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Summary. The acoustical properties of the external 
ear of  the barn owl (Tyro alba) were studied by 
measuring sound pressure in the ear canal and out- 
er ear cavity. Under  normal conditions, pressure 
amplification by the external ear reaches about 
20 dB between 3-9 kHz but decreases sharply 
above 10 kHz. The acoustic gain curve of the outer 
ear cavity alone is close to that of  a finite-length 
exponential horn between 1.2-13 kHz with maxi- 
mum gain reaching 20 dB between 5-9 kHz. Pres- 
sure gain by the facial ruff produces a maximum 
of 12 dB between 5-8 kHz and decreases rapidly 
above 9 kHz. 

The directional sensitivity of the external ear 
was obtained from pressure measurements in the 
ear canal. Directivity of  the major lobe is ex- 
plained, to a first approximation, by the sound 
diffraction properties of a circular aperture. Aper- 
ture size is based on the average radius (30 mm) 
of the open face of  the ruff. Above 5 kHz, the 
external ear becomes highly directional and there 
is a 26 ~ disparity in elevation between the acoustic 
axis of  the left and right ear. In azimuth, directivity 
patterns are relocated closer to the midline as fre- 
quency increases and the acoustic axis moves at 
a rate of  20~ between 2-13 kHz. Movement 
of  the axis can be explained, to a first approxima- 
tion, by the acoustical diffraction properties of an 
obliquely truncated horn, due to the asymmetrical 
shape of  the outer ear cavity. 

The directional sensitivity of the barn owl ear 
was studied by recording cochlear microphonic 
(CM) potentials from the round window mem- 
brane. Between 3-9 kHz, CM directivity patterns 

Abbreviations: C M  cochlear microphonic; R M S  root mean 
square; SPL sound pressure level; T M  tympanic membrane 
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are clearly different to the directivity patterns of 
the external ear; CM directionality is abruptly lost 
above 10 kHz. Above 5 kHz, CM directivity pat- 
terns are characterized by an elongated major lobe 
containing the CM axis, forming a tilted band of  
high amplitude but low directionality (CM axial 
plane), closely bordered by minima or nulls. The 
highest directionality is found in the CM direction- 
al plane, approximately perpendicular to the CM 
axial plane. The left and right ear axial planes are 
symmetrical about the interaural midline (tilted 12 ~ 
to the right of  the midline of  the head) and inclined 
by an average of 60 ~ to the left and right respective- 
ly. In azimuth, the CM axis moves towards the 
midline at a rate of  37~ as frequency in- 
creases from 2-9 kHz, crossing into contralateral 
space near 7 kHz. In the CM directional plane, 
the directivity of the major lobe suggests that a 
pressure gradient may occur at the TM. The region 
of frontal space mapped by movement of  the CM 
axis in azimuth closely matches the angle of  sound 
incidence which would be expected to produce the 
maximum driving pressure at the TM. It is sug- 
gested that acoustical interference at the TM re- 
suits from sound transmission through the inter- 
aural canal and therefore the ear is inherently di- 
rectional. It is proposed that ear directionality in 
the barn owl may be explained by the combined 
effect of  sound diffraction by the outer ear cavity 
and a pressure gradient at the TM. 

Introduction 

Owls are the most specialized birds for hearing 
and many species are remarkable for the bilateral 
asymmetry of  the external ear which has been 
linked to a highly developed sense of  directional 
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hearing (Stresemann 1934; Schwartzkopff 1962; 
Norberg 1968, 1977, 1978; Payne 1971). Sound lo- 
calization has been studied extensively in the barn 
owl particularly at the behavioural and neural lev- 
els (for reviews see Knudsen 1980; Konishi 1983). 
The current theories of sound localization assume 
that the barn owl ear is a pressure receiver (Payne 
1971 ; Knudsen and Konishi 1979; Knudsen 1980; 
Konishi 1983) and the directional mechanisms are 
thought to involve interaural intensity and time 
cues analyzed entirely by the central auditory path- 
way. It has been concluded that the perception of 
sound elevation depends on interaural intensity 
cues provided by the facial ruff and sound azimuth 
depends on interaural time cues arising from the 
physical separation of the two eardrums (Knudsen 
1980; Konishi 1983). 

A major problem in understanding directional 
mechanisms in birds generally is that hearing is 
restricted to frequencies usually well below 10 kHz. 
These wavelengths are poorly diffracted by the 
head and if the avian ear is regarded as a pressure 
receiver, yield small interaural intensity differences. 
The relatively small size of the head also reduces 
interaural time disparities to values well below 100 
gs. Nevertheless, the barn owl can locate live prey 
or a sound source in total darkness with a precision 
of 1~ ~ in azimuth and elevation, relying on a 
narrow band of frequencies between 5-9 kHz 
(Payne 1971; Konishi 1973a, b; Knudsen etal. 
1979). It has been calculated that the barn owl 
makes accurate judgements of sound location 
where the interaural time disparities are as small 
as 4 gs (Knudsen 1980). 

Apart from the current views on sound local- 
ization in the barn owl, an alternative mechanism 
is possible because directionally sensitive hearing 
can result from a pressure gradient at the tympanic 
membrane (TM). Such a mechanism was first pro- 
posed for insect ears (Autrum 1942) and experi- 
mental evidence is available for several arthropod 
species (for reviews see Michelsen and Nocke 1974; 
Michelsen 1979), vertebrates such as frogs (Chung 
et al. 1978; Pettigrew et al. 1978) and birds (Coles 
et al. 1980; Hill et al. 1980; Lewis and Coles 1980). 
Briefly, the pressure gradient depends on the simul- 
taneous action of sound waves incident to both 
sides of a membrane. When the sound pressures 
are closely matched, the net driving force or pres- 
sure acting on the membrane will depend on the 
relative phase of the two waves. Since the phase 
difference depends on the length of the sound path 
to each side of the membrane, the acoustical inter- 
action can be highly sensitive to direction. Pressure 
gradient receivers may occur when two tympana 

are acoustically coupled by an air-filled cavity or 
tube, so that there is a directionally dependent 
phase shift between the external and internal pres- 
sures at each tympanum (Fletcher and Thwaites 
1979; Michelsen 1979). In birds, pneumatization 
of the skull has lead to the formation of an inter- 
aural canal or cavity directly connecting the two 
middle ear cavities (Wada 1923). Of crucial interest 
to directional hearing in owls is the fact that their 
interaural canals are the largest and most patent 
of all birds (Tiedemann 1810; Stresemann 1934; 
Payne 1971 ; Norberg 1978; Coles, unpublished ob- 
servations). Therefore it is reasonable to expect the 
owl ear to be sensitive to a pressure gradient, de- 
spite negative findings so far (Schwartzkopff 1962; 
Payne 1971 ; Moiseff and Konishi 1981 b). 

