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ABSTRACT

The barn owl is a common research subject in auditory science due to its exceptional capacity for high frequency hearing and
superb sound source localization capabilities. Despite longstanding interest in the auditory performance of barn owls, the
function of its middle ear has attracted remarkably little attention. Here, we report the middle ear transfer function measured by
laser Doppler vibrometry and direct measurements of inner ear pressures. Our results illustrate that the barn owl middle ear
produces a pressure gain between the ear canal and the inner ear vestibule of up to 35 dB, which is comparable to that seen in
mammals. The footplate velocity transfer function magnitudes overlap with those measured in other bird species, however the
differences in phase between the footplate velocity and the sound pressure stimulus indicate a middle ear group delay that is
notably shorter than other birds. This work brings us closer to a more complete understanding of the physiology of hearing in a
model organism in auditory science.

1 | Introduction localization ability. These include asymmetrically positioned

external ears and a facial ruff to generate acoustical cues

The barn owl is the most widely distributed owl species on
Earth, and is known to possess a wider hearing range than most
other birds. While most birds have an upper limit of hearing at
~6000 to 8000 Hz (Dooling 2002), the barn owl's range extends
from at least 200 to as high as 14,000 Hz, with the lowest
documented sound pressure threshold in all vertebrates of
—14.2dB SPL at 6300 Hz (Dyson, Klump, and Gauger 1998).
The barn owl inner ear has the longest basilar papilla of any
extant bird species and exhibits an extreme over-representation
of hair cells in the 5000—10,000 Hz frequency range (Ko6ppl,
Gleich, and Manley 1993). Barn owls also possess several ana-
tomical and physiological adaptations to enhance sound

(Payne 1971), as well as phase locking capabilities of peripheral
auditory nerves that extend to frequencies of up to several
kilohertz, which is necessary for encoding the interaural time
difference cue to sound location (K6ppl 1997). Their exceptional
hearing ability has established barn owls as an important model
organism in hearing studies (e.g., Bae and Pefia 2024; Engler
et al. 2020; Grothe 2018; Knudsen 2002; Krumm et al. 2017;
Proctor and Konishi 1997; Rucci, Wray, and Edelman 2000;
Takahashi 2010; Winkowski and Knudsen 2006)

The barn owl middle ear also exhibits unusual morphological
features; for instance, the shape of its columella, with an
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extremely large bulbous footplate is unique among birds
(Krause 1901; Schwartzkopff 1955; Peacock et al. 2024).
Although this morphology has been previously documented,
potential functional associations remain unclear, as surpris-
ingly, given the number of published studies on barn owl
hearing, the mechanics of the barn owl middle ear remains
understudied. Indeed, no direct measurements of middle ear
sound transmission have yet been reported for this species.

One way to assess middle ear sound transmission is to measure the
columellar footplate velocity transfer function (CVTF), which is the
velocity of the footplate (Vrp) normalized to the sound pressure in
the ear canal. Although data of this kind has been collected from
over 40 bird species (Arechvo et al. 2013; Gummer, Smolders, and
Klinke Smolders, and Klinke 1989a, 1989b; Muyshondt, Aerts, and
Dirckx 2016; Muyshondt et al. 2018; Muyshondst et al. 2016; Peacock
et al. 2020; Saunders 1985; Saunders and Johnstone 1972), mea-
surements of CVTF have never been reported for barn owls. To our
knowledge, the only reported measurements of barn owl middle ear
sound transmission are of tympanic membrane velocity transfer
functions (Kettler et al. 2016).

While measurements of CVTF can tell us much about the behavior
of the middle ear, this approach has some limitations. Velocity is
not a scalar quantity, and the footplate moves in multiple dimen-
sions (Muyshondt et al. 2018; Sim et al. 2010). Particularly at higher
frequencies, this motion can become non-piston like and more
complex, and a simple measurement of velocity at a single point on
the footplate may not fully characterize sound transmission. A more
complete means of studying middle ear sound transmission is to
measure the resultant inner ear sound pressure directly, and nor-
malize these measurements to the sound pressure in the ear canal.
Although this inner ear pressure transfer function (IETF) has been
studied in several mammalian species, to our knowledge
no similar measurements have been reported for any non-mammal.

In this study, we provide information on the mechanics of the
barn owl middle ear. We measured inner ear pressure and
columellar footplate motion in response to tones played across
the entirety of the barn owl's hearing range. We compare
CVTFs and IETFs, the first reported for any bird, and discuss
how barn owls compare to other measured species.

