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Auditory feedback influences the development of vocalizations in songbirds and parrots; however,
little is known about the development of hearing in these birds. The auditory brainstem response
was used to track the development of auditory sensitivity in budgerigars from hatch to 6 weeks of
age. Responses were first obtained from 1-week-old at high stimulation levels at frequencies at or
below 2 kHz, showing that budgerigars do not hear well at hatch. Over the next week, thresholds
improved markedly, and responses were obtained for almost all test frequencies throughout the
range of hearing by 14 days. By 3 weeks posthatch, birds’ best sensitivity shifted from 2 to 2.86
kHz, and the shape of the auditory brainstem response~ABR! audiogram became similar to that of
adult budgerigars. About a week before leaving the nest, ABR audiograms of young budgerigars are
very similar to those of adult birds. These data complement what is known about vocal development
in budgerigars and show that hearing is fully developed by the time that vocal learning begins.
© 2004 Acoustical Society of America.@DOI: 10.1121/1.1739479#
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I. INTRODUCTION

The auditory brainstem response~ABR! has been an ef
fective tool for studying the development of auditory sen
tivity in a wide variety of mammals. ABRs recorded fro
altricial mammals show elevated thresholds, prolonged la
cies, and diminished amplitudes early in development~e.g.,
Boettcheret al., 1993a, 1993b; Burkard and Voigt, 198
Burkardet al., 1996b; Jewett and Romano, 1972; Mairet al.,
1978; McFaddenet al., 1996; Millset al., 1990; Walshet al.,
1986a,b,c!. Developmental ABR studies in precocial bird
show the same general trends~Dmitrieva and Gottlieb, 1992
1994; Saunderset al., 1973, 1974!, but there are no ABR
studies relating hearing, latency, and amplitude developm
in altricial birds.

Although there are some similarities in hearing develo
ment across vertebrate classes, there can also be large d
ences in maturational state at birth and in the rate of pos
tal maturation with regard to hearing, especially acro
precocial and altricial species. For precocial birds, like chi
ens and ducks, auditory sensitivity begins to develop wh
the animal is still in the egg and is adult-like at low to m
frequencies at hatching~Dmitrieva and Gottlieb, 1992; Saun
ders et al., 1973, 1974!. On the other hand, altricial birds
such as songbirds and parrots, are probably more compa
to altricial mammals than precocial birds in terms of mode
hearing maturation~see Aleksandrov and Dmitrieva, 1992!.

The budgerigar~Melopsittacus undulatus!, a small Aus-
tralian parrot, is one of the most widely studied altricial p
rots and has been the focus of many studies of hearing
vocalizations~see reviews in Doolinget al., 2000; Farabaugh
and Dooling, 1996!. Budgerigars are open-ended vocal lea
ers who rely on hearing for learning and maintaining th
vocal repertoire. Isolation, or other unusual acoustic and

a!Electronic mail: bbrittanpowell@psyc.umd.edu
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cial rearing conditions, has little effect on the budgeriga
long-term ability to produce and imitate species-specific
calizations~Brittan-Powell et al., 1997!. Deafening, on the
other hand, causes major disruptions in vocal product
~Dooling et al., 1987; Heaton and Brauth, 1999; Heato
et al., 1999!. A study of auditory development in this specie
may set the stage for more refined questions of the role
hearing in vocal learning in this species.

ABR responses to both clicks and tone-burst stimuli
adult budgerigars can be recorded from the scalp and pro
a reliable measure of hearing sensitivity in these bi
~Brittan-Powellet al., 2002!. Little is known about the de-
velopment of the middle ear, the sensory epithelium w
hair cells and accessory structures, or the innervation of
auditory system in budgerigars, and nothing is known ab
when these structures are mature enough to support sync
nous neural activity necessary for the emergence of audi
brainstem responses. Here, we address development of
ing in nestling budgerigars by recording ABRs to determ
both the onset and development of hearing sensitivity. In t
experiments, we measured ABRs elicited by clicks and to
burst stimuli in nestling budgerigars. Experiment 1 track
the maturation of hearing thresholds and other ABR det
as a function of age, intensity, and frequency. Experimen
examined the effects of increased presentation rate on A
wave latency and amplitude as a function of developmen

II. METHODS

Nestling budgerigars served as subjects in these exp
ments. The birds were reared in standard wooden nest b
attached to small wire cages~37.5330337.5 cm! and
housed in an avian vivarium at the University of Marylan
Over the course of the experiment, there were approxima
70–80 birds housed in the animal colony with all birds tes
raised under similar acoustic conditions. Nestlings w
15(6)/3092/11/$20.00 © 2004 Acoustical Society of America
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taken from their nests 5–10 min prior to testing and return
to their nests once they recovered from anesthesia.
supplemental care was given by the experimenters.

All birds used in this study were sedated with either
intramuscular injection~for fledglings and older nestlings! or
a subcutaneous injection~younger nestlings! of ketamine
~25–50 mg/kg! and diazepam~2 mg/kg! prior to electrode
placement. Older animals remained relatively motionless
up to 75 min, whereas younger animals metabolized the
esthetic typically within 30 min. Animals were given up
two supplementary injections, as needed. Body tempera
was maintained at 4160.5 °C for older animals and 35–3
60.5 °C for younger animals by placing the bird on a heat
pad with a thermistor probe placed under the wing~tempera-
ture control unit; Frederick Haer and Co., model 40-90-2 a
40-90-5, Bowdoinham, ME!.

The procedure for recording ABRs in budgerigars h
been described earlier~Brittan-Powellet al., 2002!. The bird
was positioned so that the speaker~KEF SP 3235, mode
60S, frequency range 100 Hz to 20 kHz, KEF Electronics
America, Inc., Holliston, MA! was 30 cm from the bird’s
right ear~90° azimuth relative to the bird’s beak; 0° elevatio
relative to the bird’s right ear!. Standard platinum alloy, sub
dermal needle electrodes~Grass F-E2; West Warwick, RI!
were placed just under the skin in the conventional electr
array: high at the vertex~noninverting!, directly behind the
right ear canal~the ear ipsilateral to the speaker, inverting!,
and directly behind the left ear canal~the ear contralateral to
stimulation, common!. The stimulus presentation, ABR ac
quisition, equipment control, and data management were
ordinated using a Tucker-Davis Technologies~TDT, Gaines-
ville, FL! modular rack-mount system controlled by a
optical cable-linked 350-MHz Pentium PC containing a TD
AP2 digital signal process board and running TDTBIOSIG

software. Sound stimuli were generated using TDTSIGGEN

software and fed through a DA1 digital–analog converte
PA4 programmable attenuator, and a power amplifier~HB6!
which directly drove the speaker. The electrodes were c
nected to the TDT HS4 Headstage which amplified and d
tized the signal before being relayed over fiberoptic cable
the TDT DB4 digital biological amplifier. This amplifier als
allowed additional filtering and gain to be added. A TD
TG6 timing generator synchronized the A/D and D/A co
version.

