stimulus intensity right as the target after different numbers of background pre-
[F(2,76)=4.67,p<0.05, and a significant interaction gsentationg(i.e., a simple localization tagkThis test deter-
between the two variable§F(24,76)=2.05,p<0.01].  mined whether the birds had a general tendency to respond
PosthocBonferronit-tests found some differences in percentcorrectly after an increased number of background presenta-

both the long and short ISIs. At 0.1 ms, the 70 dB percenkffect.

correct values were significantly different from those at 60
dB (p<0.05). At 0.3 ms, both the 50 and 60 dB percent
correct values were significantly different from those at 70
dB (p<0.05). At these short ISIs, where summing localiza-  Average percent correct values for three budgerigars
tion is operating in humans, the stimuli presented at 70 dBacross different numbers of background presentations are
SPL were more difficult to discriminate than those at theshown in Fig. 7. Each bird was tested on three ISIs of paired
lower intensities. stimuli, with between 1 and 12 backgrounds presented before
Differences arose at the longer ISlIs as well. At the 5 mghe targets were presented, and the control condition. In the
ISI, the 50-dB response levels were significantly higher thartontrol condition, percent correct discriminations were high
those at 70 dB§<<0.05). At the 8—10-ms ISlIs, the discrimi- across all number of background presentations. This was not
nation between the 60- and 70-dB stimuli were also signifithe case for the paired click stimuli presented at different
cantly different £<0.05). Performance for the 70-dB ISls, however. For all three birds at all three ISls, discrimi-
stimuli dropped to its lowest point at 5 ms while perfor- nation increased with increasing number of background pre-

B. Results
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100 cantly different from the control conditiorp& 0.05). Within
only the 1 background presentation, the 1-ms ISI was signifi-
cantly different from the control conditiop 0.05). Over-

all, as ISl decreased, the functions were increasingly more
similar to the control function. The buildup of localization
dominance was unique to the paired click stimuli and was

not seen in the simple control discrimination task.

80

40 VIIl. DISCUSSION

A. Summing localization, localization dominance,
and echo thresholds

Percent Correct Discrimination

20 | —&— | ms interstimulus interval . . Lo . i i
—@— 2 ms interstimulus interval Using a discrimination paradigm, these experiments
~¥~ 5 ms interstimulus interval show that budgerigars exhibit summing localization, local-
—{1— Single source discrimination . ) . . ..
0 . . L . . ) ization dominance, and echo thresholds in a manner similar
0 2 4 6 8 10 12 to humans and other animals tested. The delays resulting in
Number of Lead-Lag Background Presentations excellent discrimination by the birds in all experiments cor-
Before Target is Presented respond to the delays where localization dominance is oper-

ating in humans. During the repeating lead-lag background,
FIG. 7. Ayerage of three individyals tested on _discrimination of R-L back- the Iag’s spatial location was suppressed. When the Iead—lag
ground clicks from L-R target clicks as a function of the number of back- .. . .
ground presentations before the target is presented, at three ISls. Opérlilmums locations Changed du”ng the targets, the suppres-
squares represent the control condition, where the background was a sing®on of the lag’s position was releasé¢ithe breakdown of
click from the left and the targets were single clicks from the right. Error |gcalization dominande and the birds easily heard the
bars represent between-subject standard errors. change from the background condition to the target condi-
tion, and discrimination values were high.

At shorter ISls, discrimination performance was worse
sentations. A two-way(number of backgroundsISI) re-  for the budgerigars. In humans, localization dominance is not
peated measures ANOVA showed that there was a significayiet complete at these short ISIs. The results from budgerigars
effect of number of background repetitiofd=(11,94) lend support to a similar perceptual illusion as the phantom
=16.06,p<<0.001], ISI[F(3,94)=22.12,p<0.001, and a image location that humans report. If the birds perceived a
significant interaction between the two variabléq33,94) “phantom” image somewhere in-between the positions of
=2.00,p<0.001. the lead and lag location due to summing localization, dis-

