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Abstract 

We studied the ability of barn owls to recover accurate sound localization after being raised with 
one ear occluded. Most of the owls had ear plugs inserted before they reached adult size, and 
therefore they never experienced normal adult localization cues until their ear plugs were removed. 
Upon removal of their ear plugs, these owls exhibited large systematic sound localization errors. 
The rate at which they recovered accurate localization decreased with the age of the bird at the 
time of plug removal, and recovery essentially ceased when owls reached 38 to 42 weeks of age. We 
interpret this age as the end of a critical period for the consolidation of associations between 
auditory cues and locations in space. Owls that had experienced adult localization cues for a short 
period of time before ear plugging recovered normal accuracy rapidly, even if they remained plugged 
well past the end of the critical period. This suggests that a brief exposure to normal adult cues 
early in the critical period is sufficient to enable the recovery of localization accuracy much later in 
life. 

Barn owls localize sounds by associating small differ- 
ences in the timing and intensity of sound at the two 
ears with locations in space (Knudsen and Konishi, 1979; 
Moiseff and Konishi, 1981). These binaural difference 
cues and their correlations with sound locations can be 
severely disrupted by occluding one ear. Young owls 
subjected to monaural occlusion adjust to the abnormal 
cues and learn to localize sounds accurately, but only if 
the occlusion is imposed within the first 60 days of life 
(Knudsen et al., 1982a). 

In this study we investigate the ability of owls that 
have adjusted to early monaural occlusion to recover 
normal localization accuracy after the ear plug is re- 
moved. By removing ear plugs at various ages we reveal 
the effects of exposing the auditory system to abnormal 
sensory input over various periods of early development. 
We find that the rate at which localization accuracy is 
recovered slows with age, and that beyond about 9 
months of age the capacity to recover is lost or substan- 
tially impeded. 
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Materials and Methods 

Eleven barn owls (Tyto &a) served as experimental 
subjects. Each was taken from the nest at 7 to 12 days 
post-hatching and had a foam rubber ear plug (E.A.R., 
Cabot Corp.) sutured into the right (6 birds) or left (5 
birds) auditory canal between 27 and 55 days of age 
(Table I). These birds regained normal sound localization 
with the ear plug in place (Knudsen et al., 1984). For 
this study, the ear plugs were removed at various ages 
and the sound localization error that resulted was meas- 
ured periodically over the following weeks or months. 

The experimental conditions and the methods used to 
measure sound localization are described in the previous 
paper (Knudsen et al., 1984). Briefly, the experiments 
were conducted in a darkened sound isolation chamber. 
The owls were trained to orient their heads toward 
movable auditory and visual stimuli; the auditory target 
consisted of repetitive noise bursts, and the visual target 
was a small dim light. A testing session consisted of 15 
to 25 orientation responses to sound and a similar num- 
ber to light stimuli. A difference in an owl’s responses to 
sounds and lights indicated a sound localization error, 
since normal owls orient identically to both stimuli. 

Head orientations were expressed in degrees of azi- 
muth (left-right) and degrees of elevation (up-down) 
relative to the location of the stimulus. Two sets of data 
resulted from each testing session, one for responses to 
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TABLE I 
Summary of auditory histories and experimental results of all OWLS 

1013 

Owl 
Ear Plug 

Plugged Inserted 
Plug 

Removed 

Initial Location Errors 

Azimuth Elevation 

Average Rate of Adjust- 
merit 

Azimuth Elevation 

Time to Recover Preci- 
sion 

Azimuth Elevation 

days old degrees degreesfday days 

1 R 35 76 R 9.5 
2 L 35 90 L 6.7 

3 R 29 109 R 6.4 
4 L 27 113 L 6.7 
5 L 41 153 L 4.4 

6 R 28 193 R 6.9 

7 R 45 202 R 14.4 
8 L 29 250 L 11.7 
9 R 31 261 R 13.4 

10 R 55 264 R 6.2 
11 L 54 339 L 11.4 

sounds and the other for responses to lights, and a mean 
and standard deviation were computed for each data set. 
The difference between the means was taken as the 
sound localization error, a measure of accuracy. The 
standard deviation of the responses to sounds represents 
the reliability or precision of sound localization. Locali- 
zation accuracy and precision were calculated for both 
azimuth and elevation. 