2 | Materials and Methods

All barn owls investigated were freshly dead specimens salvaged
from the wild; no specimens were killed for this work and col-
lecting complied with all guidelines under requisite regional per-
mits. Four barn owls were acquired as whole frozen carcasses (all
Tyto furcata), which were allowed to completely thaw before
commencing measurements. The use of fresh frozen material has
a long history in auditory research (Helmholtz 1868; Politzer 1864;
Puria and Rosowski 2012; Von Békésy 1960); Provided that the
material has not decayed and is kept moist, frozen material is
known to provide a reliable model of middle ear mechanics in
the living ear (Ravicz, Merchant, and Rosowski 2000; Rosowski
et al. 1990; Von Békésy 1960). None of the specimens showed
signs of cranial damage, decomposition, nor any obvious ana-
tomical or physiological abnormalities.

Experiments were performed in a double-walled sound atten-
uating chamber (IAC Inc. Bronx, NY, USA). Inner ear pressures
were measured using small diameter (250 um) fiber optic
pressure probes (FOP-M260-ENCAP, FISO Inc. Canada). Sound
stimuli were generated and data collected via a Hammerfall
Fireface UCX soundcard (RME, Haimhausen, Germany), and
signals were designed using custom-built MATLAB scripts
(Mathworks, Natick, MA, USA). Sound was delivered into the
ear via a short length of copper tubing and a custom foam eartip
which sealed the ear canal. Sound stimuli consisted of 1s
duration tones with logarithmically spaced frequencies between
200 and 14,000 Hz, and the sound pressure level of each stim-
ulus was calibrated in the ear canal using a Bruel and Kjer
probe microphone (type 4181, Bruel and Kjer, Denmark). The
tip of the probe microphone was placed a few mm from the
center of the tympanic membrane, as close as could be achieved
without coming into contact with it. We measured each fre-
quency at multiple sound pressure levels ranging from 90 to
110dB SPL.

To measure the IETF, the inner ear was approached from the
medial side after removing the brain. A hole just larger than
the diameter of the probe was manually drilled into the vesti-
bule using a fine pick, and the probe was inserted through it.
The probe was then sealed in place with alginate impression
material (Jeltrate, LD Caulk Co.). To prevent air from entering
the inner ear, the endocranium was partially filled with saline
and thus hole drilling and probe insertion were performed
underwater.

Once these measurements were completed, the pressure probe
was removed and the inner ear was completely opened and
drained to allow free visual access to the medial (perilymphatic)
surface of the footplate for velocity measurements (CVTF). Care
was taken to ensure that the bone surrounding the footplate
was not disturbed. The vibrations of the footplate were then
measured using a laser Doppler vibrometer (Polytec, OFV 5000,
Polytec GmbH, Waldbronn, Germany), mounted to a surgical
microscope (Zeiss Opmi 1, Carl Zeiss AG, Oberkochen,
Germany). Small glass beads were placed on the footplate to
enhance the strength of the reflected laser signal. Measure-
ments were made on the center of the footplate with the laser
approaching perpendicular to the plane of the footplate as
viewed from the perilymphatic side.

We were able to make measurements in six ears from the four
owls, however for one ear we were only able to measure CVTF
and not IETF. Thus, for the CVTF we have six measurements
(six ears from four owls), while for the IETF we have five
measurements (five ears from three owls).

Pressure and velocity measurements were not made concurrently
for reasons of practicality and to allow for comparison with previous
measurements. In barn owls and other birds, simply opening the
middle ear cavity is insufficient to view the footplate which is
shielded by a bony covering through which the shaft of the colu-
mella passes. Exposing the footplate for measurement requires the
removal of a considerable amount of additional cranial material,
extensively opening the middle ear space, which may significantly
change the behavior of the system and risk damaging its delicate
structures. Previous studies have opted to keep the middle ear as
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intact as possible and instead to open the inner ear (Muyshondt
et al. 2018; Muyshondt et al. 2016; Peacock et al. 2020), and we do
the same here.

Data analysis was conducted in R (R Core Team 2023). The
phylogenetic generalized least squares (PGLS) regression anal-
ysis was performed on log-transformed data using the caper
package (Orme 2013) with figures plotted using ggplot2
(Wickham 2016).