PosthocBonferronit-tests showed that within the 1-ms crimination between the phantom image background and the
ISI condition, the 1-3 background presentations were sigphantom image target would have been very difficult due to
nificantly different from the 8—12 background presentationsthe poor sound localization abilities of these birds. Park and
and the 1 background presentation was also significantly difbooling (1991 found that single-source broadband noises
ferent from the 5-7 number of backgroundp<(0.05). needed to be separated by almost 30° for discrimination in
Within the 2-ms ISI condition, the 1-4 background presen-budgerigars. Discrimination suppression experiments mea-
tations were significantly different from the 9-12 back- suring minimum audible angles in humans have found that
ground presentations, and the 1 background presentation waxalization of paired sound sources is higher for leads and
also significantly different from the 6—8 background presendags than for single sound sourcesee review in Litovsky
tations (<0.05). Within the 5-ms ISI condition, the 1-4 et al. (1999]. If this is also true for budgerigars, it is not
background presentations were significantly different fromsurprising that discrimination between the paired sound
the 8-12 background presentations, and the 1 backgrourgburces at short ISIs was poor.
presentation was also significantly different from the 4—7 At longer delays, where echo thresholds are found in
background presentationp€0.05). Within the control con- humans, discrimination was also more difficult for the bud-
dition, however, there were no differences between any ofjerigars. In humans, both sounds are heard at separate loca-
the background presentation numbeps>(0.05). Generally, tions, but they often cannot distinguish which came first. If
within the paired click conditions, the higher the ISI, the fusion also breaks down in budgerigars past 8 ms, this may
more background presentations were necessary to increabe the reason that discrimination of these stimulus pairs be-
the percent correct discriminations to the high rate of re-came so difficult. If the repeating backgrounds were heard as
sponding seen in the control condition. two separate stimuli presented from two separate locations,

PosthocBonferroni t-tests were also used to analyze and the targets were heard as two separate stimuli presented
whether the ISIs were significantly different from the control from two separate locations, the temporal resolutjmaitern
at each of the background presentation numbers. Within thperception of these birds is not good enough to resolve
1-4 background presentations, the 5-ms ISI was signifiwhich came first in the pair during the background to notice
cantly different from the control conditiorp0.05). Within  that the sequence had changed during the targets. This could
the 1-2 background presentations, the 2-ms ISI was signifiaccount for the drop in discrimination rates.
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B. Effects of stimulus duration that the echo thresholds coincided with the time interval
The duration of the stimulus has an effect on discrimi—Where the birds were able to determine which came first in

nation in budgerigars during the ISIs where summing Iocal—the pair of noise burst@ pattern perception taskand were

ization is operating in humarise., discrimination was worse EH:JS ableto dlscrltrr;lnattr(]a tZe backgr_ougq fr.c’”." t?_e target.
for the shorter stimulus typgsin most studies of summing IS could account for the decrease in discrimination com-

localization where the stimuli overlap significantlye., the pared to the other two stimulus conditions.

50-ms stimulj, the perceived image is more than the “phan-f 'trhe echo thrt?[sholds mt thte ﬁorlltaﬁt call dISCF}[‘mI?ﬁtIO?‘
tom” average of the positions of the lead and lag stimuli unctions were not apparent at all. In humans, €cho thresh-

(Litovsky etal, 1999: Tollin and Henning, 1998, 1999 olds are later in short stimuli with abrupt onsétsg., Rakerd
Here, the com’bined 'amplitudes and phas’es of Ehe soun d Hartmann, 1996These contact calls were more speech-

interact to create the perceived location of the sound source. ?\/\;n thellrzgppt(ejaieégce than dth(_athbroadbanddstnl"null, l?Stt'rr:g
This may explain why the discrimination of the shorter etween an ms and with more gradual onsets than

stimuli at the short ISIs was worse than for the Iongerthe broadband stimuli. This, along with the increased pattern

stimuli. However, since the shorter stimuli had a slightly perception abilities described above, may have masked the

idths th he | imuli | diff _echo thresholds for these conditions.
narrower bandwidths than the longer stimuli, spectral differ Overall, the findings of increasing echo thresholds with

ences might also contribute to the differential discrimination, . . . X
of shorter and longer stimuli. Although the birds were notincreasing stimulus duration agree with the results from hu-

identifying the actual perceived location of the stimuli in mans. Unfortunately, only one systematic study of the effect

these experiments, human listeners presented with pairs 81f stimulus durationwhere the same procedures and setup

broadband noises actually perceive images towards the Iocé/-ere useglhas been psychophysically conducted on humans.

tion of the lag at very short ISI€Tollin and Henning, 1998, chubert and Wernickl969 found that the point where the

1999. This is due to the interaural spectral cues that resul[ead f"mdl Iagdbeca_lme_“equallydlofud“ |n200reasi%05|gnlf|c§rr]1tly
from delaying and adding identical stimuli to the two ears,8S Stimulus duration increased from to ms. Fhysi-