The accuracy and precision of normal barn owls are 
described in the previous paper (Knudsen et al., 1984). 
Based on these data, errors greater than 3” in azimuth 
or elevation and standard deviations greater than 3.0” in 
azimuth or 3.7” in elevation are regarded as abnormal. 
For owls with abnormally high standard deviations, i.e., 
poor precision, a linear regression of responses onto 
speaker locations was performed to test whether the owl 
was localizing the sound stimulus (Knudsen et al., 1984). 

Average rates of adjustment were calculated by divid- 
ing an owl’s initial sound localization error by the num- 
ber of days required to bring the error to within the 
criterion value of 3” in two successive testing sessions. 
Owls that never achieved this criterion level of accuracy 
were assigned average adjustment rates of zero. 

Results 

Initial effects of plug removal. Each of the owls had one 
ear plugged prior to 56 days of age (Table I). All of them 
adjusted their sound localization to normal levels of 
accuracy. When the ear plugs were removed at ages 
between 76 and 339 days, each bird initially exhibited a 
large sound localization error. The direction of the error 
depended on which ear had been occluded (Fig. 1): un- 
plugging the right ear caused an owl to orient to the right 
and above the sound target, while unplugging the left ear 
caused it to orient to the left and below the target. The 
vertical component of these errors is due to the physical 
asymmetry of the owl’s external ears, which makes the 
right ear more sensitive to sounds from above the hori- 
zontal plane and the left ear more sensitive to sounds 
from below the horizontal plane (Payne, 1971; Knudsen 
and Konishi, 1979). The magnitude of the error produced 
also differed depending on which ear had been plugged 
(Fig. 1). Removal of a right ear plug resulted in errors 
with approximately equal horizontal and vertical com- 
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Figure 1. Initial sound localization errors for each owl follow- 
ing ear plug removal. Circles represent birds that had their 
right ears plugged, diamonds represent birds that had their left 
ears plugged. The numbers identify the individual owls (Table 
I). These errors were taken from the first testing session after 
plug removal in which the owl localized sounds in azimuth and 
elevation. The dashed line indicates errors having equal azi- 
muth and elevation components. 

ponents (average error: 9.5” in azimuth and 8.5” in ele- 
vation), whereas removal of a left ear plug resulted in 
errors with larger vertical than horizontal components 
(average error: 8.2” in azimuth and 14.2” in elevation). 

Recovery of localization accuracy. The ability of owls to 
recover normal accuracy following ear plug removal per- 
sisted much later in development than the ability to 
adjust to the abnormal conditions caused by plug inser- 
tion (Fig. 2). The sensitive period for adjusting sound 
localization accuracy when an ear is occluded ends rela- 
tively abruptly at 55 to 60 days of age (Knudsen et al., 
1984); when an ear plug is implanted beyond this age, 
owls do not adjust their localization errors. However, 
birds that were plugged prior to the end of the sensitive 
period, and therefore had adjusted to the abnormal cues, 
readjusted their sound localization accuracy rapidly when 
the ear plug was removed at ages well beyond 60 days. 
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Figure 2. Sound localization errors plotted as a function of time for owls plugged (A) and unplugged (B) at similar ages. The 
owl in A had its right ear plugged at 60 days of age and did not adjust to the abnormal cues (these data are from the previous 
study; Knudsen et al., 1984). The owl in B, owl 1, had its right ear plug removed slightly later, at 76 days of age, but it readjusted 
rapidly to the normal cues. The azimuth (0) and elevation (0) components of the localization errors are plotted separately in 
each graph. Representative standard error bars are shown periodically. The star at the bottom of the graph in A indicates a day 
in which the owl did not localize sounds in elevation (see “Materials and Methods”). 