3 | Results
31 | CVTF
The individual CVTF magnitudes (Figure 1A) increased at a
rate of around 10 dB/octave to a peak at frequencies between
800 and 1500 Hz, with mean peak value of 2 mm/s/pa at 900 Hz.

The magnitude declines following the first peak but then begins
to rise again towards a second peak between 4000 and
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FIGURE1 | CVTF. Panel (A) shows the velocity of the columellar
footplate normalized to the pressure in the ear canal and panel (B)
shows the phase of the middle ear velocity relative to the phase of the
sound in the ear canal. Gray dashed lines show mean data for individual
ears while the black line shows the mean for all measurements. The
magnitude is displayed on a dB scale, and the phase is calculated with
reference to the phase of the sound in the ear canal.

10,000 Hz (Figure 1). In all cases where high frequency peaks
were observed, they were smaller in magnitude than the low
frequency peak. The mean phase difference between velocity
and stimulus sound pressure (Figure 1B) has an average of 0.1
cycles below 800 Hz, with a value near 0.2 cycles at 1500 Hz, 0
cycles at 2500 Hz and increasingly negative with increasing
frequency.

32 | IETF

The mean IETF magnitude (Figure 2A) increases from 4 dB at
200Hz at around 13 dB/octave until it plateaus near 28 dB
between 500 and 1500 Hz. The magnitude then declines before
rising to reach a second peak of around 35 dB between 5000 and
10,000 Hz. The magnitude then sharply declines above
10,000 Hz. A dip in the transfer function creating two peaks in
the IETF is seen in all measurements, and in all cases the high
frequency peak was greater in magnitude than the low fre-
quency peak. The mean phase of the inner ear pressure relative
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FIGURE 2 | IETF. Panel (A) shows the pressure magnitude in the
inner ear normalized to the pressure in the ear canal, and panel (B)
shows the phase of the inner pressure relative to the phase of the sound
in the ear canal. As with Figure 1, gray dashed lines show mean data for
individual ears while the black line shows the mean for all measure-
ments. The magnitude is displayed on a dB scale, and the phase is
calculated with reference to the phase of the sound in the ear canals.
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to the phase of the sound in the ear canal (Figure 2B) showed a
near identical pattern to that shown in Figure 1B for the CVTF.
There is a constant phase difference of around 0.1 cycles below
800 Hz, increases to around 0.2 near 1500 Hz, is 0 at 2500 Hz,
and becomes increasingly negative at higher frequencies.

3.3 | Comparison of CVTF and IETF

The measured CVTF and IETF are conspicuously different from
one another (Figure 3A). The initial slope of the magnitude data
is clearly steeper in the pressure data set than in the velocity
data set. The first peak in CVTF appears at a lower frequency
and is sharper than that seen in the IETF. Above the first peak
the velocity and pressure transfer functions diverge, with a
10—12 dB difference appearing between them across frequency.
Similar trends in the ratio between IETF and CVTF are
observed for all barn owl specimens (Figure 3B), whereby the
ratio increases with frequency.
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FIGURE 3 | Comparison of CVTF and IETF magnitude. (A) shows
the mean values plotted in Figures 1 and 2, the IETF is colored orange
and the CVTF is colored blue; the solid lines indicate the means, while
the dashed lines are individual animals. The CVTF has been converted
to a dB scale with 0 dB set at 10-2 mm/s/pa. The ratio between the IETF
and CVTF is shown in (B). In this panel we calculated the ratio for each
individual barn owl and each individual is plotted as a separate
dashed gray line, while the solid black line shows the mean.

Overall, the difference between the phase of the inner and
middle ear transfer functions is small (Figure 4A,B). The mean
difference varies between +0.1 cycles at frequencies less than
1000 Hz and between 0 and —0.15 cycles at higher frequencies
(Figure 4B).

