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Budgerigars learn their vocalizations by reference to auditory information and they retain the ability
to learn new vocalizations throughout life. Auditory feedback of these vocalizations was
manipulated in three experiments by training birds to produce vocalizations while wearing small
earphones. Experiments 1 and 2 examined the effect of background noise level �Lombard effect� and
the effect of manipulating feedback level from self-produced vocalizations �Fletcher effect�,
respectively. Results show that birds exhibit both a Lombard effect and a Fletcher effect. Further
analysis showed that changes in vocal intensity were accompanied by changes in call fundamental
frequency and duration. Experiment 3 tested the effect of delaying or altering auditory feedback
during vocal production. Results showed subsequent production of incomplete and distorted calls in
both feedback conditions. These distortions included changes in the peak fundamental frequency,
amplitude, duration, and spectrotemporal structure of calls. Delayed auditory feedback was most
disruptive to subsequent calls when the delay was 25 ms. Longer delays resulted in fewer errors.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3158928�
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I. INTRODUCTION

Animals that learn their vocalizations rely on auditory
feedback �AF� for the development and maintenance of a
normal vocal repertoire �for reviews, see Farabaugh and
Dooling, 1996; Janik and Slater, 1997; Doupe and Kuhl,
1999; Brainard and Doupe, 2000; Janik and Slater, 2000; and
Boughman and Moss, 2003�. AF during vocal production has
been most extensively studied in humans, where feedback
mechanisms help regulate, among other things, vocal ampli-
tude. The Lombard effect, for instance, describes an increase
in vocal amplitude in response to an increase in ambient
noise level �Lombard, 1911; for a review, see Lane and
Tranel, 1971�. The Fletcher effect describes a decrease in
vocal amplitude in response to an increase in perceived vocal
loudness �Fletcher et al., 1918; Lane and Tranel, 1971; Sie-
gel and Pick, 1974�. In human speakers, these changes also
include increases in syllable duration and vocal pitch and
decreases in speaking rate �Hanley and Steer, 1949; Drae-
gert, 1951; Dreher and O’Neill, 1958�. Presumably, these
responses function to preserve speech intelligibility in varied
listening conditions.

Signal degradation due to environmental noise is a prob-
lem for all acoustic communication systems. Mechanisms of
noise-dependent amplitude changes in vocal behavior similar
to the Lombard effect have been described in monkeys �Sin-
nott et al., 1975; Brumm et al., 2004; Egnor and Hauser,
2006�, quails �Potash, 1972�, hummingbirds �Pytte et al.,
2003�, songbirds �Cynx et al., 1998; Brumm and Todt, 2002;
Kobayashi and Okanoya, 2003�, and budgerigars �Manabe et
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al., 1998�. Generally, in animal studies, technical challenges
in delivering noise or altered AF make precise comparisons
with human work difficult. The present studies use small
earphones to overcome this limitation.

Changes in vocal output caused by altered feedback ex-
tend beyond level effects. Precise timing of feedback also
has important consequences for the normal development and
maintenance of vocal production. In humans, delayed audi-
tory feedback �DAF� of the speech signal results in a number
of disruptive effects, including slower speech rate, higher
fundamental frequency, longer syllable durations, and a
range of production errors �including stuttering and short
consonant-like bursts of sound� while some subjects report a
complete inability to continue speaking �Lee, 1950; Fair-
banks, 1955; Yates, 1963; Howell and Archer, 1984�. The
most severe disruptions in speech occur at a feedback delay
of about 200 ms, with less disruption at shorter and longer
delays. Interestingly, DAF has fluency-enhancing effects on
stutterers �e.g., Bloodstein, 1995�. Taken together, this suite
of effects has been interpreted as evidence for timing mal-
functions in a closed-loop feedback circuit, which controls
ongoing vocal production via AF �e.g., Fairbanks, 1954;
Chase, 1965�.