The rate and extent of recovery of sound localization 
accuracy decreased with the age of the bird at the time 
of plug removal. Sound localization errors were corrected 
most rapidly and completely by four owls that had their 
ear plugs removed before 20 weeks of age (Table I; owls 
1 to 4). The horizontal component of their errors de- 
creased at average rates of 0.36” to 0.58” per day until it 
was less than the 3” criterion for normal accuracy (Figs. 
3A and 5). Owl 3 continued to improve its accuracy in 
azimuth at this rapid rate and had an error of 0.3” only 
10 days after its plug was removed. Owls 1, 2, and 4 
slowed their rates of adjustment when their errors 
reached 2” to 3”. However, by 4 weeks after plug removal 
the azimuth errors of all these birds were less than 2” 
and indistinguishable from those of normal birds. 

The vertical component of the errors of these birds 
decreased in a similarly rapid fashion (Figs. 4A and 5). 
The initial rate of adjustment was particularly steep: 1.0” 
to 2.0” per day. Owl 3, which had only a 5” error to start 

with, was within criterion accuracy after 1 day and had 
corrected its error to 0.1” in 5 days. The other three birds 
had much larger elevation errors of 14.0” to 18.4”. These 
owls rapidly adjusted the first 7” to 11” of error at the 
rapid rate; then their rates of adjustment slowed by more 
than one-half to 0.2” to 0.5” per day. Their errors contin- 
ued to decrease at this slower rate until the errors com- 
pletely disappeared 4 to 5 weeks after plug removal. 
Average rates of adjustment in elevation ranged from 
0.43" to 1.00” per day. 

Owls 5 and 6 were older when their ear plugs were 
removed (Table I), and they corrected their sound local- 
ization errors more slowly (Figs. 3B, 4Z3, and 5). Both 
birds had small azimuth errors to begin with, and they 
adjusted these at average rates of approximately 0.28” 
per day (Table I). Neither bird was able to localize sounds 
in elevation on the day the ear plug was removed. On 
subsequent days they exhibited large elevation errors 
which decreased over time in an erratic pattern. The 
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irregularity of these time courses was due in some part 
to the birds’ imprecision at localizing in elevation. Owl 5 
adjusted its elevation error from 12.3” to 3” in 52 days, 
yielding an average rate of 0.18” per day. Owl 6 adjusted 
its elevation error from 9.5” to 3” in 85 days for an 
average rate of 0.08” per day (Fig. 5). 

The five owls that had their ear plugs removed at ages 
greater than 28 weeks fell into two distinct groups based 
on the time course of their error adjustments (Figs. 3C, 
4C, 5 and 8). Owls 7, 8, and 9, which were plugged at an 
early age (Table I), never recovered normal accuracy for 
as long as we tested them (21 to 26 weeks after plug 
removal). In contrast, owls 10 and 11, which were plugged 
later, recovered normal accuracy quickly. 

Although owls 7,8, and 9 never learned to localize with 
normal accuracy after plug removal, each of them did 
correct its error to some extent (Figs. 3C and 4C). They 
adjusted their horizontal errors at rates of approximately 
0.3” per day for the first 3 or 4 weeks after plug removal. 
In this time, owl 8 completely eliminated the azimuthal 
component of its error. The horizontal errors of the other 
two birds, although still large, stopped decreasing and 
remained relatively stable for the rest of the measure- 
ment period. 

Owl 8 maintained a significant vertical error even 
though it eventually eliminated its horizontal error (Figs. 
4C and 7B). In the first 3 weeks following ear plug 
removal, this owl’s elevation error dropped at a rate of 
about 0.9” per day. However, its error never reached the 
criterion level for accuracy. Instead it stopped decreasing 
and began to fluctuate erratically around an average 
value of 5.0”. Three months later the error had increased 
to an average of 7.0”, where it remained for the duration 
of the measurement period (Fig. 7B). This bird was quite 
imprecise (average SD = 4.4”) and never regained normal 
precision in elevation (Table I). 