Stimulus intensities were calibrated in the free field
placing the1

2-in. microphone of a sound-level meter~System
824; Larson Davis, Inc. Provo. UT! at the approximate posi
tion of the bird’s right ear. Continuous tones, with the sa
peak-to-peak amplitude as the subsequently used tone bu
were generated using the TDTBIOSIG program and measure
using the fast-weighting A scale on the sound-level me
~dB SPL!. To determine the intensity of the click, we use
the peak equivalent SPL of the click. This was determin
using an oscilloscope and noting the peak-to-peak voltag
the click. A test tone, e.g., a 1000-Hz tone, was played
adjusted until the peak-to-peak voltage was the same a
was for the click. The SPL required to match the amplitu
of the click, as indicated by the sound-level meter, was
peak equivalent SPL~dB pSPL! of the click stimulus.
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 E. F. Brittan
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For all experiments, only the first two wave componen
of the ABR waveform, designated by sequential Arabic n
merals, were described by their amplitude and latency c
acteristics@Fig. 1~A!; see also, Brittan-Powellet al., 2002!#.
Positive evoked potential peaks were identified manually
cursor control and associated latencies and amplitudes w
automatically stored by the computer. Latencies to wav
and wave 2 were corrected for conduction delays betw
the sound source and the entrance of the ear canal of
animal ~0.88 ms!. The latency of the interwave interval~re-
ferred to as 1–2 interval! was calculated as the difference
latency from the peak of wave 1 to the peak of wave 2. AB
wave amplitudes were measured using baseline-to-peak
wave 1 and peak-to-peak~preceding trough! amplitude for
wave 2.

III. EXPERIMENT 1: THE DEVELOPMENT OF
AUDITORY SENSITIVITY

A. Subjects

Four of the six birds used in this experiment originat
from three different broods produced by the same pare
over a span of 6 months. The other two birds were bro
mates. Where feasible, ABRs were recorded every 2–3 d
during the first 2 weeks posthatching and every 3–5 d

FIG. 1. ~A! Schematic showing how latency and amplitude measurem
were taken for waves 1 and 2.~B! Typical ABR waveforms in response to
the click ~85 dB pSPL! for a single nestling. For this bird, wave 1 can b
discerned by day 11 and followed as it decreases in latency and increas
amplitude. By 16 days of age, wave 2 can be seen. From day 37–40,
is little change in the waveform.~C! Average age of onset of a response
a function of stimulus frequency. Responses to low and middle frequen
appear first, with high-frequency responses appearing at later ages. The
are s.d.
3093-Powell and R. J. Dooling: Development of auditory sensitivity
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during the last 4 weeks of the study. The day of hatch
denoted as day 0. Each individual bird was recorded a m
mum of 13 times, from approximately day 5 until 1 wee
postfledging~about day 43!.

B. Stimuli

The sound stimulation protocol is the same as used
Brittan-Powellet al. ~2002!. Briefly, subjects were presente
with multiple intensity stimulus trains that varied in fre
quency and intensity. Each train consisted of nine sin
clicks or frequency tone bursts that increased in inten
~5–10-dB steps, depending on age! and were presented at
rate of 4/s. The rectangular-pulse broadband clicks were
ms in duration, with a 25-ms interstimulus interval~ISI!.
Each individual tone burst was 5 ms in duration~1-ms rise/
fall cos2) with a 20-ms ISI. The tone bursts used were 0.5
1.5, 2, 2.86, 4, 4.8, and 5.7 kHz, with the highest stimu
intensity employed being 95–100 dB SPL. High-intens
tone bursts were played through the speaker and sampl
40 kHz into the A/D module of the TDT rack. Spectra
these tone bursts were generated using 1024-pt fast Fo
transform ~FFT!. Spectral analysis showed all second a
third harmonics were at least 30 dB down from the peak
the frequency of interest, except for the first harmonic of
0.5-kHz stimulus, which was 18 dB down.

Each ABR was sampled at 20 kHz for 235 ms followin
onset of the stimulus train. This allows for 25-ms recordi
time for each stimulus. Five hundred averages for e
polarity/phase were added together to cancel the coch
microphonic. The biological signal was amplified~3100 K!
and notch filtered at 60 Hz with the DB4 during collectio
The signal was bandpass filtered below 0.03 kHz and ab
3 kHz after collection using theBIOSIG program.

C. Analysis

ABR waveforms produced in response to high inten
ties were examined visually to determine which peaks wo
be used to measure latencies, amplitudes, and threshol
response was expected between 1 ms after the onset o
stimulus~travel time from the speaker to the ear! and 15 ms
because the response latency tends to be longer in you
animals and also increases at low SPLs in all animals. Us
this time window, the wave components were described
their latency and amplitude characteristics.

Response onset was defined as the earliest age at w
ABR waves met the following criteria:~1! the response
showed at least one positive deflection within the laten
range described above@see Fig. 1~B!, day 11 for example!#
and~2! the response was replicable on successive trials~on-
set of response criteria was modified from Walshet al.,
1986a!.

ABR threshold was defined as the intensity 2.5 dB~one-
half step in intensity! below the lowest stimulus level a
which a response could be visually detected on the tra
regardless of wave~see, for example, Boettcheret al.,
1993a!. On a few occasions, a response could still be
tected at the lowest intensity presented. In all of these ca
the peak amplitudes of the responses to the series of hi
3094 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 E. F
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intensity stimuli showed decreasing response amplitudes
indicated that the next intensity step would not evoke a v
ible response. In these cases, threshold was defined as 2
below the lowest intensity presented.

All data for the different response variables~e.g., thresh-
old, latency, amplitude! were excluded from the analysis
only one of the six nestlings for that age met the crite
defined above. In other words, at least two birds are rep
sented in every averaged data point and at least two birds
the given time point met the above defined criteria wh
individual data were used. Individual data were used for
statistical tests. For averaged plots, responses for the n
lings were averaged across 3-day periods~e.g., 4–6-days
posthatching!, except for the last time period that consist
of a 4-day period~days 40–43!. In all figures, the median
age of the time period is shown on the abscissa. The de
dent variables examined were threshold, latency, and am
tude.