3.4 | Comparison of CVTF Between Barn Owls
and Other Birds

We compare the CVTF of barn owl with 39 other bird species in
Figure 5. A nearly identical low frequency slope in the magni-
tude (below the first peak) is apparent in all species, followed by
a decline in magnitude (Figure 5A). In the barn owl (and a few
other species, Peacock et al. 2024) we see a small, gradual
increase in magnitude at higher frequencies. The magnitude of
the CVTF for the barn owl was greater than most but not all
other birds. However, the slope of the phase data when plotted
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FIGURE 4 | Examination of the differences between the phase of
the inner ear and middle ear transfer functions. (A) shows the phase
data. As with the previous figure the IETF data are colored orange, the
CVTF data are colored blue, and the solid line indicates the mean.
These are the same curves as shown in Figures 1 and 2, but plotted
together to allow for easier comparison. The difference between the two
phases is shown in (B). As before this shows the data calculated for each
specimen individually: each individual is plotted as a separate
dashed gray line, while the solid black line shows the mean.
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FIGURE 5 | CVTF of the barn owl compared with CVTF mea-
surements from 39 other bird species from Peacock et al. (2020). The
black line shows the mean CVTF data for the barn owl. The CVTF
magnitude is shown in panel A and the phase in panel B. Note that
panel (A) shows frequency on a logarithmic scale, while panel (B)
displays this on a linear scale.

on a linear frequency scale (panel B) is notably shallower in the
barn owls (Figure 5B). Such a phase vs frequency plot can be
used to calculate the middle ear group delay (delay(s) = A
cycles/A cycles per s), and for the barn owl we find a delay of
approximately 110 us (a straight line corresponding to such a
delay is shown in Figure 5B). The other avian species, measured
in Peacock et al. (2020), show group delays between 134 and
178 us.

4 | Discussion

4.1 | Middle Ear Pressure Gain in
Columellar Ears

Clinical procedures to repair human ears with conductive hearing
loss involve reconstructing the three-ossicle mammalian middle
ear with a columellar-like prosthesis. Studies in human ears that
replaced the incus with a columellar-like partial ossicular
replacement prosthesis (PORP) report an overall reduction in
inner ear pressures (Dong et al. 2017) and round window
displacement (Devéze et al. 2010) at frequencies above 4000 Hz.
These results suggest that columellar ears are inherently less
efficient at these higher frequencies; however, our barn owl
measurements show IETF transfer functions in a similar range
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FIGURE 6 | Middle ear pressure gain in the barn owl compared to
various mammals. Human data is colored in blue, chinchilla in orange,
gerbil in purple, and cat in yellow. The barn owl is the black line.

as various mammals including humans, cats, chinchillas, and
gerbils (Décory, Franke, and Dancer 1990; Nakajima et al. 2009;
Olson 2001; Ravicz, Slama, and Rosowski 2010, Figure 6).

Our data thus reveal that, despite their morphologically dis-
tinctiveness, columellar ears can perform just as well as mam-
malian ears in terms of pressure gain, including at frequencies
above 10 kHz.

It should be remembered that a PORP does not truly replicate the
avian middle ear. Simple ossicular replacement prostheses lack the
cartilaginous extracolumellae and other elements that contribute to
the performance of the avian middle ear system (Koppl 2022).
Further study of the avian middle ear, and that of the barn owl in
particular, seems warranted as a means to improve hearing out-
comes for patients following reconstructive middle ear surgery (see
also Manley 2021; Rénnblom et al. 2020).

4.2 | Footplate Velocity Magnitude

While the barn owl is an auditory specialist, with hearing
capabilities among the most acute of all tetrapods and an upper
frequency limit higher than the majority of non-mammals, the
columellar velocity transfer function magnitudes overlap en-
tirely with those of other birds, including at higher frequencies
(Figure 5).

A major complication with these measurements is that the colu-
mella footplate does not display a simple piston-like motion at all
frequencies. Studies in both, mammals and birds, show that while
footplate motion is largely piston-like below 1000 Hz, it begins to
show rocking motions at higher frequencies which increase in
complexity with increasing frequency. This has been described in
another owl species, the Boreal Owl (Aegolius funereus, Norberg and
Boycott 1997). The attachment of the extracolumella from the
tympanic ring to the distal end of the bony columella creates an axis
of rotation, likely hinging around the infracolumellar process. While
this rotation mechanism is different from that found in mammals,
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the rotational movement is transferred to the bony columella. Such
rotations are further complicated in the barn owl with its uniquely
large bulbous footplate that may create an additional rotation axis
around the footplate’s rim (Schwartzkopff 1955; Krause 1901;
Peacock et al. 2024). Further measurements of the columella's
three-dimensional motion will be necessary to paint a more com-
plete description of avian middle ear sound transmission.