The present study examines the acoustical and 
directional properties of the external ear of the 
barn owl by measuring sound pressure in the ear 
canal and outer ear cavity. In addition, the direc- 
tional sensitivity of the ear is determined by record- 
ing the cochlear microphonic (CM) potentials. The 
results are compared from both recording tech- 
niques and suggest a physical mechanism of direc- 
tional hearing, based on the combined effects of 
sound diffraction by the outer ear cavity and a 
pressure gradient at the TM. 

Materials and methods 

Subjects and preparation. A total of 6 adult barn owls (Tyto 
alba) were used for measurements of sound pressure in the 
external ear and recordings of CM potentials. Anaesthesia was 
produced in the owls (average mass 375 g) by sub-cutaneous 
injection of a mixture of Ketamine (20 mg/kg) and Rompun 
(2.5 mg/kg) and maintained by supplementary injections of 
these drugs. The head was held by a small metal post attached 
to the dorsal skull with dental cement and connected to an 
adjustable ball joint. Access to the round window of the cochlea 
was made by boring a small hole in the ventro-medial skull, 
medial to the tympanic ring on each side of the head. Insulated 
silver wires (0.3 mm) with bare ends were implanted bilaterally, 
touching the surface of the round window membrane; an indif- 
ferent electrode was attached to the dorsal neck musculature. 
After visually positioning the silver wire electrodes, the holes 
in the skull were sealed with dental cement. Physiological re- 
cordings were terminated by sacrificing the animal with a drug 
overdose and without altering the head position, small micro- 
phones (1/4" Briiel & Kjaer Type 4135) were implanted into 
the side wall of each ear canal adjacent to the outside surface 
of the TM (Fig. 1B). For additional sound pressure measure- 
ments, a microphone (1/8" Brtiel & Kjaer Type 4138) was 
placed in the outer ear cavity at the entrance to the ear canal, 
by inserting it through the facial ruff feathers from the rear 
(Fig. 1B). 

Stimuli and recordings. Each owl was placed in the centre of 
an anechoic room (2.6 x 2.5 x 2.0 m) and supported by a small 
platform out of the frontal sound field. For  measurements of  
sound pressure, pure tones were generated by an oscillator 
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Fig. 1. A Head of the barn owl (Tyto alba) with facial disk feathers removed, revealing the left outer ear cavity as viewed 
from the acoustic horizon. Tips of facial ruff feathers form the open face or aperture of the cavity. Position of left ear canal 
opening (dashed outline) is obscured by the pre-aural flap, and higher than the right ear canal opening. B Dorsal view of the 
barn owl skull showing relevant features of the peripheral auditory system. Plane of section approximately through acoustic 
horizon (see text for definition). EC ear canal and EF pre-aural (ear) flap (note left-right asymmetry); IC interaural cavity 
or canal; M midline sagittal plane; ME middle ear cavity; R profile of facial ruff feathers; SC sphenoid sinus cavity of the 
basisphenoid bone; TM tympanic membrane; 1, position of microphone in ear canal. 2, position of microphone in outer ear 
cavity, at entrance to ear canal. For further details see Payne (1971), Norberg (1977). C Highly schematic cross-section of the 
barn owl head, taken from B. Dimensions of the asymmetrical outer ear cavity, relevant to the calculation of movement of 
the acoustic axis in azimuth are (see text, Fig. 7A): diameter of opening to the cavity (50mm) and inclination of plane of 
opening to the midline (50~ diameter of the cavity at the approximate normal truncation point (18 mm); internal length of 
the extended edge of the cavity (45 ram) and angle to the midline (28~ Dimensions of the internal head cavities are: average 
length of ear canal (12 ram), see also Table 1; interaural TM distance through the interaural canal (25 mm) 

(Hewlett-Packard Model 3300A) and connected to an amplifier 
(Pioneer BP-320) via an attenuator (Hatfield Type 2125). The 
amplified signal was connected to a loudspeaker (Motorola pie- 
zohorn KSN 1025A for frequencies 1.5-16 kHz or a Clarion 
electrodynamic speaker for frequencies 0.4-2.0 kHz). Either 
transducer was mounted on a trolley and attached to a vertical 
semi-circular aluminium arc (diameter 94 cm). This arc was 
pivoted at the floor and ceiling of the anechoic room and ro- 
tated by a remotely controlled motor at the base. The trolley 
carrying the loudspeaker was pulled along the arc by a second 
motor enabling the sound source to be positioned with an accu- 
racy of -t-0.5 ~ in azimuth and elevation. In each preparation, 
the owl head was photographed in the standard planes of the 
sound delivery apparatus to relate head orientation to the spa- 
tial coordinate system. 

Electrical recordings of CM potentials were amplified (Tek- 
tronix FM 122 pre-amplifier) and displayed on an oscilloscope 
screen. The root-mean-square (RMS) voltages of undistorted 
CM waveforms were determined by a narrowband (6 Hz) wave 
analyzer (Marconi) which also provided the signal source. CM 
amplitude was converted to changes in sensitivity to sound pres- 
sure, using a source positioned at the CM axis to produce the 
maximum voltage for each test frequency. The output voltage 
from the microphones was measured in dB as sound pressure 
level (SPL) re. 20 ~tPa by a measuring amplifier (Brfiel & Kjaer 
Type 2510; linear 2 Hz-200 kHz) via a Krohn-Hite filter (Mod- 
el 3220; high-pass 100 Hz). 

To study directionality, both CM potentials and sound 
pressure in the external ear were plotted on a zenithal projection 
of the frontal hemisphere (see Figs. 3 and 8). This projection 
is approximately equal area (distortion of solid angle <5%) 
for positions greater than about 30 ~ from the poles. At each 
test frequency, data points were plotted as iso-pressure or iso- 
sensitivity contours, by connecting sound source locations pro- 

ducing equal sound pressure or CM amplitude respectively, 
relative to the maximum value at the axis (for definitions see 
below). The free field sound pressure was calibrated by a refer- 
ence microphone (1/4" Briiel & Kjaer Type 4135) positioned 
at the centre of the head, without the owl present, and facing 
the loudspeaker along the longitudinal axis (0 ~ azimuth, 0 ~ ele- 
vation). 