There is very little DAF work in animals. Recent work
in songbirds has examined the effects of manipulating AF by
playing either altered or delayed song during vocal produc-
tion in zebra finches �Leonardo and Konishi, 1999; Cynx and
Von Rad, 2001; Sakata and Brainard, 2006� resulting in dra-
matic effects on song. Birds show song syllable repetition,
syllable deletion, and loss of syllable sequencing and struc-
ture under these conditions. The most severe disruptions
caused by DAF occurred at delays of 100 ms in zebra finches
�Cynx and Von Rad, 2001� and about 65 ms in Bengalese

finches �Sakata and Brainard, 2006�.
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Here the authors apply new methods to a nonsongbird
species to further examine how altered AF affects vocal pro-
duction in birds and also to provide insights into the opera-
tion of auditory-vocal circuits in budgerigars. First, vocal
behavior was rigorously controlled by training birds, through
operant conditioning with food reward, to produce specific
vocalizations �i.e., contact calls� to a visual cue. Second,
birds were tested while wearing small earphones allowing
more precise delivery of noise or altered AF. In experiment 1
�Lombard effect�, the authors played various levels of white
noise to subjects through the earphones while they were vo-
calizing. In experiment 2 �Fletcher effect�, the authors played
amplitude-adjusted exemplars of the birds’ contact calls
through the earphones as the birds were producing the same
vocalizations. In experiment 3, the authors examined the ef-
fect of spectrotemporal alterations of AF �e.g., DAF, revers-
ing the bird’s call� on vocal production.

II. GENERAL METHODS

A. Subjects

The subjects in all three experiments were three adult
male budgerigars from a colony maintained in an aviary at
the University of Maryland. Each bird was separately caged
and had ad libitum access to water. Since food was used to
reinforce vocal behavior, the birds were maintained at 90%
of their free-feeding body weight. The University of Mary-
land Animal Care and Use Committee approved all experi-
mental procedures.

B. Apparatus

Birds were trained in an operant testing apparatus con-
sisting of a small wire cage �14�12�17 cm3� constructed
of wire mesh and mounted in an acoustic isolation chamber
�Industrial Acoustic Co. model AC-1�. Three light-emitting
diodes �LEDs� �left, center, and right� were attached to a
piece of anechoic foam on the front panel of the cage at
approximately the level of the birds’ heads. Three small
speakers �SONY model MDR-Q22LP� were mounted on the
exterior of the cage—one at the center above the front LED
panel and one on each of the left and right sides. A small
directional microphone �SONY model ECM-77B� located
just below the LED panel detected vocalizations. A food
hopper containing hulled millet was located on the floor of
the cage under the front LED panel. A small video camera
was used to monitor the bird’s behavior while in the cham-
ber.

C. Training/testing procedure and analysis

1. Contact call detection and analysis

Training, testing, and analysis programs were written in
MATLAB software �version 6.5, Natick, MA� for Tucker
Davis Technologies �TDT� System III hardware �Gainesville,
FL�. The output of the microphone was amplified, low-pass
filtered at 10 kHz, and sent to a circular memory buffer in a
TDT real-time digital signal processor �RP2.1� at a sampling
rate of 25 kHz. A typical budgerigar contact call duration is

100–150 ms with spectral energy concentrated between 2
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and 4 kHz �Farabaugh et al., 1994; Farabaugh and Dooling,
1996; Farabaugh et al., 1998�. Thus, incoming signals were
classified as contact calls if signal intensity exceeded a user-
defined value for a minimum of 70 ms and signal power in
the frequency band between 2 and 4 kHz exceeded that be-
tween 4 and 10 kHz.

All signals classified as contact calls were saved for later
analysis. Analysis first involved the generation of serial
power spectra across each call in 5 ms �i.e., 122 pt� windows
�with 50% window overlap� using a chirp-z transform spec-
tral estimation method �MATLAB function CZT�, which al-
lowed 1 Hz frequency resolution. Within each window, the
authors measured the frequency and amplitude of the spec-
tral peak and also the spectral bandwidth 3 dB down from
the peak. These measures were then averaged to derive the
average peak frequency, peak amplitude, and 3 dB band-
width across the call. Finally, the authors measured the call
duration and calculated the similarity to the stored standard
or template call �see Secs. 3 and 4 for a description of the
template and correlation algorithm�. These measures were
later analyzed using SPSS software �version 12.0, Chicago,
IL�.

2. Initial training „shaping…

Birds were habituated to the experimental chamber and
trained to eat from the food hopper when it was activated.
Once the birds consistently ate from the raised hopper, shap-
ing of vocal production began. A tape recording of a flock of
vocalizing budgerigars was played in the operant chamber to
induce the birds to vocalize. Whenever the birds responded
to this flock tape with a contact call, the experimenter acti-
vated the hopper. Birds quickly came to associate vocalizing
in the test chamber with delivery of food. The flock tape
playback became unnecessary after several training sessions
as the bird reliably produced calls to obtain food and food
reinforcement was delivered automatically under computer
control.