The adjustment of elevation errors by owls 7 and 9 
followed different time courses (Fig. 4C). Owl 9 had an 
unusually small vertical error to start with, and it cor- 
rected this error gradually at a rate of 0.3” per day. 
However, the error did not stabilize at zero but continued 
to descend until it became a significant error to the 
opposite side of the target. 

Owl 7 had a large initial elevation error that fluctuated 
radically between about 10” and 2” in successive testing 
sessions (Fig. 4C). Although the precision of this bird in 
elevation was poor, its responses varied significantly with 
the location of the speaker (Fig. 6). Hence, this owl 
localized the sound, albeit imprecisely, on each of these 
days. After 38 days the elevation error of this owl re- 
mained within criterion accuracy in successive testing 
sessions. Using this date as the “time to adjust,” an 
average rate of adjustment was calculated to be 0.17” per 
day. Obviously, in this case an adjustment “rate” is 
artificial and does not reflect the nature of the adjust- 
ment process (hence the value appears in brackets in Fig. 
5). In later testing sessions, this owl’s elevation error 
continued to fluctuate unpredictably, even moving to the 
opposite side of the sound target (Fig. 4C). In addition, 
this owl never regained normal precision in elevation 
(average SD = 4.6”). An interesting feature of this birds 
responses is that they were quite precise and stable in 

azimuth (with an error), whereas they were imprecise 
and variable in elevation, indicating that localization 
accuracy and precision in each dimension can be adjusted 
independently. 

A distinguishing characteristic shared by owls 7,8, and 
9 was that they never regained accurate sound localiza- 
tion. Owls 7 and 9 maintained errors in azimuth, while 
owl 8 maintained an error in elevation. It may be impor- 
tant here that owls 7 and 9 had their right ears plugged 
and owl 8 had its left ear plugged (Table I). The ages at 
which these owls stopped adjusting their localization 
errors were rather similar (Fig. 7): owls 7 and 9 stopped 
adjusting in azimuth at about 270 and 290 days, respec- 
tively, and owl 8 stopped adjusting in elevation at 272 
days. This similarity is remarkable in that their ear plugs 
were removed at far more disparate ages (between 202 
and 269 days). These data suggest that, at this age, a 
critical period was drawing to a close. 

Owls 10 and 11 also had their ear plugs removed late 
in life. However, these owls, which had briefly experi- 
enced adult localization cues before the ear plugs were 
inserted, recovered normal accuracy and precision sur- 
prisingly quickly, with time courses that were indistin- 
guishable from those of the youngest birds to be un- 
plugged (Figs. 5 and 8). The localization errors of these 
birds decreased at average rates of about 0.5” per day in 
azimuth and in elevation until they reached criterion 
levels. Furthermore, both owls localized with normal 
precision in azimuth and elevation within 1 day after 
plug removal (Table I). 

Recovery of precision. Plug removal typically caused a 
deterioration of localization precision (Fig. 9). Precision 
in azimuth usually returned to normal within 2 days; 
precision in elevation took longer in most cases and 
sometimes required weeks to return to normal (Table I). 
Exceptions to these generalizations were owls 1 and 3, 
which regained normal precision more quickly in eleva- 
tion than in azimuth, and owl 2, which localized with 
normal precision as soon as its ear plug was removed. 

Discussion 

The rate at which a barn owl recovers accurate sound 
localization after removal of an ear plug depends on age: 
owls that are younger than 20 weeks of age when the 
plug is removed recover quickly and completely, whereas 
owls that are older than 28 weeks of age at the time of 
plug removal recover slowly and may never regain accu- 
rate sound localization (Figs. 5 and 7). If an owl never 
experiences normal adult cues early in life, by the age of 
38 to 42 weeks its already slow rate of adjustment slows 
even further or ceases altogether (Fig. 7). We propose 
this age as the end of a critical period during which the 
auditory system consolidates associations between 
binaural cues and locations of sounds in space. It may 
be significant that the end of the critical period coincides 
with the age at which barn owls reach sexual maturity 
(personal observation). 