All ABR data collected from the nestling budgeriga
were analyzed in a manner similar to that collected fro
adult budgerigars under the same conditions~as reported in
Brittan-Powellet al., 2002!.

D. Results

1. Onset

Example ABR waveforms in response to an 85-dB pS
click are shown for an individual nestling from 6–40 days
age @Fig. 1~B!#. The ABR waveforms from the younges
birds possessed at least one long-duration positive w
which was low in amplitude~,2 mV! and had a prolonged
latency~about 4–5 ms!. This was the case for all response
regardless of frequency. This positive-going deflection cor
sponded to wave 1 of the adult budgerigar ABR wavefor
As the animal aged, wave latencies decreased and wave
plitudes increased. The overall waveform was adult-like b
weeks of age.

ABR responses could first be evoked by low frequenc
and then to increasingly higher frequencies@Fig. 1~C!#. By
the end of the first week, responses were typically obtai
to frequencies up to 2.86 kHz, and by the end of the sec
week, the bandwidth of frequencies extended up to 4.8 k
Responses could be elicited at all test frequencies by
bird’s third week posthatch.

2. Threshold

Figure 2 shows thresholds over time. These data w
fitted with exponential decay functionsy5a1be2cx, where
a was the asymptote of the curve,b was the intercept, andc
represented the curvature~see Walshet al., 1986a! ~see Table
I for parameters!. Since a represented an asymptote
threshold improvement, this value most closely correspon
to adult levels of sensitivity as measured by the ABR. Wh
b was large, the values declined along a steep trajectory.
reciprocal ofc provided the time constant of the function. I
general, frequencies up to and including 4 kHz showed ra
decreases in threshold that stabilized by day 30. Thresh
. Brittan-Powell and R. J. Dooling: Development of auditory sensitivity
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were more variable at the higher frequencies but still show
decreases as the animal aged. Overall, the exponential d
functions fit the data well (r 2.0.75; Table I! for the click as
well as frequencies between 1–4 kHz.

To determine the ages where nestlings’ thresholds
fered from the adult budgerigars, one-way ANOVAs we
performed on the individual data for each frequency. As
pected, there was a significant decrease in threshold a
frequencies as the birds aged~see Table II!. Post hoct-tests
~Tukey-Kramer HSD! revealed the ages where nestlin
thresholds differed from the adult thresholds. By 16–18 d
of age, ABR thresholds for the click and 0.5, 1.0, 1.5, and
kHz for nestlings were no longer significantly different fro
adult thresholds. Thresholds for 2.86 and 4.0 kHz were ad
like by the end of the third week of life, whereas thresho
for 5.7 kHz did not reach adult levels until approximately
month of age.

FIG. 2. Exponential decay functions are shown for the individual nest
threshold data~open circles!, with parameters presented in Table I. In ge
eral, nestlings attain adult thresholds~A5average thresholds for adult with
open triangles with s.d. bars; adult data from Brittan-Powellet al., 2002! for
most frequencies by 17–20 days of age. Overall, the data were repres
well by exponential decay functions except for 5.7 kHz, where the de
was linear (y520.74x199.3).
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 E. F. Brittan
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Threshold changed significantly as a function of fr
quency at different developmental time periods@F(63,198)
50.0845,p50.002; see Fig. 3#. The ABR audiogram for the
earliest ages~e.g., end of the first week! was relatively flat
between 0.5 and 2.86 kHz and showed poor sensiti
across frequency. By 14 days, the thresholds improved
tween 20–40 dB for frequencies below 4 kHz. The small
improvement in threshold was for 5.7 kHz~20-dB improve-
ment from day 14–42!. At approximately 20 days, there wa
a shift in the frequency of best hearing from 2 to 2.86 kH
Even though the audiograms for birds 1 month and ol
were not significantly different from that of adult
@F(35,95)50.396,p50.911], nestlings’ absolute sensitivit
above 2.86 kHz remained 15 dB higher than adult valu
until around the time of fledging.

As a check on the validity of the visual detection lev
definition of threshold, a second threshold estimate was
used. Here, threshold was defined as the lowest stimulus
tensity corresponding to a response amplitude of 0.5mV ~at
least 1 s.d. above the mean noise level!. A one-way multi-
variate analysis of variance~MANOVA ! showed no signifi-
cant differences between the threshold estimates@F(1,104)
50.969,p50.07].

3. Latency and amplitude

Latency decreased and amplitude increased with
creasing intensity level for all peaks in the ABR waveform
There were also age-dependent effects. As the animal a
peak latencies to wave 1 and 2 decreased~Fig. 4! and peak
amplitude increased~Fig. 5!. Peak latencies were the longe
during the first 2 weeks posthatch. Latencies for wave 1

g

ted
y

TABLE II. ANOVA results for when nestlings’ thresholds differed from
adult thresholds.

Stimulus df F P

Click 13, 62 33.32 0.0001
0.5 13, 63 14.65 0.0001
1.0 13, 62 19.30 0.0001
1.5 13, 62 41.05 0.0001
2.0 13, 61 41.42 0.0001
2.86 13, 60 46.70 0.0001
4.0 11, 57 21.03 0.0001
4.8 11, 50 12.60 0.0001
5.7 10, 49 7.09 0.0001
TABLE I. Decaying exponential parameters for threshold (y5a1be2cx).

Frequency
Asymptote

~a!
Y-intercept

~b!
Curvature

~c!

Time
constant

(1/c) r2

Click 45.75 95.16 0.122 8.2 0.81
0.5 53.50 72.26 0.142 7.0 0.66
1 48.56 137.38 0.200 5.0 0.80
1.5 40.90 115.44 0.138 7.3 0.85
2 39.38 162.51 0.189 5.3 0.88
2.86 34.51 127.49 0.131 7.6 0.88
4 48.88 112.27 0.108 9.26 0.76
4.8 49.36 67.70 0.056 17.86 0.58
5.7 23.76 104.04 0.009 111.00 0.45
3095-Powell and R. J. Dooling: Development of auditory sensitivity
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FIG. 3. Average ABR audiograms over development for six nestlings.
solid gray line represents the adult average6s.d. ~Brittan-Powell et al.,
2002!. There is a considerable change in threshold from 8–17 days,
which thresholds improve more slowly, with lower frequency thresho
becoming adult-like first, followed by middle and higher frequencies.