Birds were next trained to vocalize only when the center
LED was illuminated. The LED was turned off once a vo-
calization was acquired and then turned on again after a ran-
dom time interval �approximately 5–15 s�. Only vocaliza-
tions produced when the light was illuminated were
reinforced. Vocalizations produced when the LED was
turned off caused the random interval timer to reset and thus
increased the wait time before another trial could be started
�i.e., the LED turned back on�. Birds quickly learned to vo-
calize in the chamber only in response to the illumination of
the center LED.

3. Selecting the contact call template

Once the birds were reliably responding, they were run
in several additional training sessions to establish their call
repertoire. Budgerigars produce several different call-types
that are easily distinguished based on spectrographic charac-
teristics, with one call-type typically being produced much

more often than others �Farabaugh et al., 1994; Farabaugh
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and Dooling, 1996�. An exemplar of the bird’s most frequent
contact call-type was selected as that bird’s standard or tem-
plate call �see Manabe and Dooling, 1997�.

The template call was chosen by first computing pair-
wise spectral cross-correlations among all calls in the test
sessions. A custom MATLAB program created a spectrogram
for each call using a 256-point �i.e., 10.5 ms� Hanning win-
dow with 50% window overlap. Spectrograms were com-
pared using two-dimensional cross-correlation �MATLAB

function XCORR2�, resulting in a series of correlation values
representing all possible temporal offsets between the two
spectrograms. The maximum correlation value was taken as
the similarity index between the two calls and was normal-
ized to r=0.0 if the two calls were perfectly dissimilar and
r=1.0 if the calls were identical. The resultant similarity ma-
trix was analyzed using a multidimensional scaling algorithm
�MATLAB function MDSCALE� and the call in the center of
the largest cluster in this two-dimensional space was selected
as the template call for the next phase of training.

4. Training vocal precision

Subsequent training sessions used the template call de-
scribed above to differentially reinforce the bird’s vocal be-
havior by only reinforcing calls that were similar to the tem-
plate call. Every vocalization produced by a bird was
compared to the stored digital template in real-time and the
bird was reinforced if the correlation between the two calls
exceeded an experimenter-defined criterion. At first, the cri-
terion correlation value was set very low �e.g., r=0.01� so
that all calls were reinforced. The criterion was gradually
increased over several sessions to a maximum value of r
=0.70. All training sessions were terminated after 50 rein-
forcements or 25 min, whichever came first. Birds almost
always completed 50 reinforcements within 25 min ��95%
of sessions�. Subjects were tested in two daily sessions, 5
days/week. All test sessions were separated by at least 3 h.

D. Earphones

1. Surgical procedure and earphone construction

Once the birds were trained, a small, stainless steel head
post �jewelry pin with clutch back, Hirschberg Schutz & Co.,
Inc., model no. JC8425–01� was affixed to each bird’s skull.
First, the animal was weighed and given an intramuscular
injection of ketamine �40 mg/kg�/xylazine �20 mg/kg�. The
toe pinch response was used to determine whether the bird
was properly anesthetized for surgery. Next, the superior as-
pect of the skull was exposed using a No. 11 scalpel blade
and Vanass scissors �Fine Science Tools, Foster City, CA�.
The skull surface was abraded using the scalpel to create
better adhesion before the head post was attached using den-
tal cement �A-M Systems Inc.�. Nexaband �Closure Medical
Corporation, Raleigh, NC� was used to seal the incision, and
the bird was placed in a heated therapy unit for monitoring
until the anesthetic effects had worn off. Birds were moni-
tored for 24–48 h following surgery and a non-narcotic, non-
steroidal analgesic �Flunixin meglumine, 10 mg/kg� was ad-

ministered daily during this recovery period.
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Following recovery, birds were fitted with an earphone
assembly. The earphone frame was constructed using thin
steel wire �1 mm diameter� with small rubber grommets �10
mm diameter� as earphone cushions. A transducer �Knowles
Acoustics, model no. EH-3062� was glued to the interior of
each grommet using commercially available silicone sealant.
These transducers have a frequency response from 0.2 to 8
kHz with peak sensitivities between 2 and 5 kHz. When
affixed to the head post, the transducers were aligned directly
at the opening of the bird’s ear canal. The grommets pressed
lightly against the sides of the bird’s head providing some
attenuation of external sounds. During testing, wires from
the earphones were fed through the ceiling of the operant
chamber to the output amplifiers of the TDT hardware sys-
tem. The birds were able to move around freely while wear-
ing the headphones during a test session. The headphones
were attached to the head post prior to testing and removed
after the test session was complete when the bird was re-
turned to the aviary.