Although we were unable to find any previous footplate velocity
measurements in the barn owl, measurements have been re-
ported of the tympanic membrane (Kettler et al. 2016). These
measurements were aimed at assessing the function of inter-
aural canals by measuring umbo velocity from sound played at
different locations around the live animal. Overall, they report
lower velocities at the umbo than we find for the footplate, and
no peak at 1kHz. Previous measurements have examined the
effects of draining the inner ear on umbo velocity, and also
compared the Vp and umbo (extrastapedial tip) in the mallard
duck (Anas platyrhynchus, Muyshondt et al. 2016). After
draining the cochlea, this study reported a shift in the initial
peak in the umbo velocity transfer function to a higher fre-
quency, overall higher velocities, and the loss of a second
smaller high-frequency peak. This study also showed that
footplate and umbo velocity in a drained ear track each other
closely (with umbo velocity being a few dB higher) until above
5kHz where the velocities become more similar. Based on this
data, higher velocities and some changes in the morphology of
the transfer function should be expected in the drained ear. As
shown in Figure 5, our velocity measurements are consistent
with previous measurements in other bird species.

4.3 | The Relationship between Inner Ear
Pressure and Footplate Velocity

Figure 3 shows that measurements of CVTF and IETF have
different frequency dependencies, indicating that measurement
of CVTF does not describe the frequency dependence of the
sound pressure produced in the barn owl's inner ear, especially
at the high frequencies.

Sound pressure in the vestibule (Py) and Vgp are related by the
cochlear input impedance, Z., where: Zc = Py/(Vgp X App) and
Aprp is a real number describing the area of the footplate. Z is a
complex quantity having both magnitude and phase angle
where the magnitude of Z. is the ratio of the magnitudes of Py
and (Vgp X Agp), and the phase angle of Z. is the difference of
the phases of Py and Vgp. In the case of the barn owl, calcu-
lating an exact value for Agp, and thus Z, is problematic due to
its unusual morphology (see Peacock et al. 2024). However, we
can estimate App as being between that of a flat surface (1.4
mm?, producing the largest Z- magnitude, from Zeyl et al.
[2023]) and the curved surface of a hemisphere (with an
increase in App of ~100%, and the smallest Z- magnitude).
Doing this gives the magnitude of Z- as between 10'> and
10"® Pa.s/m>. This range of impedance magnitude is larger than
that reported in other species (see further discussion below).

Our data implies a Z¢ magnitude that increases with frequency
over the 200 to 10,000 Hz range at around 4—6 dB per octave

(Figure 3B). The mean phase difference between IETF and
CVTF suggests the angle of Z. is near 0 at low frequencies and
increases with frequency to —0.125 cycles (Figure 4B). The
coupling of an increase of Z- magnitude and a decrease in Z¢
phase angle with frequency are inconsistent with any simple
mechanical element: The 4—6dB per octave increase in Zc
magnitude is consistent with an acoustic mass, but a Z- phase
angle of 0 is consistent with a resistance, and an angle of —0.25
is consistent with a spring. Z- in mammals is often described as
resistance like with flat magnitudes with frequency and phase
angles near 0 (e.g., [Lynch, Nedzelnitsky, and Peake 1982] in
cat; [Nakajima et al. 2009] in human). However, Z- measure-
ments in chinchillas show a mass-like magnitude growth at
high frequencies that is accompanied by a mixed resistance-
mass phase angle of near +0.125 cycles at 10 kHz (Ravicz and
Rosowski 2013).

A possible explanation for the inconsistency in magnitude and
phase is variation in the phase angle measurements. While the
individual Z- magnitudes (Figure 3B) all show a consistent
increase with frequency, the individual Z- phase angle esti-
mates (Figure 4B) vary between +0.25 periods, with a trend
toward phase angles between 0 and —0.25 as frequency
increases. It is also possible that errors could have been intro-
duced due to timing delays between the real acoustic stimulus
and our measured input signal. This is especially possible since
the measurements were made sequentially; as the setup for
pressure and velocity measurements were slightly different.
Furthermore, the different conditions for the two measure-
ments (inner ear intact for IETF and inner ear drained for
CVTF) may have introduced errors into the calculation of Z,
and additional error may have been introduced due to the
draining of the IE.

To our knowledge, the only published measurements of Z¢ in
any bird were for the Common Ostrich (Struthio camelus,
Muyshondt, Aerts, and Dirckx 2016). The method of
Muyshondt et al. did not involve direct pressure measurements,
but they were able to measure with both an intact and drained
inner ear. Their measurements also indicated a mass dominated
impedance at higher frequencies, with an increasing magnitude
similar to ours. However, the impedance magnitude appears to
flatten above 2kHz in the case of the intact ear. These mea-
surements only extended to 4 kHz making it difficult to deter-
mine how comparable these measurements are with ours.