The ability of owls to recover sound localization ac- 
curacy following plug removal persists much later in life 
than does the ability to adjust accuracy after a plug is 
inserted (Fig. 2). This discrepancy indicates a strong bias 
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Figure 3. Time course of adjustment of horizontal sound localization errors following ear plug removal. All of these owls had 
been plugged before reaching adult size. Each line type represents data from one bird. The number associated with the line 
identifies the individual (Table I). The owls are grouped according to the age at which their ear plugs were removed. Older birds 
took longer to adjust or did not adjust at all. The data in A are from owls 1 to 4, which were unplugged between 76 and 113 days 
of age. The data in B are from owls 5 and 6, which had their ear plugs removed at 153 and 193 days, respectively. The data in C 
are from owls 7 to 9, which were unplugged between 202 and 261 days of age. 

in the auditory system for the consolidation of associa- 
tions between “normal” binaural cues and locations in 
space. This, in turn, implies that the auditory system 
has an innate expectation of what “normal” adult cues 
should be. Binaural values that are outside of this ex- 
pected range (abnormal cues) are consolidated only if 
cues within the expected normal range are not experi- 
enced during the first 38 to 42 weeks of life (the critical 
period). A restoration of normal cues before the end of 
the critical period causes a rejection of the associations 
based on abnormal cues and a readjustment to the nor- 
mal cues. Once this occurs, the auditory system cannot 
again adjust its associations to accommodate abnormal 
cues, even if the owl is still quite young and the same ear 
is replugged (Knudsen et al., 1984). It is as though the 
neuronal connections that underlie the abnormal asso- 
ciations are not readily stabilized, whereas those that 

form associations within the expected range are stabi- 
lized easily. 

The exceptional impact of a brief early exposure to 
normal adult cues can be seen in the data from owls 10 
and 11 (Fig. 8). These owls reached adult size at about 
45 days of age (Knudsen et al., 1984). They experienced 
adult localization cues for only 10 days until they were 
monaurally occluded at 54 and 55 days of age, respec- 
tively. Even though these birds remained occluded longer 
than any of the other birds, well past the end of the 
critical period, when their ear plugs were removed they 
recovered perfect localization accuracy and precision as 
swiftly as the youngest owls (Fig. 5). Their early exposure 
to normal adult cues apparently had a lasting effect on 
the development of their sound localization pathways. 
These data once again illustrate the strong bias in the 
auditory system for the acceptance of normal cues. 
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Figure 4. Time course of adjustment of vertical sound localization errors 
following ear plug removal. These data represent the elevation components of 
the errors from the owls shown in Figure 3. Stars indicate days on which an owl 
did not localize the sound in elevation (see “Materials and Methods”). 

Two periods in the development of sound localization 
have now been identified: (1) a sensitive period during 
which abnormal auditory cues alter sound localization, 
and (2) a critical period during which auditory cues 
become permanently associated with locations in space. 
It is possible that these periods are ended by different 
neural mechanisms, one mechanism limiting the ability 
of the auditory system to form abnormal connections 
and the other causing connections to become permanent. 
Another possibility is that both periods are ended by a 
single, experience-dependent mechanism. To trigger this 
mechanism, auditory experience would have to satisfy 
two criteria simultaneously and for a sufficient length of 
time: (1) sound localization cues must be within an 
“expected” range (as described above), and (2) the asso- 

ciations of these cues with locations in space must be 
correct (i.e., no localization error), perhaps validated by 
visual feedback (Knudsen et al., 198213). The fact that 
there is a critical period for the recovery of sound local- 
ization accuracy suggests that if these criteria are never 
met, after 8 to 9 months the mechanism is triggered 
unconditionally. Our data do not discriminate between 
these possibilities, but we favor the latter because of its 
conceptual simplicity. 