FIG. 4. Latencies to the peaks of wave 1~closed circles!, wave 2 ~open
circles!, and the 1–2 interval~open triangles! plotted as function of age for
a constant intensity level of 85 dB SPL. Latency decreases as a functio
increasing age, but the 1–2 interval remains fairly consistent throug
development.A5adult average6s.d.~Brittan-Powellet al., 2002! with sym-
bols being the same as for the nestlings~e.g., closed circles5wave 1!.
3096 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 E. F
creased from 4–12 ms to the adult average of 2–3 ms by
end of week 3. Similar decreases were seen for wave 2
tencies. Exponential decay functions fit to the data shown
Fig. 4 ~see Table III for parameters! revealed that the overal
rate of latency decay was high for all frequencies~as indi-
cated by largeb term! and that wave 1 matured faster tha
wave 2, except at 4 kHz~as indicated by smaller time con
stants!. Lower frequencies showed more change in laten
than higher frequencies perhaps because responses to
frequencies were first recorded 7–10 days earlier than
sponses for higher frequencies. Increasing the intensity le
presented to the nestlings at high frequencies may have
sulted in similar latency changes at higher frequencies. E
so, latencies and intervals between the peaks were typic
within 1 s.d. of the adult values by one month of age for
frequencies~see Fig. 4!.

Peak amplitude of wave 1 in young animals ranged fr
1 to 8–18mV for the frequencies within the birds’ best rang
of hearing. Wave 2 amplitudes were always low~below 2
mV! in the early weeks and rarely exceeded 4–6mV. Figure
5 shows the average peak amplitudes of wave 1 and 2
function of age. Linear regressions fit to the individual da
showedr 2 that ranged between 0.03–0.51 for wave 1 a
0.04–0.25 for wave 2. Amplitudes increased for all wav
with age but by varying degrees. Wave 1 peak amplitu
showed nearly linear increases for the click and 1.5–4 k
Compared to the increases seen in wave 1, amplitudes
wave 2 showed little amplitude growth until approximately
month of age, especially for low~0.5–1.5 kHz! and high
frequencies~4.8–5.7 kHz!. Again, the high-frequency dat
may be accounted for by the lack of a definable respo
before 15 days posthatch.

e
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FIG. 5. Average t.s.d. peak amplitudes for wave 1~closed circles! and wave
2 ~open circles! plotted as function of age for a constant intensity level of
dB SPL. Amplitude for both wave 1 and wave 2 increases as the an
ages, but the growth of wave 2 amplitude occurs at a later age.A5adult
average6s.d. ~Brittan-Powellet al., 2002! with symbols being the same a
for the nestlings~e.g., closed circles5wave 1!.
. Brittan-Powell and R. J. Dooling: Development of auditory sensitivity
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TABLE III. Decaying exponential parameters for latency (y5a1be2cx).

Frequency Wave
Asymptote

~a!
Y-intercept

~b!
Curvature

~c!

Time
constant

(1/c) r 2

Click 1 1.98 20.20 0.22 4.6 0.96
2 3.59 23.60 0.17 5.9 0.86

1–2 interval 1.58 7.30 0.12 8.3 0.5
0.5 1 2.30 14.44 0.17 5.9 0.85

2 4.10 21.97 0.17 5.9 0.88
1–2 interval 1.64 7.48 0.14 7.1 0.6

1 1 2.63 18.23 0.21 4.8 0.94
2 4.19 19.13 0.15 6.7 0.85

1–2 interval 1.47 6.32 0.10 10 0.5
1.5 1 2.46 13.45 0.19 5.3 0.91

2 4.14 16.94 0.14 7.1 0.87
1–2 interval 1.59 6.31 0.11 9.1 0.7

2 1 2.26 14.09 0.21 4.8 0.92
2 4.02 19.85 0.17 5.9 0.91

1–2 interval 1.71 7.05 0.13 7.7 0.8
2.86 1 2.06 9.17 0.16 6.3 0.86

2 3.66 8.91 0.12 8.3 0.80
1–2 interval 1.25 1.81 0.04 25.0 0.3

4 1 2.24 7.16 0.12 8.3 0.54
2 3.79 18.10 0.16 6.3 0.79

1–2 interval 1.48 16.75 0.23 4.4 0.4
4.8 1 2.41 20.18 0.19 5.3 0.42

2 3.47 13.39 0.13 7.7 0.57
1–2 interval 1.11 2.90 0.09 11.1 0.2

5.7 1 2.49 35.12 0.19 5.3 0.74
2 3.57 27.04 0.16 6.3 0.48

1–2 interval 1.18 4.53 0.14 7.1 0.0
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IV. EXPERIMENT 2: EFFECTS OF CLICK REPETITION
RATE ON ABR LATENCY AND AMPLITUDE IN
DEVELOPING BUDGERIGARS

A. Introduction

The effects of increasing presentation rate on AB
have been well studied in both developing and mature
mals. Generally, ABRs can be elicited to stimulus presen
tion rates as high as 100 clicks/s in the mature auditory s
tem but not in the immature auditory system of the sa
animal ~Jewett and Romano, 1972!. In adult humans and
other mammals, reduced ABR amplitudes and increa
ABR latencies in response to high presentation rates ma
a function of neural fatigue and adaptation~e.g., Burkard and
Voigt, 1989; Donaldson and Rubel, 1990; Hall, 1992; Jew
and Romano, 1972!. Other studies have shown that increa
ing the stimulus presentation rate produces greater late
and amplitude changes in young animals as compare
older animals~e.g., Burkard and Voigt, 1989; Burkardet al.,
1996a,b; Donaldson and Rubel, 1990; Mairet al., 1979; Shi-
pley et al., 1980!. The working hypothesis is that adaptatio
associated with reduced synaptic transmission~e.g., de-
creased axon diameter, incomplete myelination, and n
rotransmitter reuptake! may be the neurophysiological bas
for the interaction between age, rate, and ABR latency
amplitude~Burkardet al., 1996a,b; Hecox, 1975!.