Results 

Structure o f  the external ear and interaural canal 

E x t e r n a l l y ,  the  face  o f  t he  b a r n  owl  is t w o  f la t  
f ac i a l  d iscs  w h i c h  m e e t  o v e r  t he  b e a k  a t  a n  a n g l e  
o f  a b o u t  50 ~ to  t he  m i d l i n e  (F ig .  1). W h e n  the  
f e a t h e r s  o f  the  fac ia l  d i sc  a r e  r e m o v e d ,  seve ra l  r o w s  
o f  spec i a l i z ed  d e n s e l y - p a c k e d  f e a t h e r s  a r e  r e v e a l e d  
w h i c h  f o r m  the  f ac i a l  r u f f  (F ig .  1A;  P a y n e  1971). 
T h e  c a v i t y  f o r m e d  b y  the  s ide  o f  t he  h e a d  a n d  
c u r v a t u r e  o f  t he  r u f f  f e a t h e r s  is d e f i n e d  as  t he  outer 
ear cavity ( N o r b e r g  1977). T h e  lef t  a n d  r i g h t  p r e -  
a u r a l  f l aps  a n d  the  e a r  o p e n i n g s  a r e  s i m i l a r  in  size 
a n d  s h a p e  ( P a y n e  1971 ; N o r b e r g  1977) b u t  b i l a t e r -  
a l ly  a s y m m e t r i c a l  b e c a u s e  t h e y  a r e  e q u a l l y  o f f se t  
f r o m  the  h o r i z o n t a l  p l a n e  ( N o r b e r g  1977;  K n u d -  
sen 1980). A n a t o m i c a l l y  t he  e a r  o p e n i n g s  lie o n  
a n  i n t e r a u r a l  p l a n e  i n c l i n e d  a b o u t  12 ~ to  the  h o r i -  
z on t a l ,  w i t h  the  lef t  o p e n i n g  h i g h e r  t h a n  the  r i g h t  
( N o r b e r g  1977). T h e  r u f f  h a s  a c u r v e d  a p p e a r a n c e  
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and the ear flaps are mutually inclined by about  
26 ~ (Fig. 1A, see also Payne 1971). A detailed 
pterylological and photographical examination of  
the owl head reveals that, as far as can be deter- 
mined, both facial ruffs have left-right symmetry 
and therefore ear asymmetry in this species is due 
to the position of  the ear canal openings and pre- 
aural flaps only. 

The TMs of  the barn owl are symmetrical 
about  the midline, with an average radius of  
4.5 mm, but  they terminate the ear canal rather 
obliquely (Fig. 1B). Behind each TM, an extensive 
interaural cavity is formed by the connection of  
the two middle ear cavities and a wide canal (up 
to 4 mm in width), which itself is connected to 
a third air chamber at the midline (Fig. I B; for 
further details of  anatomy see Payne 1971; Nor-  
berg 1977). 

Acoustic gain of the external ear, facial ruff 
and outer ear cavity 

At each test frequency, the speaker was positioned 
at the acoustic axis of  the external ear which pro- 
duces the maximum sound pressure in the ear canal 
(see below). Axial sound pressures were then com- 
pared to the free field pressure to estimate the 
acoustic gain of  the external ear (Fig. 2A). The 
results show that in the intact external ear, no sig- 
nificant pressure gain occurs below about  0.8 kHz 
but  for  higher frequencies there is increasing ampli- 
fication reaching a peak of  about  20 dB between 
3-9 kHz. The gain measured in the ear canal de- 
creases sharply to about  6 dB above the free field 
at frequencies up to 15 kHz. After collecting nor- 
mal gain curves, the entire facial ruff  and lore 
feathers were cut off and the residual gain curve 
is shown in Fig. 2A, indicating a general decrease 
in sound pressure in the ear canal between 1-10 
kHz compared to normal. With the ruff removed, 
pressure gain in the ear canal progressively in- 
creases to about  12 dB near 10 kHz and typically 
several small peaks are seen. Above 11 kHz pres- 
sure gain in the ear canal drops sharply, remaining 
similar to the gain in the intact external ear. 

The gain of  the facial ruff  can be estimated 
by the difference between intact and ruff-removed 
conditions (Fig. 2 A). The amplifying effect of  the 
ruff gradually increases to a peak of  around 12 dB 
in the range 5-8 kHz. Above 8 kHz, the pressure 
gain produced by the ruff decreases rapidly to 
about  0 dB near 15 kHz. 

Measurements of  sound pressure within the 
outer ear cavity itself, at the entrance to the ear 
canal, are shown in Fig. 2 B. Pressure amplification 
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Fig. 2. A Acoustic gain of  the external ear of the barn owl 
(n = 4) obtained from pressure measurements in the ear canal 
relative to the free field pressure (see Fig. 1B). Sound source 
positioned at the acoustic axis (for definition see text and 
Figs. 3, 7) for each test frequency. Dashed line is gain after 
removal of the facial ruff feathers for a single ear. B Acoustic 
gain of  the outer ear cavity (n = 3) obtained by pressure mea- 
surements in the cavity at the entrance to the ear canal (see 
Fig. 1B). Details as in A. Dotted curves are expected gain for 
a finite-length paraboloidal (PARA), conical (CON) and expo- 
nential (EXP) horn of equivalent dimensions to the outer ear 
cavity (see Table 1). For  methods of calculation see text, also 
Coles and Guppy (1986), Guppy and Coles (1988). Upper ab- 
scissa expresses the circumference (2ha) of  the cavity (horn) 
mouth as a proportion of the wavelength (2) i.e. 2~a/2 or ka 
(see Beranek 1954) 

follows a similar trend to the ear canal measure- 
ments for the intact cavity (compare Fig. 2A) but 
gain measured in the ear canal is slightly aug- 
mented in the range 2.5-4.5 kHz and near 6 kHz. 
Also, gain in the outer ear cavity remains slightly 
higher above 10 kHz compared to the ear canal 
measurements where pressure gain is rapidly atten- 
uated. 

The outer ear cavity can be treated as a horn- 
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Table 1. Physical dimensions (mm) of the external ear of the barn owl (n =4) measurements are means with standard error 
(brackets) 

Outer ear cavity Ear canal 

Mouth a Throat b Length c Length d 

Height Width Radius Radius Long Short Average Average 

70 (2.0) 45 (2.1) 30 (1.9) 4 (0.4) 70 (1.9) 18 (1.7) 44 (1.8) 12 (1.0) 

a Based on the open face of the facial ruff (see Fig. 1A), average radius is calculated from the measured perimeter 
b Average radius at opening to ear canal (see Fig. 1A, B) 

Outer ear cavity is extremely asymmetrical in cross-section; acoustical path length of the (horn) cavity is taken as the metrical 
average from the longest and shortest sides of the cavity (see Fig. 1A, B) 
d Entrance of ear canal to tip of manubrium. Ear canals are asymmetrical due to position of opening and terminated obliquely 
by the tympanic membrane (Fig. 1B) 

like sound receiver in a similar fashion to the mam- 
malian pinna (Coles and Guppy 1986). It is impor- 
tant to note that removal of  the facial ruff in the 
barn owl is a less complete procedure than removal 
of  the pinna (Coles and Guppy 1986; Guppy and 
Coles 1988) because a significant part of  the inter- 
nal surface of  the outer ear cavity involves the face. 
Therefore the gain of  the outer ear cavity is best 
estimated by a microphone positioned at the en- 
trance to the ear canal (throat) with the external 
ear intact (Fig. 1B). The horn mouth is created 
by the open face of  the ruff with an average radius 
determined by the perimeter of  the ruff feather tips 
(Fig. 1A; Table 1). The throat of  such a horn is 
formed at the entrance to the ear canal (ear open- 
ing), created by a very abrupt transition between 
the outer ear cavity and the ear canal (Fig. 1B). 
Since the outer ear cavity is not symmetrical, the 
length of  the horn is estimated, for simplicity, as 
the average distance from the throat to the longest 
and shortest sides of  the mouth (Table 1). The 
gain of  the outer ear cavity can be compared to 
a simple acoustic horn and expected gain can be 
calculated from the expressions given by Olson 
(1947) using the methods of  Fletcher and Thwaites 
(1979), as applied to the mammalian pinna (Coles 
and Guppy 1986; Guppy and Coles 1988). The 
expected excess pressure at the throat of a finite- 
length paraboloidal, conical and exponential horn 
has been plotted for comparison with the experi- 
mental data (Fig. 2 B). The average gain curve of  
the outer ear cavity is probably closest to an expo- 
nential horn up to about  15 kHz. The excess pres- 
sure at the throat (ear opening) would be expected 
to reach a maximum of 18 dB (excluding reso- 
nance) based on the ratio of  mouth to throat cross- 
sectional areas (see Table 1) and is consistent with 
the observed gain peaks between 5-8 kHz 
(Fig. 2 B). 