This effect was not seen at longer ISIs. It was also not SeeRlogical studies of the effect of stimulus duration in cats also
with shorter stimuli(such as the 1-ms-clicksAgain this showed increased timecourses of neural echo suppression in
may be due to the fact that shorter stimuli conta}ned Ies§he central nucleus of the inferior colliculus with increased

energy at higher frequencies than did the longer stimuli. Th<§timUIUS duratior(Litovsky and Yin, 1998a, b A review of

results from these experiments suggest that summing Iocaﬁt1e literature by Litovskyet al. (1999 shows that, across

ization inhibited discrimination between stimulus pairs at theStUd'eS’ echo thresholds are generally higher for speech than

shortest ISIs in these birds as it did in humans they are for noise bursts and higher for noise bursts than for
The peak of responding, or where localization domi_clicks. Those findings are generally supported here in bud-

nance might be at a maximum, occurred at similar |S|gderigars as well.

across all stimulus types: at 1 ms for the 0.1- and 1-ms click% Effects of stimulus location and intensit
and at 4 ms for the 50-ms noise bursts. Generally, perfor-" y
mance was above 80% from 0.5 to 5 ms for all three stimulus  No differences were found between the discrimination
types. Stimulus duration does not seem to have a large effetuinctions for budgerigars where the leading stimulus was
on localization dominance in budgerigars. located on the left and those where the leading stimulus were

Echo thresholds, or the lowest percent correct discrimifocated on the right. In humans, there is an asymmetry in the
nations, did not increase from the 0.1- to 1-ms stimuli, butbuildup of localization dominance depending on which side
did increase with increasing stimulus durations from 1 to 5ahe leading sound is emitted frotClifton and Freyman,
ms. Echo thresholds were at 20 ms for the 0.1-ms stimuli, at989; Grantham, 19960ne of the arguments for the left-

8 ms for the 1-ms stimuli, and at 12 ms for the 50-ms stimuli.right asymmetry of the precedence effect in humans is that
In studies with humans, barn owls, and cggse review in  overall hearing abilities are asymmetrical in humdasy.,
Litovsky et al. (1999; also Keller and Takahaskl996 and  Ward, 1957; Emmericlet al., 1988 and that suppression of
Litovsky and Yin(1998a, b], later echo thresholds are gen- echoes is bettefdue to different amounts of buildupvhen
erally seen with longer stimuli. The average function forthe lead is presented to the better ear and the lag to the worse
budgerigars did not follow this trend when increasing stimu-ear (Grantham, 1996 As far as we know, there is no ear
lus length from 0.1 to 1 ms. However, differences wereadvantage in hearing abilities in budgerigars, or any other
found when examining individual results. In the discrimina- bird, and the existence of such things as the interaural path-
tion functions for the 0.1-ms stimuli, one of the birds had anway would seem to work against such a phenomenon. Fur-
echo threshold at 2 ms while the other bird’s echo thresholdher research is needed to examine these interesting differ-
was at 20 ms. Discrepancies between the birds are similar tences between budgerigars and humans, such as testing other
those found in humans, however, where differences in echanimals with hearing asymmetries on the precedence effect
thresholds can range from 1 to 50 ms across subjbdis- to see if the correlation holds true for more than these two
vsky and Shinn-Cunningham, 2001 species.

The echo thresholds for the 50-ms stimuli are also notas  Discrimination functions of budgerigars were also simi-
pronounced as in the shorter stimulus conditions. The birdar to each other when the lead and lag stimuli were pre-
slightly decreased their responses at the very long(SI)  sented from the front and back as opposed to the left and
ms), the delay of the presumed echo threshold. It is possibleight. Their results are in accord with results from humans.
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Several studies have found similar amounts of localizatiorand echo thresholds have not been well examined in behav-
dominance on the front-rear and left-right planes in humangoral studies with animals, but the results here support the
(Blauert, 1971; Litovskyet al,, 1997; Rakerd and Hartmann, findings in humans.