As far as we know, a developmental ABR rate study h
only been measured in one bird, the chick~Saunderset al.,
1973!. In the chick, and probably other precocial birds, t
relation between stimulus rate and ABR latency and am
, Vol. 115, No. 6, June 2004 E. F. Brittan
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tude is almost adult-like at hatch. Such a pattern of devel
ment is different from altricial mammals, which do not sho
adult-like responses to temporal properties of the stimulu
birth. This experiment examined responses to changes in
temporal patterns of the click in five developing budgeriga
All equipment and recording procedures were the same a
experiment 1, except where noted.

B. Stimuli

Short-duration~0.1 ms!, broadband clicks were pre
sented at 100 dB pSPL for each of five rates: 5, 10, 30,
and 90 per second~Hz!. Each ABR represents the averag
response of 1000 stimulus presentations~500 averages for
each polarity!, sampled at 20 kHz for 10 ms following onse
of the stimulus. As with experiment 1, the biological sign
was amplified~3100 K! and notch filtered at 60 Hz during
collection. The signal was bandpass filtered below 0.03
above 3 kHz after collection.

C. Analysis

As described earlier, latency and amplitude measu
were calculated for waves 1 and 2 for all repetition rates

D. Results

Responses from animals less than 2 weeks of age w
poorly developed. The waveform had only one positiv
going wave that was relatively low in amplitude~below 3
mV! and had a latency which exceeded 4 ms. As the anim
3097-Powell and R. J. Dooling: Development of auditory sensitivity
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aged, the waveform increased in sharpness for almos
presentation rates, and all peaks decreased in latency
increased in amplitude~Fig. 6!. Typically, a second and pos
sibly a third wave could be identified at later ages.

The youngest animals had the longest latencies
showed the largest changes in latency with increasing
sentation rate@open symbols in Figs. 7~a!–~c!#. However, as
the animals aged, peak latency decreased for wave 1 w
click rate increased from 5 to 90 Hz. For example, sh
decreased, on average, from 0.21 ms at 14 days to 0.12 m
42 days. The adult latency change for this same increas
presentation rate was 0.13 ms—similar to the 42-day-
fledglings. This same type of change was seen in shifts
wave 2 peak latencies. For young animals, shifts were 0
ms at 14 days and decreased to 0.18 by 42 days of
Adults showed a latency shift of 0.24 ms for wave 2. T
interval between wave 1–2 decreased from 0.15 ms a
days of age to 0.06 ms at 42 days; adult birds showe
0.10-ms shift. In general, latency decreased sharply in
first 2 weeks after hatching. After this age, even though
tency shifts were variable, latency shifts exhibited by bu
gerigars in response to increasing presentation rate w
adult-like by about 1 month of age, regardless of prese
tion rate.

Overall, absolute amplitudes for both wave 1 and 2
creased with age but decreased with increased rate@Figs.
7~d!–~e!#. Responses from older animals had the highest
plitudes, regardless of presentation rate. Between 10
days of age, there was a doubling of amplitude for wave
Over development, the peak amplitude of wave 1 increa
10–15 mV, and it was within 1 s.d. of adult values by
weeks of age. In contrast, the peak amplitude of wave 2
slower to increase and was still well below adult amplitud
by this age. However, by the sixth week posthatch, nestlin

FIG. 6. ABR waveforms for each presentation rate through developmen
an individual bird. By 11 days of age, peaks in the waveform are visible
the bird aged, latency increased and amplitude decreased as a funct
increased presentation rate.
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responses to increases in presentation rate were within 1
of adult amplitude values for wave 2 as well. The coefficie
of variation showed that wave 1 amplitudes were always l
variable than wave 2 amplitudes.

V. DISCUSSION

A. Onset of hearing

At high stimulus levels, responses to frequencies up
2.86 kHz could be consistently evoked by 10 days postha
and by 14 days, ABRs could be evoked to almost all t
frequencies. An additional nestling budgerigar was presen
with tones of intensity levels of at least 110 dB SPL at
frequencies. For this one animal, synchronous response
4.8 and 5.7 kHz were elicited at slightly earlier ages~11 and
14 days, respectively!, but it is hard to imagine that stimula
tion by these high intensity levels is biologically relevant
the bird. For example, the parents can produce vocalizat
in excess of 100 dB SPL, but they rarely vocalize at su
levels within the nest. Also, during the first 7 to 10 days
life, the birds’ own vocalizations can barely be heard with
0.2 m of nest box, but after this age, the birds’ begging ca
could be heard over 6 m away~Stampset al., 1985!.

B. Changes in threshold with development

It is a general property of vertebrates with elongat
cochleae that the first auditory responses occur to low
quencies, despite the morphological developmental grad

or
s

ofFIG. 7. ~Top row! Average latency to the peaks of wave 1~A!, wave 2~B!,
and the 1–2 interval~C! plotted as a function of presentation rate. Laten
decreases as a function of age for all presentation rates and is more aff
in the younger animals~,15 days old! than in the older animals.~Bottom
row! Average amplitude for wave 1~D! and 2~E! plotted as a function of
presentation rate. Amplitude increases as the birds’ age but decrease
most ages as a function of increasing presentation rate. Adult measure
averages6s.d. ~Brittan-Powellet al., 2002!.
. Brittan-Powell and R. J. Dooling: Development of auditory sensitivity
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of the cochlea from the base~high! to the apex~low frequen-
cies! ~see the review in Harris and Dallos, 1984; Manle
1996; Rubel and Parks, 1988!. Like other animals, ABRs in
budgerigars follow a similar developmental course
responses are first obtained at low frequencies and the
progressively higher ones. The rates of threshold matura
can differ considerably among animals. Some mamm
such as guinea pigs~Dum, 1984! and humans~see the review
in Werner and Marean, 1996!, are born with functioning au-
ditory systems, exhibit adult-like thresholds, at most or
frequencies, and are considered precocial with respec
hearing. Other mammals, such as the gerbil~McFadden
et al., 1996! or cat~Walshet al., 1986a!, are considered dea
at birth and are thus altricial with respect to hearing. Th
mammals also show different rates of maturation. For
ample, threshold development is frequency dependen
cats, with thresholds at high frequencies reaching adult le
before low frequencies~Walsh et al., 1986a!. Gerbils, how-
ever, show faster maturation at the middle frequencies, w
low and high frequencies developing at similar but slow
rates~McFaddenet al., 1996!.