Ear flap removal was found to alter the sound 
pressure in the ear canal by a maximum of only 
4 dB in the range 2-14 kHz and the effects were 
not systematic with frequency. The ear flaps were 
moved manually to see if there was any effect on 
sound pressure in the ear canal. Pushing the flap 
as far forward as possible or back towards the 
ruff changed the sound pressure by only 3 dB for 
frequencies up to I0 kHz. 

Directional sensitivity of  the external ear 

Directivity patterns. Above 2.5 kHz, directivity pat- 
terns based on sound pressure measured in the ear 
canal, show a major lobe with a region of  maxi- 
mum pressure called the acoustic axis. A typical 
series of  direetivity patterns for the left and right 
external ears are shown in Fig. 3 for frequencies 
between 3-9 kHz. Higher frequencies produce a 
more directional pattern in general, as seen by the 
closeness of  the contour lines. However, the iso- 
pressure contours of  the major lobe tend to elon- 
gate in the horizontal plane at high frequencies, 
particularly towards the midline. Above 5 kHz in 
the frontal hemisphere, the major lobe is bordered 
by troughs of  low pressure causing secondary lobes 
in the directivity pattern. These low pressure re- 
gions contain extreme minima or approximate 
nulls, forming crescents around the major lobe. 

The frequency dependence of  directionality was 
quantified by measuring the difference between the 
maximum pressure on axis and the minimum pres- 
sure at the null in individual directivity patterns 
(Fig. 4A). The results show that the external ear 
becomes directionally sensitive above about  3 kHz 
and highly directional above 6 kHz, largely as a 
result of  the increase in amplification (Fig. 2A) 
and the development of  nulls in the directivity pat- 
terns (see below and Fig. 3). 
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Fig. 5A, B. Measurements of the - 3  dB 
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outer ear cavity, formed by the facial ruff 
(Table 1 ; Fig. JA). For details of 
calculation see text and Coles and Guppy 
(1986). Note that the expected curve is the 
full angular width (20 ~ of the major lobe, 
normally expressed as the half width (/9 ~ ) 
in physical systems (Beranek 1954) 

Directivity of the major lobe. The angular width 
or acceptance angle of the major lobe of directivity 
patterns was estimated at the - 3  dB contour, rela- 
tive to the axial pressure, for each test frequency 
(see Coles and Guppy 1986). Acceptance angles 
were plotted separately for azimuth and elevation 
(Fig. 5A, B) to show the asymmetry of the major 
lobe (Fig. 3). The results indicate that as frequency 
increases from 2-14 kHz, acceptance angles sys- 
tematically decrease from about 130 ~ to 30 ~ in azi- 
muth and 90 ~ to 18 ~ in elevation. 

The experimental data in Fig. 5 were compared 
with diffraction theory (Beranek 1954) by treating 
the open face of the outer ear cavity, for simplicity, 
as a single circular aperture. A similar approach 
has been applied to the directional properties of 

the mammalian pinna (Coles and Guppy 1986; 
Guppy and Coles 1988). The aperture of the outer 
ear cavity is delineated by the tips of  the ruff  
feathers and the lore (Fig. 1A) as used in calcula- 
tion of  horn gain (see above, Fig. 2). The expected 
curves in Fig. 5 are based on the - 3 dB acceptance 
angle for a circular aperture of the same radius 
as the mouth of the outer ear cavity (Table 1). 
Generally, there is a good fit to the  experimental 
data, particularly in azimuth for frequencies be- 
tween 5-10 kHz (Fig. 5A). 

Nulls. In frontal space and above 5 kHz, regions 
of  low pressure forming deep troughs or nulls were 
a prominent feature for directivity patterns of the 
external ear. The spatial gradient (sharpness) of  
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Fig. 6A, B. Angular separation between 
nulls and the acoustic axis, estimated from 
directivity patterns of the external ear in the 
barn owl as shown in Fig. 3. Solid curve is 
the expected angle between the acoustic axis 
and the first null (semi-angle), which forms 
the major lobe resulting from sound 
diffraction by a circular aperture. Radius of 
the mouth of the aperture based on the 
open face of the outer ear cavity (Table i). 
Horizontal line at 90 ~ represents the 
theoretical limit of diffraction nulls in 
frontal space for a baffled aperture; vertical 
arrow (ka= 3.83) indicates the low frequency 
limit (7 kHz) for diffraction nulls occurring 
90 ~ from the axis, for a circular aperture 
with the average radius of  the mouth of  the 
outer ear cavity (Table 1) 

the major lobe was clearly influenced by the angle 
separating the acoustic axis and nulls. This rela- 
tionship was quantified as shown in Fig. 6A for 
the most extensive null regions located in the later- 
al quadrants, relative to the acoustic axis (ipsilater- 
ally) of  each ear (see Fig. 3). However medially 
positioned nulls (Fig. 6 B), located in contralateral 
space, were more difficult to determine, due to the 
progressive elongation of  the main lobe in azimuth 
at high frequencies (Fig. 3). Nulls lateral to the 
acoustic axis moved closer to the axis from about 
100 ~ down to 30 ~ as frequency increased from 5-12 
kHz (Fig. 6A). In contrast, the angular separation 
between medial nulls and the acoustic axis ex- 
ceeded 70 ~ (Fig. 6B), emphasizing a much poorer 
spatial gradient due to the asymmetry of the major 
lobe in azimuth. 

Diffraction theory predicts nulls in the directi- 
vity patterns of a circular aperture (Beranek 1954) 
but nulls are limited to frontal space for a baffled 
opening. Thus the expected semi-angle of  the ma- 
jor lobe, created by the first diffraction null, is 
plotted in Fig. 6 for comparison with the experi- 
mental data, based on the average radius of  the 
mouth of  the outer ear cavity (Table 1 ; for method 
of calculation see Coles and Guppy 1986). The 
observed semi-angles for laterally placed nulls 
(Fig. 6A) are close to expected values but angles 
between the acoustic axis and medial null regions 
(Fig. 6 B) are not explained by a diffraction model 
for a circular aperture. Here the asymmetry of the 
mouth of the outer ear cavity may need to be con- 
sidered (see Coles and Guppy 1986). Nulls lying 
behind the plane of  opening of the outer ear cavity 
( >  90 ~ Fig. 6) may be explained by the diffraction 
properties of an aperture at the end of a long pipe 
rather than an infinite baffle (Beranek 1954; Coles 
and Guppy 1986). 