2. Earphone calibration and testing

The sound pressure level of the feedback was measured
with a Larson-Davis model 824 sound level meter and 3-m
extension cable with a 1

4 in. microphone both before and
after the experiment. The microphone was placed inside a
custom-made open adaptor, which approximated the diam-
eter of the bird’s auditory meatus and the distance to the
bird’s tympanic membrane from the transducer.

After being fitted with earphones, each bird was tested
in several training sessions to ensure that performance was
not affected by the surgery, wearing earphones, or the pres-
ence of wiring above the bird’s head. No sounds were deliv-
ered through the earphones during these sessions and all
birds achieved and maintained a reinforcement rate greater
than 90% within five sessions after being reintroduced into
the testing environment following surgery. The possibility of
occlusion effects was considered unlikely because the ear-
phones were not tightly pressed against the head, the energy
in the contact calls was at relatively high frequencies be-
tween 2 and 4 kHz, and budgerigars have an interaural path-
way that connects their middle ears.

III. EXPERIMENT 1: LOMBARD EFFECT

The Lombard effect is well studied in humans and has
been shown in a number of nonhuman animals, including
budgerigars. Here the authors examined the Lombard effect
in budgerigars with noise delivered through earphones over a
broad range of noise levels. In keeping with free field work
�Manabe et al., 1998� the authors hypothesized that vocal
amplitude would increase as the level of the AF increased.
The authors also hypothesized, based on work with human
speech, that increasing vocal amplitude would be accompa-
nied by parallel increases in fundamental frequency and du-

ration.
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A. Methods

1. Subjects

Three adult male budgerigars were used in this experi-
ment.

B. Procedure

Once the birds were trained to asymptotic levels of per-
formance on the template-training task described above and
were fitted with earphones, Gaussian white noise from the
TDT System III RP2.1 hardware was delivered during testing.
The feedback noise level was measured using a Larson-
Davis model 824 sound level meter for 11 different noise
levels �40–90 dB sound pressure level �SPL� in 5 dB steps,
A-weighting, fast rms� at the bird’s ear.

Birds were tested in four sessions of 60 trials each. A
trial was defined by a bird producing a single vocalization in
response to an illuminated LED. All 11 noise levels �and a
quiet condition� were presented across a test session in five-
trial blocks. Noise level changes occurred after the comple-
tion of a given trial block and before the first trial of the next
block. With the exception of quiet trials, noise was played
constantly throughout a session �i.e., there were no silent
intervals between noise level changes� regardless of whether
the animal was vocalizing or not. The exact order of levels
presented was randomly assigned prior to the start of each
session.

All vocalizations produced during the experiment were
stored digitally and analyzed off-line using a custom MATLAB

signal analysis program. Analysis involved a two-step pro-
cess in which calls were first sorted by noise level across
sessions followed by an acoustic analysis of calls within each
noise level. Acoustic measures included average peak fre-
quency, average amplitude, duration, similarity to the tem-
plate, and 3 dB bandwidth.

C. Results and discussion of experiment 1

Figure 1 shows the increase in call amplitude and call
frequency as a function of noise level. The mean level of all
calls produced by the birds significantly increased by 7.8 dB
SPL as the level of the noise feedback increased from 40 to
90 dB SPL �one-way repeated measures analysis of variance
�henceforth RM ANOVA�; F�11,649�=64.2, p�0.01�. Av-
erage peak frequency increased by about 84 Hz across the
same range of noise levels �one-way RM ANOVA;
F�11,649�=9.75, p�0.01�. Call duration also significantly
increased with increasing noise level �one-way RM ANOVA;
F�11,649�=4.19, p�0.01�. These results show that budgeri-
gars increase fundamental frequency and call length in re-
sponse to increases in ambient noise levels. Humans and
other primates also show an increase in vocal frequency and
syllabic length when producing Lombard speech �Lane and
Tranel, 1971; Summers et al., 1988; Brumm et al., 2004;
Egnor and Hauser, 2006�.