Comparisons with other critical periods. The critical 
period for recovery of sound localization accuracy shares 
many features with the critical period for song learning 
by songbirds. White-crowned sparrows, for example, 
must be exposed to conspecific song during the first 50 
days post-hatching in order to develop normal song as 
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owls 7 and 9 never exhibited stable elevation errors; therefore, 
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adults (Marler, 1970). These birds have an innate bias 
or “predisposition” to accept only songs that are within 
a restricted, normal range (Thorpe, 1961; Immelman, 
1969; Marler, 1970; Marler and Peters, 1977; Konishi, 
1978). Birds exposed only to abnormal song models or 
songs of other species sing as though they were raised in 
sound isolation, whereas relatively brief exposures to a 
normal song model, even in the constant presence of 
other song types, results in the development of normal 
song. 

The visual system also goes through a number of 
critical periods during its development. For example, 
visual experience is necessary for the normal develop- 
ment of fundamental visual properties such as binocular 
interaction and sensitivity to binocular disparities and 
line orientations (Pettigrew et al., 1968; Cynader et al., 
1976; Sherk and Stryker, 1976; Stryker, 1981; Levitt and 
Van Sluyters, 1982). Like the auditory system, the visual 
system also exhibits innate biases for the acceptance of 
certain ranges of “normal” input, as exemplified by the 
alignment of binocular receptive fields and the crude but 
clear line orientation preferences of neurons in the cortex 
of visually inexperienced animals. In contrast to the 
auditory system, just a few days of abnormal visual 
experience during the development of binocular interac- 
tion causes profound and long-lasting adverse effects in 
the visual system (Hubel and Wiesel, 1970; Mitchell et 
al., 1977), as though binocular interaction were an unsta- 
ble state demanding constant and continuous validation 
to be maintained during development. This is quite dif- 
ferent from the influence of auditory experience during 
the critical periods for song learning and sound locali- 
zation, in which a brief exposure to normal stimuli can 
be sufficient to consolidate the neuronal circuitry under- 
lying normal function. 

Figure 6. Auditory orientation responses of owl 7, four days after plug removal, showing precise but inaccurate localization in 
azimuth and imprecise and inaccurate localization in elevation. In A, responses (0) are plotted in azimuth and elevation relative 
to the target’s location (@). In B, the elevation of the responses is plotted against the elevation of the speaker for these same 
data. The slope of the regression line and the fit of the points to the line demonstrates that the owl was localizing sounds in 
elevation despite the large scatter seen in A. 
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Figure 7. Adjustment of sound localization error as a function of age. All of these birds were pmggea wemre Lhey reached adult 
size. In A, the time courses for correcting azimuth errors are shown for five owls that were unplugged at various ages. Each line 
type represents data from a single owl; the number associated with each line identifies the owl (Table I). Owls 7 and 9 never 
recovered accuracy in azimuth. In B, the time courses for correcting elevation errors are plotted for five owls. The data are from 
the same birds as in A, with the exception that owl 8 has replaced owl 9. Owl 8 never regained accuracy in elevation. 
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Figure 8. Adjustment of sound localization errors following ear plug removal by birds that had been plugged after reaching 
adult size. In A, the azimuth errors of owls 10 and 11 are plotted; in B, the elevation components of their errors are plotted. Owls 
10 and 11 had ear plugs inserted at 55 and 54 days, respectively, and had their plugs removed at 264 and 339 days of age, as 
indicated by the bars below the graphs. Although the ages of these birds at plug removal are past the end of the critical period, 
these birds adjusted their errors as rapidly as the youngest birds. 
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Figure 9. The effect of ear plug removal on the precision of 
sound localization for owl 6. Localization precision is quantified 
in terms of standard deviations of orientations to sound. Pre- 
cision in azimuth (+) and elevation (0) are plotted separately. 
Our criterion values for normal precision are indicated by a 
solid line for azimuth and a dashed line for elevation. The bar 
along the bottom of the graph represents the auditory history 
of the bird. 
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