Bilateral asymmetry of directivity patterns. Directi- 
vity patterns of  the external ear are clearly asym- 
metrical, both unilaterally and bilaterally (Fig. 3). 
Nevertheless, at a given frequency, the directivity 
of each external ear is an inverted pattern of the 
other, since patterns can be superimposed after 
180 ~ rotation about the longitudinal axis. When 
the midline sagittal plane of the barn owl head 
is aligned to the vertical plane of the sound delivery 
apparatus, there is a disparity in elevation between 
the directivity patterns of the left and right external 
ears (Fig. 3). The average positions of  the acoustic 
axes are +_ 6 ~ from the horizontal plane for fre- 
quencies below 4 kHz (Fig. 7B). Between 5-10 
kHz, as the patterns become more directional, the 
vertical disparity increases to an average of 26 ~ 
remaining relatively independent of frequency, 
with the right ear acoustic axis higher than the 
left. The acoustic horizon is defined by the plane 
where the acoustic axes are equally offset in eleva- 
tion i.e. +_ 13 ~ for the right and left ear respectively. 
This acoustical disparity is correlated with the ana- 
tomical asymmetry of  the ear openings - the ear 
flaps are symmetrically placed over the entrance 
to each ear canal but the mutual angle between 
the surfaces of  the ear flaps is about 26 ~ . Therefore 
the acoustic horizon corresponds to a plane bisect- 
ing the two planes perpendicular to the surface 
of  each ear flap. It follows that the acoustic axis 
will be below and above the horizon for the left 
and right ears respectively, despite the appearance 
of the left ear opening to be higher than the right 
(Payne 1971). 

Frequency shift of the acoustic ax&. The directivity 
patterns illustrated in Fig. 3 indicate that the 
acoustic axes of  the external ear move towards the 
midline at higher frequencies. In azimuth, the axes 
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start about 50 ~ ipsilateral to the midline at 2 kHz 
and move symmetrically at a rate of  about 20~ - 
tave up to 10 kHz (Fig. 7 A). At higher frequencies 
both axes remain ipsilateral and within 5 ~ of  the 
midline. 

It is possible to predict the movement of the 
acoustic axis in azimuth resulting from the asym- 
metry of  the facial ruff, if the outer ear cavity is 
regarded as an obliquely truncated horn (Guppy 
and Coles 1988). The wave fronts travelling to- 
wards the throat from the longer sides will be de- 
layed relative to the shorter sides. The significance 
of this delay becomes apparent when the phase 
shift exceeds 180 ~ because the wave energy orig- 
inating from the longer paths will start to subtract 
energy and so reduce the signal. Based on the ge- 
ometry of the outer ear cavity (Fig. I C), the ex- 
pected azimuthal position of  the acoustic axis has 
been calculated using the method of Guppy and 

Coles (1988) and the results are plotted in Fig. 7A. 
The expected values are in good agreement to the 
experimental data and both the predicted and ob- 
served movement for the acoustic axis are about 
20~ Both axes are approximately normal 
to the plane of  opening of the facial ruff at low 
frequencies (Fig. 1). 

Removal of the facial ruff and pre-aural flap. Re- 
moval of  the facial ruff was found to substantially 
reduce the directional properties of  the external 
ear as well as the vertical asymmetry between the 
directivity patterns of the two external ears. Loss 
of  directionality was characterized by considerable 
expansion and irregularity of the iso-pressure con- 
tours, generally resulting in less than 10 dB change 
in sound pressure over the entire frontal hemi- 
sphere, even at high frequencies. Null regions dis- 
appeared following ruff removal and were replaced 
by regions with a very low spatial gradient. 

Removal of the ear flap, moving it forwards 
or backwards produced no gross changes in di- 
rectionality and did not alter the position of  the 
acoustic axis or nulls, up to 10 kHz. 

Directional sensitivity of the cochlear microphonic 
(CM) 

Directivitypatterns. Significant directional sensitiv- 
ity for the CM became evident above about 2 kHz 
and the region of  maximum amplitude was defined 
as the CM axis (Fig. 8). As for the directivity pat- 
terns of the external ear (Fig. 3), the major lobe 
of CM directivity is depicted by a series of iso- 
sensitivity contours, in dB relative to the maximum 
(RMS) amplitude at the CM axis (Fig. 8). The in- 
crease in CM directionality as a function of fre- 
quency is plotted in Fig. 4B, in a similar fashion 
to the pressure measurements (Fig. 4A). However, 
unlike the directionality of the external ear, the 
CM became rapidly non-directional above 9 kHz, 
restricting useful directional information to a fre- 
quency band between 2-9 kHz. 

For frequencies below about 5.5 kHz, CM di- 
rectivity patterns comprise a series of  concentric 
elliptical-type contours (Fig. 8). Above 5.5 kHz, 
CM directivity patterns (Fig. 8) are clearly distinct 
from those of the external ear because the major 
lobe is flattened (cf. Fig. 3). Spatially, the high am- 
plitude CM response expands into an elongated 
zone of low directionality containing the CM axis. 
Individual directivity patterns appear as a diagonal 
or tilted band of high amplitude extending up to 
90 ~ either side of the CM axis, e.g. 7 kHz (Fig. 8). 
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Fig. 8. CM directivity patterns recorded from the left (LE) and right (RE) ear in a single barn owl. Details of data presentation 
as in Fig. 3, except contour lines are iso-amplitude CM potentials expressed as equal sensitivity to sound pressure in dB, relative 
to the maximum amplitude at the CM axis (cross within - 1  dB contour). Nulls are represented as troughs of minimum CM 
amplitude (line), usually 25 dB or more below the peak. The CM axial and directional planes are indicated as AA1, and DDz, 
respectively, for directivity patterns at 7 kHz (for definitions see text) 
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These bands are bordered by extensive troughs of 
low CM amplitude or nulls, running approximate- 
ly parallel to the band, creating secondary lobes. 
Thus the major lobe is polarized into an 'axial '  
plane of very low directivity (CM axial plane) and 
a second, approximately perpendicular plane, of  
very high directivity (CM directional plane). The 
orientation of  these planes is shown in Fig. 8 for 
directivity patterns at 7 kHz of  the left and right 
ears. The axial planes are orientated about 45 ~ and 
75 ~ to the vertical for the left and right ear, respec- 
tively, and approximately symmetrical about the 
interaural midline, which is rotated by 12 ~ to the 
right relative to the midline sagittal plane of the 
head due to ear asymmetry (Payne 1971). 