Development of high-frequency sensitivity before low
frequency sensitivity in altricial mammals correlates w
with the development of the basoapical maturation of
cochlea. Birds, on the other hand, show a different patter
ABR threshold maturation. Precocial birds show adult-li
thresholds to low and middle frequencies by the time
hatching, with sensitivity to higher frequencies continuing
improve after this time~Saunderset al., 1973!. Altricial
birds, such as the barn owl~Köppl and Nickel, 2001! and the
budgerigar ~current study!, show developmental pattern
similar to precocial birds~low to high frequency!, except that
the maturation occurs after hatching. Like mammals,
basilar papilla of birds develops from the base to the a
~Saunderset al., 1973!; however, unlike mammals~but see,
for example, Arjmandet al., 1988; Romand, 1987!, the
physiological threshold development progresses from low
high frequencies such that higher frequency thresholds
the last to become adult-like in birds.

Some mammals show a period early in developm
where thresholds improve but the ABR audiogram rema
relatively flat ~McFaddenet al., 1996; Walshet al., 1986a!.
After this initial period, thresholds across the frequen
range improve rapidly. Precocial birds do not show a
frequency-threshold curve early in development. You
chicks~D12–13 of incubation! exhibit poor sensitivity across
frequency but threshold improvement is not equival
across frequencies. Rather, the audiogram takes on
U-shape appearance by D14–15~Saunderset al., 1973!.
This is also true for ducks~Dmitrieva and Gottlieb, 1992!.
Pied-flycatchers, on the other hand, do show flat frequen
thresholds curves for the first few days after hatching,
respond only to frequencies between 0.3 and 1 kHz.
young budgerigars, the initial audibility curve is relative
flat and thresholds are high~see Fig. 3!, but there is rapid
improvement from that time on, with 2 kHz becoming th
most sensitive frequency by the end of the second week

In more well-studied animals, the rapid improvement
threshold and the increase in frequency bandwidth to wh
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 E. F. Brittan
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the animals respond is correlated with fluid from the midd
ear being resorbed and the improvement of middle-ear fu
tion as shown in cats~Walshet al., 1986a!, gerbils~McFad-
den et al., 1996!, and chickens~Saunderset al., 1973!. In
budgerigars, the external ear canal is open by day 10.
opening of the canal is coincident with a dramatic improv
ment of threshold between 11–17 days of age and an
crease in bandwidth of effective frequencies by this time
is possible that the increase in sensitivity and bandwidth d
ing this phase in budgerigars is partially due to external a
middle-ear maturation.

C. Changes in ABR latency and amplitude over
development

Latency decreased and amplitude increased with
creasing age. Evaluation of latency maturation based on
ponential decay functions showed that latencies to wav
matured first, followed closely by latencies to wave 2. Wa
amplitudes matured slightly later than wave latencies,
this may be a function of variability between subjects. T
coefficients of variation in amplitude across developm
were always greater~.20%! than the coefficients for latenc
across development~,20%!. Wave 1 and wave 2 also
showed differences in amplitude growth. For the most p
wave 1 increased in an almost linear fashion, but wav
showed little growth across most frequencies until late
development. These results suggest that wave 2 ampli
may still be increasing well after the bird leaves the nest

As with all species studied to date, increasing intens
level results in shorter response latencies and larger resp
amplitudes at all ages tested. Even as the animal grows
distances within the papilla and along the VIIIth nerve i
crease, the latencies to waves 1 and 2 as well as the
interval show consistent decreases. Explanations offered
these decreases in latency include increasing axon diam
myelination, and synaptic efficiency which lead to decrea
in the time course of action potential generation~e.g., Walsh
et al., 1986b!. Similarly, increases in amplitude may be du
to increased fiber diameter and myelination, resulting in
creased neural synchrony~e.g., Walshet al., 1986c!. Nothing
is known about whether similar physical changes occur
developing budgerigars. However, the present results, sh
ing that latencies to wave 2 reached adult levels at a slig
later age, do suggest that brainstem development may
peripheral development in budgerigars, as it does in c
~Walshet al., 1986b!.

Overall, thresholds and latencies tended to stabi
~reach adult levels! at approximately the same age for bu
gerigars. Response amplitudes, on the other hand, incre
in a nonlinear fashion during development for both wave
and wave 2. For the highest frequencies~4.8 and 5.7 kHz!,
amplitudes changed only slightly over the developmental
riod studied, with birds also exhibiting the highest thresho
at those frequencies. Even though ABR thresholds and la
cies stabilize in budgerigars by about 3–4 weeks of a
amplitude did not reach adult values until about 6 weeks
age.

In chickens and kittens, improved mechanical transm
sion in the external and middle ear is hypothesized to c
3099-Powell and R. J. Dooling: Development of auditory sensitivity
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tribute to decreases in ABR latency~Katayama, 1985; Walsh
et al., 1986b!. In kittens, increased fiber diameter and mye
nation may also be involved in the continued improvem
of latency and amplitude measurements~Walsh et al.,
1986b,c!. In barn owls, decreasing latencies elicited by cli
stimuli between P21–23 coincide with the maturation of
endbulbs of Held~Kubke and Carr, 2000!—the innervation
between the auditory nerve and cochlear nucleus magno
lularis ~NM!. Further ABR changes in barn owls are attri
uted to continuing myelination. Also, synaptic transmiss
between the auditory nerve and cochlear nuclei is media
by excitatory amino acids, like glutamate~see the review in
Kubke and Carr, 2000!, and adult patterns of glutamate e
pression are attained between P14 and P21. Temporal
terns become adult-like in the barn owl ABR at this sa
time. On the basis of these data, it seems likely that chan
in latency and amplitude in the budgerigar~seen by day 20–
26! may be due to increased synaptic transmission betw
the auditory nerve and the cochlear nuclei, and increa
myelination and nerve-fiber diameters as well as the
creased transmission function of the middle ear.

D. Effects of click repetition rate on latency
and amplitude in developing budgerigars

Temporal aspects of stimulus delivery have a more p
nounced effect on younger budgerigars than older budg
gars, as has been found in mammals and chicks~e.g.,
Burkard and Voigt, 1989; Burkardet al., 1996a; Saunders
et al., 1973!. Latency to individual waves of the budgerig
ABR increased with increasing rate, even while latency
creased as a function of increasing age. In nestling budg
gars, higher rates of stimulus presentation resulted not o
in longer latencies, but showed greater effects in youn
animals. The interval between waves was greater at you
ages, suggesting that young budgerigars, like mamm
show greater adaptation which was cumulative across
apses~Burkard et al., 1996a; Donaldson and Rubel, 199
Jewett and Romano, 1972; Lasky, 1997; Mairet al., 1979;
Salamyet al., 1978; Shipleyet al., 1980!.