1994; Rakerdet al, 2000. In those studies, localization

dominance was found in humans with only monaural specp. Buildup of the precedence effect

tral cues and no binaural cues. While the birds’ heads were E , h 4 that budgeri hibit th
not held in a fixed position in this experiment, the binaural . xperiment 5 showed t a_t udgengars exnl It the
difference cues the birds would have received were belov{?u”dup and breakdown of Iocallzgnon_ dominance I|ke_hu-
the threshold for azimuthal cues found in earlier experimentgnans' Th_e p_recede_nce effect stimuli, but not the smgle
(Park and Dooling, 1991 Yet, although overall discrimina- source stimuli, required repeated background presentations

tion performance was slightly lower, the precedence eﬁec{o_ln.crez.';\se d|scr|m|nat|on performance. Moreover, that dis-
carlmma'uon performance increased at a slower rate for the 1-

was still found because the shapes of the functions remaine
similar P and 2-ms ISlIs than for the 5-ms ISI. These results were con-
Head-related transfer functions have not yet been meas-'ztrznrt]e\:\é'g;;gf r}g:ntﬁre] rerzlégz;rggr:ﬁgif‘t(gE)uu”r:jduregﬁg':n;
sured in budgerigars, and they have no external pinnae, but | . Y P P 9
is still possible that spectral changes in the stimuli caused b{/ Is (Clifton and Freyman, 1989

There were some interesting differences between the

transformations of the sounds as they traveled through th’fhree subjects in this experiment. Penny and Will both

external ear canal were sufficient to allow for discrimination .
. . . . howed higher responses as ISI decreased from 5 to 2 ms and
between these stimulus pairs. In fact, in a study of azimuth ; . .
rom 2 to 1 ms. Cirrus, on the other hand, had an increase in

sound chahzauon n budgeng_ars, when one ear was pluggepesponses from the 5-to the 2-ms conditions, but his lowest
(dramatically reducing most binaural ciyidscalization accu- : o
. : - ,fate of responding was for the 1 ms ISI condition. In humans,
racy for broadband noise bursts only increased from 27° to ) ] . :
- . . one of the requirements for this buildup of echo suppression
30° (Park and Dooling, 1991 Monaurally deafened birds, . . o ) .
. . is that it only works at ISIs where localization dominance is
however, were unable to localize sounds separated in thé

azimuthal plane by as much as 180°. This suggests that eVestrong. Figure 2 shows that Cirris the original precedence

: . . v Hrect experimenthad lower discrimination rates than the
small binaural cues, possibly enhanced by tympanic couplin

via the interaural canal, might have been sufficient for Iocal—%ther two birds until the 1SI reached 1 ms, suggesting that his

ization dominance on the median sagittal plane Withou{ocalization dominance did not build up until later ISIs com-
holding the bird’s head fixed, it is s?ill unEnowﬁ as 1o pared to the other birds. Localization dominance for the

. other two birds was seen at shorter I1Sls, but not for Cirrus. It
whether budgerigars can use spectral cues alone for the pre- o .

. could be that localization dominance was not yet complete
cedence effect, as in humans.

nh th ; fthe lad i ¢ h thfor Cirrus at the 1-ms IS(he was still in summing localiza-
n humans, the suppression ot the 1ag IS greater when ﬁon), so his buildup and breakdown were not as strong as in

lead and lag come from similar locations in spdciovsky the other two birds or in the other two ISIs

and Shlnn-Cunmngham, ZODlTh? data 'rep.or'Fed .here for Clifton et al. (1994 postulated that ongoing echoes pro-

budgerigars do not support that idea; discrimination perfor-

. . o ) vide the listener with some information about the room’s
mance was actually highest in the condition with the largesﬁcoustics and that making unliketpanges in the lead and/or
separation of lead-lag stimulus pairs. At the timecourse T

o . . (IMECOUISEH o o cho result in a release from suppression. The suggestion
where localization dominance was operating, discriminatio

That the buildup process comes from expectations that human
performance was higher when the speakers were furth PP P

apart than when they were closer together. These results aefé%(teners have about room acoustics was strengthened in an
: . : ’ . eriment where the intensity and frequency spectra of the
different from those in humangLitovsky and Shinn- P y g y sp

) L ... stimuli were changed from presentation to presentation, and
Cunningham, 2001 Here, the poor sound localization abili- g s b

) ! LT the buildup still occurredClifton et al, 1994. Changes in
ties of budgerigars may have affected discrimination perfor?requency and intensity are not “unlikely” events that would

mance for the stimuli that were closer together in Sloacenaturally occur in a room, so the buildup of echo suppression

Taken together, these experlmen.ts d_emonstrate that WO ntinued. The underlying neural correlates for buildup have
speakers separated by a large spatial distance are adequat &9 to be discovered in any animdLitovsky and Yin,

produce the precedence effect whether they are located at t §986), and buildup has previously been found behaviorally

spatial position corresponding to the maximal ITDs andonly once in nonhuman mammalkalmykova, 1993 The

ILDs or not, but that interaural difference cues may, in fact,oq,its here are the first that show that the buildup of echo
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