Directivity of the major lobe. The acceptance angle 
of the CM major lobe was measured at the - 3 dB 
level (using the iso-sensitivity contour) relative to 
the maximum amplitude at the axis, for both the 
axial and directional planes. The results for the 
CM axial plane are shown in Fig. 9A and the 
- 3  dB acceptance angle decreases from about 
180 ~ down to 45 ~ as frequency increases from 2 
kHz to 6 kHz. Above 6 kHz, the -- 3 dB acceptance 
angle starts to increase rapidly as the CM loses 
directionality in this plane. Meanwhile, in the di- 

rectional plane (Fig. 9B) the - 3  dB acceptance 
angle above 5 kHz is as much as 20 ~ smaller, com- 
pared to the directivity of the external ear (Fig. 5) 
reflecting a narrower, more directional major lobe 
for the CM. The CM - 3  dB acceptance angles 
reach a minimum of 10~ ~ near 9 kHz. Above 
9 kHz, the distinction between a CM axial and 
directional plane is weakened by the rapid loss of  
directionality, as indicated by a 90 ~ increase in the 
- 3  dB acceptance angle above 10 kHz (Fig. 9B). 

Nulls. The regions of  extremely low CM amplitude 
bordering the CM axis contribute to a very steep 
spatial gradient along the CM directional plane 
(e.g. Fig. 8, 7 kHz). The angular separation of  nulls 
from the CM axis was measured along the direc- 
tional plane, in a similar fashion to the semi-angle 
of external ear directivity patterns (Fig. 6). The re- 
sults are shown in Fig. 9C, indicating that CM 
nulls in the frontal hemisphere occurred between 
6-9 kHz only and generally within 150-30 ~ of  the 
CM axial plane. Therefore these nulls are about 
25 ~ closer to the CM axis compared to the acoustic 
axis, except for frequencies near 6 kHz (cf. 
Fig. 6 A). This result, together with the - 3  dB ac- 
ceptance angle, indicate that the CM major lobe 
is significantly sharper in the directional plane be- 
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tween 6-9 kHz compared to the directivity of  the 
external ear. 

Frequency shift of  the CM axis. CM directivity pat- 
terns tended to move upwards and towards the 
midline at higher frequencies (Fig. 8) and these ef- 
fects are summarized in Fig. 10. In elevation, both 
CM axes are located below the acoustic horizon 
between 2-5 kHz (Fig. 10B), with the right ear 
CM axis being higher by an average of  13 ~ The 
right ear CM axis crosses the acoustic horizon be- 
tween 6-7 kHz and is located about  15 ~ above 
the horizon at 10 kHz whereas the left ear CM 
axis remains about  5 ~ below the horizon from 7-10 
kHz. In azimuth (Fig. 10A), both CM axes ap- 
proach the midline at an average rate of  37~ 

crossing the midline at frequencies near 7 kHz and 
continuing into contralateral space as frequency 
increases. 

Ear canal blocking. To test for the possibility of  
sound transmission through the interaural canal, 
the ear canal was blocked with silicone rubber ce- 
ment. Ipsilaterally, the effect of  blocking decreased 
the maximum amplitude of  the CM by 4-15 dB 
between 5-8 kHz. Significant effects from blocking 
the contralateral ear were demonstrated when sili- 
cone rubber was used to fill the entire ear canal. 
The results of  such a procedure are shown in 
Fig. 11 for the left ear CM at 6 kHz and 8 kHz. 
The main effect of  blocking the contralateral ear 
canal was to change some of  the nulls into localized 
regions of  higher CM amplitude or to create new 
regions of  low amplitude. Overall, the major lobe 
of  the CM was relatively undisturbed but  some 
broadening of  the major lobe was noted, as well 
as a slight repositioning of  the axis. 

Pressure gradient effects. In principle, the barn 
owl's interaural cavity could function as an acous- 
tic waveguide and therefore the path length to each 
side of  the TM will depend on the angle of  sound 
incidence and the length of  the cavity, as proposed 
for other birds (Coles et al. 1980; Hill et al. 1980). 
The most direct internal sound path between each 
TM is about  25 mm (Fig. 1C) giving an interaural 
transmission time of  approximately 73 Its. It is 
known that the relationship between interaural 
time disparity and sound direction in azimuth is 
approximately 2.2 ~ts/degree in the barn owl, as 
measured in the ear canal (Moiseff and Konishi 
1981 a). Therefore, by combining these two sources 
of  acoustic delay, the net pressure acting on the 
TM can be calculated, assuming no amplitude 
losses or additional delays in interaural transmis- 
sion and that sound travels at a constant velocity. 
For  an ideal pressure gradient receiver, the maxi- 
mum amplitude of  vibration of  the TM will be 
determined by the sound direction which produces 
a phase shift of  (2 n -  1) ~ between the interacting 
sound pressures. The interaural time disparity re- 
quired to produce such a phase shift will be a func- 
tion of  the wavelength, in order to maintain a path 
length difference of  (2 n -  1) 2/2 and can be calcu- 
lated for azimuth angles as shown in Fig. 10A. 
The expected position of  the maximum net pres- 
sure moves from 80 ~ ipsilateral to 8 ~ contralateral 
at an average rate of  about  40~ crossing 
the midline near 7 kHz. The expected results com- 
pare favourably with the movement of  the CM 
axis for both ears, in contrast to the movement 
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of the acoustic axis (Fig. 7A). The maximum net 
pressure occurs near the midline at 7 kHz because 
the internal separation of the two membranes is 
approximately one half of the wavelength. 

Likewise, a 3 dB decrease in the amplitude of 
the net pressure (relative to the maximum) occurs 
when the phase difference across the membrane 
is ( 2 n - 1 )  zc/2, i.e., a path length difference of 
(2 n -  1) 2/4 as shown in Fig. 9 A, B. Above 4 kHz, 
the observed angular width of the major lobe in 
the CM directional plane is in good agreement with 
the expected values, if not slightly more directional 
than predicted at the higher frequencies. Since the 
CM is highly directional in a preferred plane above 
6 kHz (Fig. 8), the CM acceptance angles reflect 
a substantial decrease in directionality in the axial 
plane, compared to that predicted by a pressure 
gradient (Fig. 9A). 

Finally, the angular separation between the 
maximum and minimum amplitudes of vibration 
of the membrane will be determined by a change 
in the phase angle of n~, resulting in a null when 
equal amplitude pressure occurs each side of the 
membrane. Calculation of the expected angular 
separation between the null and the maximum vi- 
bration amplitude (semi-angle) is plotted in 
Fig. 9 C and in the frequency range 6-9 kHz, the 

observed CM null positions are very similar to pre- 
dicted values. 