Noise level was significantly and inversely proportional
to both the similarity of the vocalization to the call template
�one-way RM ANOVA; F�11,649�=2.42, p�0.01� and 3 dB

bandwidth �one-way RM ANOVA; F�11,649�=4.18, p
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�0.01�. The decrease in correlation values indicates that vo-
calizations produced in noise also contained structural
changes in the call. These changes may be related to the
decrease in call bandwidth, which itself may reflect a strat-
egy to increase call detectability in noise. Prior work on the
perception of vocalizations in noise by budgerigars and zebra
finches has shown that for the same overall level, narrow
band vocalizations are more easily detected in noise than
wide band vocalizations �Lohr et al., 2003�.

IV. EXPERIMENT 2: FLETCHER EFFECT

Experiment 2 examined the effect of a level increase in
AF on production amplitude. The Fletcher effect, which as
far as the authors know has only been reported for humans, is
a decrease in vocal amplitude in response to an increase in
perceived vocal loudness. As in the previous experiment,
birds were trained to produce a specific call in the operant
environment. Based on results from human studies and also
from experiment 1, the authors hypothesized that �1� vocal
amplitude would decrease as the level of the AF increased
and �2� there would be concomitant decreases in both aver-
age vocal frequency and call duration.

A. Method

1. Subjects

The three birds from experiment 1 were used in this
experiment.

B. Procedure

Each bird’s stored call template was used as the feed-
back stimulus and delivered through the earphones while the
bird vocalized. The template call was used instead of the
bird’s actual vocalizations to ensure that the feedback was
delivered at specific levels and was not dependent on scaling

FIG. 1. Increases in amplitude and average peak frequency from calls pro-
duced in noise during experiment 1 �Lombard effect�. Means and standard
errors are plotted.
a bird’s own vocal production �which itself was expected to
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vary in amplitude during a session as the feedback level was
changed�. Observations from training sessions show that
these calls tend to be highly stereotyped under operant con-
trol, with a standard deviation under 5 ms in duration and
under 3 dB in amplitude within a test session. Thus, the
template call functioned satisfactorily as a surrogate for the
bird’s actual production.

The template was stored in a memory buffer in the TDT
RP2.1 and delivered through the earphones when a vocaliza-
tion was detected at the microphone. The authors used four
different feedback levels �i.e., quiet, 70, 80, and 90 dB SPL,
A-weighting, fast rms� that were measured using a Larson-
Davis model 824 sound level meter. These values were cho-
sen based on the level at which the birds typically vocalized
in the operant environment, which was about 70 dB SPL.
Birds likely also heard their own vocalizations in each of
these conditions through both air �due to the lack of com-
plete occlusion by the headphones �see Sec. IID above�� and
bone conduction.

Birds were run in two sessions of 40 trials each. A trial
was defined by a single vocalization produced in response to
an illuminated LED. Feedback levels were presented in five-
trial blocks and each trial block was tested twice per session.
The order of the trial blocks was randomly assigned prior to
each session. All vocalizations were stored digitally and ana-
lyzed off-line using a MATLAB signal analysis program.
Analysis involved a two-step process in which calls were
first sorted by feedback level followed by an acoustic analy-
sis of calls within each noise level. Acoustic measures in-
cluded average peak frequency, average amplitude, duration,
similarity to the template, and 3 dB bandwidth.

C. Results and discussion of experiment 2

FIG. 2. Decreases in amplitude and average peak frequency from calls
produced during experiment 2 �Fletcher effect�. Means and standard errors
are plotted.
Figure 2 shows the decrease in call amplitude and call
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frequency as a function of feedback level. The mean level of
all calls produced by the birds significantly decreased by
3.74 dB between the quiet condition and the 90 dB SPL
feedback condition �one-way RM ANOVA; F�3,177�=38.5,
p�0.01�. Mean call frequency for the three birds across
feedback levels significantly decreased by 59.1 Hz across
feedback levels �one-way RM ANOVA; F�3,177�=13.4, p
�0.01�. Call duration also significantly decreased as feed-
back level increased �one-way RM ANOVA; F�3,177�
=2.74, p�0.05�. There were no significant differences in
either the similarity to the template call or 3 dB bandwidth.

The authors also looked at the time course of these
changes by comparing the amplitude and frequency of the
first two calls produced after the feedback level changed.
There were no differences in amplitude �F�3,6�=1.72, p
=0.26� or frequency �F�3,6�=1.08, p=0.43� across feedback
levels on the first trial, but calls were significantly different
across feedback levels in both amplitude �F�3,6�=5.19, p
�0.05� and frequency �F�3,6�=5.12, p�0.05� on the sec-
ond feedback trial. Thus, budgerigars do not make online
adjustments to either the amplitude or frequency of these
short contact calls but rather adjust both frequency and am-
plitude on the subsequent vocalization.