Peak-to-peak ABR amplitude increased with age,
ABR amplitude in budgerigar ABR waveforms decreas
with increasing rate. This is similar to what was seen in
adult budgerigar data~Brittan-Powellet al., 2002!, as well as
data shown in mammals, such as gerbils~Burkard and Voigt,
1989; Donaldson and Rubel, 1990!, kittens ~Burkard et al.,
1996a; Mairet al., 1979; Shipleyet al., 1980!, and human
infants~Lasky, 1997; Salamyet al., 1979!. In sum, these data
suggest that younger budgerigars show greater neural a
tation than older budgerigars, resulting in a greater reduc
in ABR amplitudes at higher stimulus rates.

E. Hearing and vocal development

Vocal learning in songbirds has been suggested a
model of vocal development in humans. Studies of ABR
velopment in human infants show that by 6 months of a
hearing thresholds have reached adult values~see the review
in Werner and Marean, 1996!. This is about the time that th
first signs of babbling in infants occur, suggesting that he
3100 J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 E. F
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ing is necessary for this stage of vocal production to occu
this age. The inability to hear one’s own voice delays
discourages babbling—deaf infants do not begin this st
until 10–11 months of age~Oller and Eilers, 1988!. Thus,
normal vocal development in human infants depends on
ability of the baby to hear adult models and feedback fr
its own vocalizations by 5–10 months of age.

In birds, the first stage of song learning is totally depe
dent on hearing. Studies of the sensitive period of song le
ing show that birds tutored with song before P10–13 ne
produce the tutored song~see the review in Catchpole an
Slater, 1995!. This parallels developmental studies of heari
in songbirds showing that hearing in altricial birds is n
fully developed at hatching but continues to improve ev
into the nestling period~Aleksandrov and Dmitrieva, 1992
Khayutin, 1985!.

The budgerigar is an open-ended learner~i.e., it retains
the ability learn vocalizations throughout adulthood!, but the
sensory and sensory motor phases of vocal learning have
to be precisely determined. Through studies of budgeri
contact call development~Brittan-Powell et al., 1997; Hall
et al., 1997; Heaton and Brauth, 1999!, we know that these
birds require auditory feedback in order to produce spec
specific vocalizations. Deafening birds between 9–11 day
age has a profound effect on the bird’s vocal behav
~Heaton and Brauth, 1999! but does not affect all calls
equally. Food-begging calls from these birds progressed f
high-frequency vocalizations~stage I—stages refer to
Brittan-Powellet al., 1997! to the harsh noisy calls observe
at later ages~stage II!. The birds, however, never produce
patterned food-begging calls exhibited by normally hear
birds at 4 weeks of age~stage III! ~Heaton and Brauth,
1999!. These findings suggest that auditory feedback is
portant for the transition from stage II to stage III vocaliz
tions.

The present results show that budgerigars hear little,
all, at hatch. By day 10, the bird’s outer ear canals are o
and hearing thresholds improved rapidly, primarily at fr
quencies below 4 kHz. This represents somewhat of a m
match since the vocalizations of young birds have a p
frequency of 4 kHz or higher. It is unlikely, then, that voca
izations produced before 11 days of age depend
hearing—a conclusion paralleled by what has been foun
songbird tutoring studies.

Between days 12 to 28, however, there are dram
changes going on in both vocal production and hearing
velopment. From 13–27 days, the peak frequency of
nestlings’ calls drops to between 3–3.5 kHz, but bandwi
and duration of calls increase. At the same time, the
quency range of hearing increases to include all frequen
tested and sensitivity in the 2–4-kHz range increases
30–35 dB. It is also during this time that deafening can
sentially derail further vocal development. Taken togeth
these data suggest that stage II may be the start of the
sitive period for auditory feedback in the budgerigar.

By the fourth week of life, the birds’ auditory threshold
are near adult levels of sensitivity. During this same tim
~28–34 days of age!, many of the acoustic characteristics
budgerigar vocalizations are stabilizing~e.g., peak frequency
. Brittan-Powell and R. J. Dooling: Development of auditory sensitivity
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by 1 month and bandwidth and duration of calls at or arou
fledging!. By 1-week postfledging, adult contact calls~a vari-
ant of their food-begging call! are readily elicited from the
birds ~Brittan-Powellet al., 1997!. Therefore, adult levels o
hearing are reached about a week before of the appearan
the budgerigars’ first adult sound~the contact call!, but bud-
gerigar vocal development continues beyond the produc
of the first contact call. Budgerigars show their first signs
vocal mimicry at about 4 weeks postfledging~Brittan-Powell
et al., 1997!, which is over 2–3 weeks after hearing thres
olds are adult-like. Thus, the ‘‘sensitive phase’’ for voc
learning in this species, as in songbirds and human infa
continues well after hearing thresholds reach adult levels

VI. CONCLUSIONS

This study tracked the development of auditory sensi
ity in nestling budgerigars through the auditory brainst
response. We can conclude that in general, changes in
ABR of nestling budgerigars due to changes in intens
frequency, and repetition rate were comparable to what
been found in other vertebrates, both precocial and altric
As with all animals tested to date, latency decreases, am
tude increases, and the ABR waveform becomes more c
plex as the animal ages.

Auditory feedback influences the development of voc
izations in budgerigars, and other vocal learning birds,
until now, little was known about hearing in these birds. T
study extends the findings of threshold development in a
cial birds to include budgerigars. It shows that budgerig
probably cannot hear at hatching and that auditory sensiti
develops, as in other altricial birds, well into the nestli
period ~Aleksandrov and Dmitrieva, 1992; Ko¨ppl and
Nickel, 2001!. When combined with what is known abou
budgerigar vocal development, the present results provid
developmental timetable for future studies pertaining to
anatomical development of the auditory system in the b
gerigar as well as direct testing of hearing deprivation at a
where both hearing and vocal ability are now known.
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Kubke, C. Köppl, D. Higgs, K. Poling, A. Lauer, and M
Dent, as well as two anonymous reviewers, for comments
earlier drafts. This work was supported in part by traini
grant DC00046 from the National Institute of Deafness a
Communicative Disorders of the National Institutes
Health to E.F.B.P. and National Institutes of Health Gra
DC00198 to R.J.D. The work described here was in par
fulfillment of the requirement of a doctor of philosophy
E.F.B.P.~University of Maryland, College Park, 2002!.