Discussion 

The results of  this study suggest that the direction- 
al properties of the barn owl ear result from the 
interaction of two independent physical factors, 
namely sound diffraction experienced by the outer 
ear cavity and pressure gradients at the TM. Mon- 
aural directional sensitivity was measured by the 
amplitude changes of the CM, which may be ex- 
plained in terms of the net driving pressure on the 
TM, contrasting sharply with the directional sensi- 
tivity of the external ear (Figs. 3 and 8). In pressure 
receivers such as the mammalian ear, CM di- 
rectionality is very similar to the directivity pat- 
terns obtained by pressure measurements in the 
ear canal, resulting from sound diffraction by the 
pinna (Middlebrooks and Pettigrew 1981; Phillips 
et al. 1982; Coles and Guppy 1986). Interestingly, 
both the outer ear cavity of  the barn owl and the 
mammalian pinna have acoustical properties simi- 
lar to a horn-like receiver (Coles and Guppy 1986; 
Guppy and Coles 1988) but the barn owl ear, like 
birds in general, may be sensitive to a pressure 
gradient and therefore inherently directional. 
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Since CM directivity patterns support the idea 
of pressure gradients at the TM, the present results 
imply functional sound transmission through the 
interaural cavity (cf. Moiseff and Konishi 1981 b). 
If this suggestion is correct then the acoustical 
behaviour of the system may approximate a doub- 
let tube ear (Fletcher and Thwaites 1979). It is 
possible that the interaural cavity may be specifi- 
cally designed to transmit sound efficiently for a 
relatively narrow band of frequencies which are 
known to determine the neural coding of auditory 
space (Knudsen and Konishi 1978a, b) and accu- 
rate sound localization (Konishi 1973 b; Knudsen 
and Konishi 1979). In fact, the length of the inter- 
aural cavity is approximately half the wavelength 
of the frequency band most accurately localized 
by the barn owl and acoustical resonance of the 
auditory system may be a part of the directional 
mechanism. The peaks of gain detected by pressure 
measurements in the ear canal (Fig. 2A) are an 
approximate harmonic series. Thus the combined 
length of the ear canal and interaural cavity may 
resonate as a tube closed at one end, possibly due 
to stiffening of the contralateral TM under the free 
field conditions. Clearly further experiments are 
needed to fully understand the acoustical role of 
the internal cavities of the barn owl head in direc- 
tional hearing. Failure of the directional mecha- 
nism above 9-10 kHz (Fig. 4B) may be linked to 
the rapid loss of pressure gain in the ear canal 
(Fig. 2A). 

If the barn owl ear is sensitive to a pressure 
gradient, then it will control the directional re- 
sponse as long as there is a phase shift across the 
TM, provided the pressures are closely matched. 
In a doublet tube ear with symmetrical input ports, 
the vibration of the membrane will be influenced 
most by changes in sound direction in the inter- 
aural plane. In the barn owl, however, this plane 
(the interaural axis) is tilted by 12 ~ to the fight 
of the midline of the head because the ear openings 
are asymmetrical (Payne 1971). Consequently, the 
planes of equal interaural phase (or time) differ- 
ence, running parallel to the interaural midline, will 
be similarly inclined to the midline of the head. 
Such an effect has been shown in Aegoliusfunereus 
(Norberg 1968, 1978), but ear asymmetry in this 
species is opposite to T. alba because the right ear 
opening is higher than the left. In the present study, 
the axial plane of the major lobe of both left and 
right ear CM directivity patterns tends to rotate 
away from the interaural midline for frequencies 
above 5 kHz but their orientation remains approxi- 
mately symmetrical about the interaural midline 
(Fig. 8). The onset of this effect occurs rapidly, 

co-inciding with a highly directional pressure re- 
sponse generated by the outer ear cavity (Fig. 4A). 

Sound diffraction 

In addition to the possible effects of a pressure 
gradient at the TM, ear directionality is influenced 
by sound diffraction at the open face of the outer 
ear cavity. To a first approximation, directionality 
of the external ear was found to be related to sound 
diffraction by a single circular aperture. As for a 
horn receiver (Beranek 1954), the outer ear cavity 
generates a directional response above 2 kHz be- 
cause the wavelength becomes less than the circum- 
ference of the opening (ka> 1 ; Fig. 4A). Likewise, 
the external ear becomes a highly directional re- 
ceiver above 5 kHz as the wa'~elength approaches 
the diameter of the opening (ka> 3). It is quite 
misleading to regard the facial ruff or indeed the 
entire outer ear cavity as a parabolic reflector, al- 
though the ruff resembles a concave sound collect- 
ing surface (Fig. 1A; Konishi 1973 a; Knudsen and 
Konishi 1979; Knudsen 1980). For frequencies 
audible to the barn owl, the acoustical properties 
of the outer ear cavity can be adequately described 
by the physics of sound diffraction at the mouth 
(Figs. 5 and 6) and pressure transformation by a 
horn-like external waveguide (Fig. 2 B). 

Unlike many mammalian pinnae, the outer ear 
cavities of the barn owl are fixed in relation to 
the head. However, the shape and mutual orienta- 
tion of the facial ruffs ensure a considerable over- 
lap between the major lobes of the directivity pat- 
terns of the external ear in frontal space (Fig. 3). 
This overlap may facilitate a pressure gradient at 
each TM because the sound pressures at the two 
input ports are closely matched. In order to main- 
tain these conditions, some directionality is sacri- 
ficed towards the midline at higher frequencies (but 
acoustic gain is high, see below), coupled with 
movement of the directivity pattern towards the 
front of the head (Fig. 7 A). Thus sound diffraction 
by the outer ear cavity can be seen to place an 
important spatial limitation on the possibility of 
a pressure gradient at the membrane. For example, 
iso-sensitivity contours along the CM axial plane 
are restricted (Fig. 8), instead of forming bands 
of high CM amplitude which m~/y be expected to 
completely encircle the head in a simple .doublet 
tube ear. Presumably these restrictions occur when 
the sound pressure differs by more than 6 dB or 
so either side of the TM, depending on diffraction 
by the outer ear cavity and therefore effectively 
eliminating a pressure gradient, irrespective of the 
phase shift (Michelsen and Nocke 1974). Further- 
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more, sound diffraction by the outer ear cavity 
is likely to affect the orientation of  the CM major 
lobes in each ear because the interaural equal pres- 
sure (intensity) difference (IID) contours rotate an- 
ticlockwise with increasing frequency. This is due 
to the bilateral asymmetry in elevation and the fre- 
quency dependent azimuthal position of directivity 
patterns of  the external ears (Figs. 3, 7A; Payne 
1971; Knudsen 1980). Movement of the acoustic 
axis in azimuth seems to result from the asymmetry 
of the outer ear cavity, as reported for the pinnae 
of some bat species (Guppy and Coles 1988). 

Measurements in the present study show that 
the vertical disparity between the left and fight 
acoustic axes is actually about 26 ~ , compared to 
the previous estimates of 10~ ~ in the barn owl 
(Payne 1971; Knudsen and Konishi 1978 b). The 
anatomical asymmetry of the external ears in the 
barn owl appear to govern the position of the 
acoustic axes in elevation as in other owl species 
(Asio otus, Schwartzkopff 1962; Aegolius funereus, 
Norberg 1968). The reason why such an asymmetry 
should require the interaural axis to be tilted by 
about 12~ ~ is not immediately apparent, until 
the movement of the acoustic axis in azimuth is 
considered as well. For frequencies most accurately 
localized, i.e. near 7 kHz, the acoustic axes are 
approximately 13 ~ from the midline. This means 
that IID contours close to zero, in the region of 
frontal space where localization is most accurate, 
are inclined by 45 ~ to the midline. Such an inclina- 
tion may be optimal for two fixed horn-like re- 
ceivers in order to provide good spatial resolution 
in two dimensions. If this suggestion is correct, 
then ear asymmetry in owls in general may seek 
to provide a similar acoustical function, despite 
considerable variation in the morphology of the 
outer ear cavity between species (Norberg 1977). 