V. EXPERIMENT 3: DELAYED AND ALTERED
AUDITORY FEEDBACK

Here the authors tested the effect of altering AF of the
bird’s own vocalization on vocal production. There were
three altered feedback conditions: �1� DAF of the bird’s own
vocalizations �“DAF” condition�, �2� a temporally-reversed
version of the birds’ template call �“reversed” condition�, and
�3� another bird’s call as the altered feedback stimulus
�“other” condition�. Based on prior work in humans and
songbirds, the authors hypothesized that altered feedback
would disrupt normal call production by inducing changes in
pitch, duration, and other spectrotemporal aspects of the call.

A. Method

1. Subjects

The three birds from experiments 1 and 2 were used in
this experiment.

B. Procedure

Birds were trained with the same methods of the previ-
ous two experiments to produce contact calls that had a spec-
tral cross-correlation criterion to the template of at least r
=0.70. Then, in three conditions, altered feedback was pre-
sented through the earphones whenever a vocalization was
detected at the microphone. In the DAF condition, the altered
feedback stimulus was the bird’s own vocalization from the
incoming microphone signal delayed in time by 0, 25, 50,
75, or 100 ms. In both the reversed and other conditions, the
stimulus presented was either a reversed version of the birds’
template call or the contact call of another bird as feedback
stimuli, respectively. These last two stimulus types were
stored in a memory buffer and presented with a 0 ms delay.

The level of the altered feedback stimuli was calibrated to 70
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dB SPL �typical of birds vocalizing in the operant chamber�
using a Larson-Davis model 824 sound level meter.

Birds were run in two sessions for each feedback type
�e.g., five DAF delay values, reversed, and other� for a total
of 14 sessions. Each session was comprised of 70 total trials:
10 altered feedback trials and 60 non-altered feedback trials.
The ten altered feedback trials were randomized within each
session so that one altered feedback trial was presented for
every three to eight non-altered feedback trials. Also, the
order of each feedback type was randomized across testing
sessions. All birds completed the full 70 trials for all ses-
sions.

Vocalizations were stored digitally and analyzed off-line
using a MATLAB signal analysis program. Calls were first
sorted by trial type �i.e., pre-altered feedback trial, altered
feedback trial, first trial post-altered feedback, etc.� and then
acoustic measures—including peak fundamental frequency,
amplitude, duration, and similarity to the template—were
calculated to compare calls across different trial and stimulus
types.

C. Results and discussion of experiment 3

The three birds showed disruptions in vocal behavior in
all three altered feedback conditions. The most obvious find-
ing was that birds often produced calls that fell below a
spectral cross-correlation to the template of r=0.70, which
was the minimum value required for reward during training
sessions. These calls were labeled errors. Most of these er-
rors �83.0%� occurred within the first two calls after an al-
tered feedback trial and most of those �77.3%� occurred on
the first call following altered feedback presentation. No er-
rors occurred during the altered feedback trials.

Figure 3 shows the error rate on the first trial following
the altered AF trial across the three conditions. Under the
DAF condition, error rates differed as a function of delay
length �one-way RM ANOVA; F�4,8�=24.01, p�0.001�. As
in humans, there was a maximally disruptive delay that re-

FIG. 3. Error rate varies as a function of feedback type �e.g., DAF delay
length—left panel; reversed/other call—right panel�. Mean and standard er-
rors for each of the five delay lengths show that birds produced errors on the
first call after altered feedback 41.7% of the time in those sessions with
feedback delays of 25 ms. Fewer errors were produced as delay length
increased. Similarly, errors were produced on the first call after feedback in
the reversed and other conditions on 16.7% and 15.0% of trials, respectively.
sulted in the most errors, which for budgerigars was 25 ms.
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Both the reversed and other conditions produced statistically
indistinguishable error rates of 16.7% and 15.0%, respec-
tively �paired samples t-test; t�2�=−2.00, p=0.18�, and the
average error rate between these two conditions was signifi-
cantly lower than in the 25 ms DAF condition �paired
samples t-test; t�2�=5.20, p�0.05�.

Calls classified as errors fell into two general categories
based on visual inspection of spectrographic characteristics.
The first type of error occurred when the bird produced a
call-type different from the template call �error I�. This type
of error represented 62.3% of all errors. The second kind of
error �error II� was less common �37.7%� and occurred when
the bird produced the same call-type as the template call but
with new or missing acoustic elements. An example of each
of these types of errors is shown in Fig. 4. Overall, there
were 180 feedback trials resulting in a total of 88 errors of all
types.