Aleksandrov, L. I., and Dmitrieva, L. P.~1992!. ‘‘Development of auditory
sensitivity of altricial birds: Absolute thresholds of the generation
evoked potentials,’’ Neurosci. Behav. Physiol.22, 132–137.

Arjmand, E., Harris, D., and Dallos, P.~1988!. ‘‘Developmental changes in
frequency mapping of the gerbil cochlea: Comparison of two coch
locations,’’ Hear. Res.32, 93–96.

Boettcher, F. A., Mills, J. H., and Norton, B. L.~1993a!. ‘‘Age-related
changes in auditory evoked potentials of gerbils. I. Response amplitud
Hear. Res.71, 137–145.
J. Acoust. Soc. Am., Vol. 115, No. 6, June 2004 E. F. Brittan
d

of

n
f

-
l
ts,

-

he
,
as
l.
li-
m-

-
t

i-
s
ty

a
e
-
s

.

n

d
f
t
l

f

r

,’’

Boettcher, F. A., Mills, J. H., Norton, B. L., and Schmiedt, R. A.~1993b!.
‘‘Age-related changes in auditory evoked potentials of gerbils. II. R
sponse latencies,’’ Hear. Res.71, 145–156.

Brittan-Powell, E. F., Dooling, R. J., and Farabaugh, S. M.~1997!. ‘‘Vocal
development in budgerigars~Melopsittacus undulatus!: Contact calls,’’ J.
Comp. Psychol.111, 226–241.

Brittan-Powell, E. F., Dooling, R. J., and Gleich, O.~2002!. ‘‘Auditory
brainstem responses~ABR! in adult budgerigars~Melopsittacus undula-
tus!,’’ J. Acoust. Soc. Am.112, 999–1008.

Burkard, R., and Voigt, H. F.~1989!. ‘‘Stimulus dependencies of the gerb
brainstem auditory-evoked response~BAER!. I. Effects of click level, rate,
and polarity,’’ J. Acoust. Soc. Am.85, 2514–2525.

Burkard, R., McGee, J., and Walsh, E. J.~1996a!. ‘‘Effects of stimulus rate
on feline brainstem auditory evoked response during development. I. P
latencies,’’ J. Acoust. Soc. Am.100, 978–990.

Burkard, R., McGee, J., and Walsh, E. J.~1996b!. ‘‘Effects of stimulus rate
on feline brainstem auditory evoked response during development
Peak amplitudes,’’ J. Acoust. Soc. Am.100, 991–1002.

Catchpole, C. K., and Slater, P. J. B.~1995!. Bird Song: Biological Themes
and Variations~Cambridge University Press, Cambridge, Great Britain!.

Dmitrieva, L. P., and Gottlieb, G.~1992!. ‘‘Development of brainstem audi-
tory pathway in mallard duck embryos and hatchlings,’’ J. Comp. Phys
171, 665–671.

Dmitrieva, L. P., and Gottlieb, G.~1994!. ‘‘Influence of auditory experience
on the development of brainstem auditory-evoked potentials in Mall
duck embryos and hatchlings,’’ Behav. Neural Biol.61, 19–28.

Donaldson, G. S., and Rubel, E. W.~1990!. ‘‘Effects of stimulus repetition
rate on ABR threshold, amplitude, and latency in neonatal and adult M
golian gerbils,’’ Electroencephalogr. Clin. Neurophysiol.77, 458–470.

Dooling, R. J., Gephart, B. F., Price, P. H., McHale, C., and Brauth, S
~1987!. ‘‘Effects of deafening on the contact calls of the budgerig
~Melopsittacus undulatus!,’’ Anim. Behav. 35, 1264–1266.

Dooling, R. J., Lohr, B., and Dent, M. L.~2000!. ‘‘Hearing in birds and
reptiles,’’ in Comparative Hearing: Birds and Reptiles, edited by R. J.
Dooling, A. N. Popper, and R. R. Fay~Springer, New York!, pp. 308–359.

Dum, N. ~1984!. ‘‘Postnatal development of the auditory evoked brainste
potentials in the guinea pig,’’ Acta Oto-Laryngol.97, 63–68.

Farabaugh, S., and Dooling, R. J.~1996!. ‘‘Acoustic communication in par-
rots: Laboratory and field studies of budgerigars,Melopsittacus undula-
tus,’’ in Ecology and Evolution of Acoustic Communication in Birds, ed-
ited by D. E. Kroodsma and E. H. Miller~Cornell University Press, Ithaca
NY!, pp. 97–118.

Hall, J. ~1992!. Handbook of Auditory Evoked Responses~Allyn and Bacon,
Boston!.

Hall, W. S., Cookson, K. K., Heaton, J. T., Roberts, T., Shea, S., and Bra
S. E. ~1997!. ‘‘Audio-vocal learning in budgerigars,’’ Proc. New York
Acad. Sci.807, 352–367.

Harris, D. M., and Dallos, P.~1984!. ‘‘Ontogenetic changes in frequenc
mapping of the mammalian ear,’’ Science225, 741–743.

Heaton, J. T., and Brauth, S. E.~1999!. ‘‘Effects of deafening on the devel-
opment of nestling and juvenile vocalizations in budgerigars~Melopsitta-
cus undulatus!,’’ J. Comp. Psychol.113, 314–320.

Heaton, J. T., Dooling, R. J., and Farabaugh, S. M.~1999!. ‘‘Effects of
deafening on the calls and warble song of adult budgerigars~Melopsitta-
cus undulatus!,’’ J. Acoust. Soc. Am.105, 2010–2019.

Hecox, K. ~1975!. ‘‘Electrophysiological correlates of human auditory d
velopment,’’ in Infant Perception: From Sensation to Cognition, edited by
L. B. Cohen and P. Salapatek~Academic, New York!, pp. 151–192.

Jewett, D., and Romano, M.~1972!. ‘‘Neonatal development of the auditory
system: Potentials averaged from the scalp of rat and cat,’’ Brain Res36,
101–115.

Katayama, A.~1985!. ‘‘Postnatal development of auditory function in th
chicken revealed by auditory brainstem responses~ABRs!,’’ Electroen-
cephalogr. Clin. Neurophysiol.62, 388–398.

Khayutin, S. N. ~1985!. ‘‘Sensory factors in the behavioral ontogeny o
altricial birds,’’ Adv. Stud. Behav.15, 105–152.
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