The pre-aural flaps are placed directly in front 
of  the ear openings and in the vertical plane, their 
surfaces are orientated normal to each acoustic 
axis. However, movement of the flaps or even com- 
plete removal had a negligible effect on pressure 
gain or directionality of the external ear. This may 
be explained by the relatively small size of  these 
structures compared to the sound wavelengths 
audible to the owl. The barn owl ear may be sensi- 
tive to small changes in pressure caused by volun- 
tary movement of the flap, since it is under muscu- 
lar control (Stellbogen 1930), but it is difficult to 
imagine any systematic effect on directionality. 
Payne (1971) reported that movement of  the ear 
flap caused a significant effect on sound pressure 
in the ear canal but he performed the test at 13 
kHz only, a frequency which is not localized and 

probably inaudible to the barn owl (Konishi 
1973a, b; Knudsen and Konishi 1979). Payne 
(1971) also reported that pushing forward the 
feather conches (ruff) at 5 kHz altered the directi- 
vity pattern, but this effect is expected simply by 
distortion of  the mouth of  a horn at a frequency 
which produces high directionality (Fig. 4A). In 
fact, there is considerable variation in the design 
of pre-aural flaps in owls; Phodilus badius, a close 
relative of the barn owl, has no pre-aural skin folds 
despite a prominent ruff (Norberg 1977). Perhaps 
the ear flaps have a protective role or possibly re- 
duce wind turbulence near the ear opening. Under  
natural conditions, most movement of  the ear flap 
and ruff occurs during the transition from sleep 
to the alert or hunting postures (Payne 1971). In 
A. funereus these structures are reportedly station- 
ary during sound localization (Norberg 1970, 
1978). 

Previous studies of ear directionality in owls 

In the barn owl, Payne (197l) reported that both 
CM and ear canal measurements produced the 
same directivity patterns, implying that the ear was 
a pressure receiver. Likewise in Asio otus, 
Schwartzkopff (1962) concluded that the direction- 
ality of both CM and auditory nerve evoked poten- 
tials resulted from sound diffraction by the head. 
In contrast, data from Knudsen and Konishi 
(1978 b) at 6 kHz, indicate that directionality pat- 
terns of  auditory nerve potentials have sharper 
peaks and nulls compared to the pressure measure- 
ments in the ear canal. Their data therefore sup- 
port the observations of  the present study and sug- 
gest the existence of a middle-ear mechanism which 
modifies directionality, compared t o  diffraction 
alone. 

In general, an important factor ii~ studying di- 
rectional hearing in birds may be the method of 
sound delivery, either by a free field sound source 
or the artificial presentation of sound to each ear 
by a closed field system. In the barn owl;  experi- 
ments using dichotic stimulation ~vi~,/~earphones) 
suggest that above 3 kHz sound p~'egsure is highly 
attenuated by the interaural cavity thus preventing 
a pressure gradient at the membrane (Moiseff and 
Konishi 1981 b). The apparent interaural transmis- 
sion 'loss' approaches 60 dB at 7 kHz and is 
deafly not consistent with the interpretation of ear 
directionality in the present study. One possibility 
is that resonance modes may be created in the in- 
teraural cavity by unilateral or bilateral closed field 
sound stimulation, which do not occur under free 
field conditions. A closed sound field may disrupt 
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the pressure gradient normally established in the 
free field, particularly if the acoustical properties 
of the internal cavities are altered by the presence 
of the external coupling. For example, dichotic 
sound stimulation in the chicken shows a 30-35 dB 
interaural transmission loss which would appear 
to prohibit a significant pressure gradient at the 
TM (Rosowski and Saunders 1980). In contrast, 
in the quail under free field conditions, both CM 
directionality and measurements of pressure and 
phase near the TM, are characteristic of a pressure 
gradient receiver (Coles etal. 1980; Hill etal. 
1980). 

Ear blocking 

CM directionality was significantly affected by 
blocking the contralateral ear canal suggesting that 
sound is transmitted through the interaural canal. 
However, the effects were not as dramatic as dem- 
onstrated in the quail, where CM directionality can 
be eliminated by blocking the contralateral ear ca- 
nal (Coles et al. 1980). In the present experiments, 
contralateral ear blocking did not convert CM di- 
rectivity into a pressure response based on sound 
diffraction, as would be expected by eliminating 
the pressure gradient. No explanation can be given 
at present but perhaps the quality of the ear canal 
blocking may be an important factor in disrupting 
pressure gradients, since alternative sound paths 
may exist (Michelsen and Nocke 1974). Previous 
experiments on ear canal blocking in the barn owl 
have tested the effect on the accuracy of sound 
localization and changes in neuronal spatial recep- 
tive field properties but depend on stimulus fre- 
quency, goodness of fit and type of material 
(Knudsen and Konishi 1979, 1980). Further block- 
ing experiments are needed to clearly demonstrate 
the possible effect of interaural sound transmission 
on ear directionality in the barn owl. 

Auditory space and frequency 

The role of frequency has not been recognized as 
an important factor for the mechanism of direc- 
tional hearing in the barn owl (Knudsen and Kon- 
ishi 1978b), although both the neural coding of 
auditory space and accurate sound localization de- 
pend on a restricted band of frequencies (Konishi 
1973 b; Knudsen et al. 1979; Knudsen and Konishi 
1979). The present study shows that ear directiona- 
lity depends intimately on the wavelength if, for 
example, movement of the CM axis is explained 
in terms of the maximum net pressure at the TM. 
This phenomenon would then involve the acousti- 
cal interference of sound waves originating from 

the two input ports (ear canals), in contrast to the 
movement of the acoustic axis which is likely to 
depend on sound diffraction by the outer ear cavi- 
ty. It is interesting to note that the region of frontal 
space mapped by the CM axis corresponds closely 
to the neural map in the auditory midbrain (Knud- 
sen and Konishi 1978a, b), taking into considera- 
tion crossed pathways from the cochlea to the mid- 
brain. The azimuthal limits of the best areas of 
space-mapped neurones range from 60 ~ contralat- 
eral to 15 ~ ipsilateral (Knudsen and Konishi 
1978a, b) and a similar range is covered by the 
CM axis as frequency increases from 2-9 kHz. In 
both cases, there is binaural overlap of 15 ~ about 
the midline, which is preserved at the forebrain 
level as well (Knudsen et al. 1977). If the sugges- 
tion of acoustic coupling between the eardrums 
is correct, then the interaural separation produces 
a CM axis for each ear which is very close to the 
midline and acoustic horizon, at the most accura- 
tely localized frequencies. 
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