VI. GENERAL DISCUSSION

In three experiments the authors show that budgerigar
vocalizations are affected by real-time AF. Experiments 1
and 2 showed that these birds exhibit the Lombard and
Fletcher effects—increasing vocal amplitude in the presence
of background noise and decreasing vocal amplitude when
the AF level of their calls is increased. Vocal amplitude in-
creased linearly 1 dB for every 5 dB change in AF loudness.
This is a shallower slope than found in humans, where a 1
dB change in vocal amplitude occurs for each 2–3 dB change
in AF loudness �see Lane and Tranel, 1971�. The difference
in slope between humans and budgerigars may be a function

FIG. 4. Example spectrograms from experiment 3 showing one bird’s
trained template call and an example from each of the two error categories
produced by the same bird. The first kind of error �error I� occurred when a
subject produced a call-type different from the trained call. Calls in which a
bird added or subtracted call elements from its trained call were labeled
error II. In the error II example shown, the bird added about 100 ms to the
end of its call �boxed area�.
of the natural vocal level range of each species. That is,
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humans can typically speak across 50+dB range of level
�from whisper to shout�, whereas budgerigars probably have
a much smaller range.

The authors also showed that these amplitude changes
are accompanied by changes in contact call frequency, dura-
tion, bandwidth, and other acoustic characteristics that are
also correlated with vocal effort in speech �e.g., Traunmüller
and Eriksson, 2000�. In humans, an increase in vocal effort
results in increased amplitude, duration, and pitch of speech
while a decreasing vocal effort shows the opposite effects.
Like humans, birds also produce sound driven by respiratory
airflow through a set of vibrating structures in the sound
producing organ �e.g., the syrinx in birds and the larynx in
humans� �Fletcher and Tarnopolsky, 1999; Larsen and Gol-
ler, 1999; 2002�. From the pattern of vocal changes occurring
during altered feedback trials, budgerigars appear to alter
their vocal effort, in a manner analogous to humans, by al-
tering the velocity of the air passing through the syringeal
membranes without changing membrane tension �e.g.,
Heaton et al., 1995; Brittan-Powell et al., 1997�. Changes
such as increased amplitude and duration and decreased
bandwidth all have the practical effect of increasing audibil-
ity in noise �Lane and Tranel, 1971; Summers et al., 1988;
Lohr et al., 2003�.

Experiment 3 also showed that budgerigars are affected
by other alterations of AF. Delaying or reversing the vocal-
izations, or presenting another bird’s contact call as AF, re-
sulted in a range of production errors. These errors were
similar to those reported in humans and songbirds �e.g.,
Yates, 1963; Leonardo and Konishi, 1999; Cynx and Von
Rad, 2001; Sakata and Brainard, 2006� and included changes
in peak frequency, amplitude, and duration. Errors were gen-
erally of two types: either production of a different call-type
or production of a call with additions or omissions of ele-
ments. Interestingly, these errors occurred in subsequent vo-
calizations but never during the altered feedback trial. This
result is consistent with those from experiment 2 �Fletcher
effect� showing that amplitude adjustments do not occur in
real-time but instead occur on the subsequent call. Taken
together, these results on budgerigars show both similarities
and differences with analogous behavioral results in humans.

In both humans and birds, the physiological mechanisms
underlying altered feedback effects remain obscure. In hu-
mans, recent work shows evidence for vocalization-induced
suppression of auditory cortex neural activity during ongoing
speech �e.g., Houde et al., 2002�. Several functional mag-
netic resonance imaging �fMRI� studies have shown that al-
tered AF, including DAF, activates areas in and around audi-
tory cortex, superior temporal lobe, and planum temporale
within 100–130 ms during speech �Hashimoto and Sakai,
2003; Guenther, 2006�. Similar patterns of excitation and
suppression have been described more recently in nonhuman
primates and may result from common mechanisms �e.g.,
Eliades and Wang, 2008�.

In songbirds, vocal errors appear to be processed in fore-
brain premotor areas. For example, Sakata and Brainard
�2006� showed that DAFs of single song syllables provided
to Bengalese finches at delays ranging from 40 to 65 ms

were most effective in generating vocal errors, although er-
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rors occurred with delays as short as 20 ms. Errors did not
occur within a syllable, but in subsequent syllables. The au-
thors therefore speculated that the feedback signal is pro-
cessed in the forebrain premotor nucleus HVC, which is in-
volved in syllable sequencing. Consistent with this
hypothesis, a more recent study has shown that HVC con-
tains a population of neurons that are activated by both hear-
ing a song and producing the same song, which could serve
an important role in error-correction processes �Prather et al.,
2008�.

The neural underpinnings of budgerigar vocal feedback
control are much less understood than in either humans or
songbirds. The budgerigar nucleus NLc, a telencephalic vo-
cal motor region possibly analogous to songbird HVC, re-
sponds to auditory input within about 100 ms �Plummer and
Striedter, 2000� and projects to striatal structures responsible
for learning new contact calls �Striedter, 1994; Brauth et al.,
1997�. If this nucleus is functionally similar to songbird
HVC, it might also contain a population of neurons respon-
sible for comparing actual and expected feedback, and could
be responsible for selecting the correct contact call prior to
production. The fact that NLc does not receive AF informa-
tion until 100 ms after vocal onset might explain the bird’s
inability to use altered feedback for correcting online vocal
errors for short sounds since typical budgerigar contact calls
are typically 100–150 ms �Farabaugh and Dooling, 1996�. It
could be used to adjust subsequent vocalizations, however,
which is consistent with the behavioral data described here.
In addition, if NLc guides selection of the correct circuitry
underlying call production, this may also explain why DAF
results in erroneous call selection or the production of alter-
nate call-types. Results of the present behavioral experiments
are at least consistent with such a function for budgerigar
NLc.

The fact that altered AF in budgerigars affects subse-
quent calls rather than the ongoing vocalization is different
from what has been found in humans and songbirds �e.g.,
Yates, 1963; Leonardo and Konishi, 1999; Cynx and Von
Rad, 2001; Sakata and Brainard, 2006�. In part, this may
have to do with the fact that budgerigar contact calls are so
short that feedback mechanisms do not have time to engage.
Vocal amplitude adjustments following altered feedback dur-
ing sustained vowel production in humans does not occur
until approximately 150–175 ms of feedback onset �Heinks-
Maldonado and Houde, 2005; Bauer et al., 2006�. Similarly,
DAF effects in humans and songbirds occur at delays of
about 200 ms �e.g., Yates, 1963; Howell and Archer, 1984�
and 50–100 ms �Cynx and Von Rad, 2001; Sakata and Brain-
ard, 2006�, respectively. These are about the duration of a
typical budgerigar contact call �about 150 ms� and suggest
that the physiological response to altered AF may require a
minimum latency greater than the length of a call.

Another possibility is that contact calls are produced
ballistically and cannot be modified once initiated. In con-
trast, zebra finches and tamarins will interrupt their vocal
production in structured ways in response to a strobe light
�e.g., Cynx, 1990; Miller et al., 2003�. The type of errors
budgerigars made in experiment 3 did not appear to be ex-

amples of truncated contact calls and all errors occurred after
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the trial with altered feedback. Instead, budgerigar vocal er-
rors are better described as different, intact call-types. This
suggests that incorrect AF might be disrupting selection of
the correct motor program sequence that gives rise to the
next call-type. In songbirds, onset delays from altered AF are
about the average length of song syllables, which are them-
selves single vocal motor gestures and probably produced
ballistically �Cynx, 1990; Riebel and Todt, 1997; Franz and
Goller, 2002�. While there is evidence that budgerigars learn
new calls through a process of recombination and modifica-
tion of smaller call elements �Farabaugh et al., 1994;
Manabe and Dooling, 1997�, the present results argue more
that the entire call is produced ballistically rather than just
the individual elements.

In sum, these results show that AF in budgerigars, as in
humans and songbirds, is used to guide future vocal produc-
tion. The authors measured changes in call amplitude, fre-
quency, and duration that are consistent with the idea that
budgerigar vocal production contains mechanisms for over-
coming the masking effects of environmental noise. The au-
thors also showed that temporally- and spectrally-misaligned
feedback interrupt call production. Our results, in which al-
tered AF affects subsequent calls, differ from both the human
and songbird cases in which AF is used to make online ad-
justments to vocalizations as they are produced. These re-
sults could argue for an error-correction mechanism similar
to that reported in humans and songbirds but which operates
on a time scale greater than the length of a contact call.
Alternatively, these results may indicate that different
mechanisms are involved in AF-guided vocal production in
these two different groups of vocal learners.
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