Although the hearing ability of the Common Ostrich has not
been examined, we expect its highest audible frequency to be
around 4-6kHz based on measurements in other palaeog-
nathous birds such as the Emu (Dromaius novaehollandiae,
Manley, Koppl, and Yates 1997). Given the distant phylogenetic
relationship between the barn owl and the ostrich (Prum
et al. 2015), their disparate ear morphologies (Peacock
et al. 2024), and pronounced difference in their hearing ability
(Manley, Koppl, and Yates 1997), we do not necessarily expect
the ostrich ear to behave similarly to that of the barn owl.

In the ostrich, Z- was found to have a magnitude between 10°
and 10'°Pa.s/m>, which is smaller than previously measured in
mammals: ~10" to 10'?Pa.s/m>. Our measurements indicate
that Z- in the barn owl is not smaller than in mammals, but is
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instead greater in magnitude than reported for any other spe-
cies. As noted by Muyshondt, Aerts and Dirckx (2016), a larger
value for Z. would be expected in smaller animals with smaller
IE volumes and footplate areas, although the increase in Z¢
from these differences is expected to be smaller than what we
observe between the ostrich and barn owl. Previous studies
have found differences in relative footplate area among birds
(Peacock et al. 2024), with aquatic birds in particular having
relatively small footplates. The ostrich is considerably larger
than the barn owl, and has a footplate area at least three times
larger, however the barn owl was not noted as having a par-
ticularly small footplate, and its bulbous nature will actually
work to increase its overall area. The barn owl is known to have
a greatly elongated cochlear duct but studies of the entire inner
ear volume, as well as a clear understanding of what portion of
that volume influences footplate motion, are lacking. Regard-
less, differences in volume alone are unlikely to account for the
differences we see in Z- magnitude. Additional data from other
species would be welcome to help characterize and explore this
variation.

4.4 | Middle Ear Delay

The 110 us group delay in the barn owl is the shortest of all
previously reported birds, where the average delay was around
150 us (Peacock et al. 2020). The barn owl delay is shorter than
the 138us reported in elephants (O'Connell-Rodwell
et al. 2024), the 200 us reported in the bobtail skink (Manley,
Yates, and Koppl 1988) and 700 ps reported for female bullfrogs
(Van Dijk et al. 2011), but longer than reported for most
mammal species commonly used in auditory science: delays of
19us have been measured in mice (Dong, Varavva, and
Olson 2013), compared with 25—32 us in gerbils (Olson 1998),
35 ps in guinea pigs (Dancer and Franke 1980), 44 us in chin-
chilla (Ravicz and Rosowski 2013), and 56—83 us in humans
(Dong and Olson 2006; Nakajima et al. 2009; O'Connell-
Rodwell et al. 2024; O'Connor and Puria 2008).

These species vary in their hearing range: the bullfrog cannot
hear much above 2.6kHz (Megela-Simmons, Moss, and
Daniel 1985), while the mouse upper limit is closer to 90 kHz
(Koay, Heffner, and Heffner 2002). There does appear to be a
trend across species whereby a shorter delay is associated with
an increased upper hearing limit (Figure 7). Here, the highest
audible frequency is taken at 60dB SPL from published
behavioral audiograms (Dooling 2002; R. Heffner and
Heffner 1980; R. Heffner, Heffner, and Masterton 1971; R.
Heffner et al. 2020; R. S. Heffner and Heffner 1982, 1991;
Jackson, Heffner, and Heffner 1999; Manley 1990; Ryan 1976;
Sivian and White 1933).

Both the ordinary least squares (OLS) and PGLS regression
analyses of the delay vs highest audible frequency indicate a
strong and significant correlation (OLS: ¥ =0.96, p <0.00001,
PGLS: r* =0.87, p <0.00001). The resulting slope of the OLS
and PGLS regression lines were both close to —1 (—1.06 and
—0.96 respectively), and the intercept suggests that the delay is
between 1.7 or 1.2 times the period of the highest audible fre-
quency. Whether the delay itself plays any role in determining

Barn Owl

Middle Ear Delay (ps)
=)
o

30
3 10 30
Highest Audible Frequency (kHz)
Mammals Birds Frog

FIGURE 7 | The highest audible frequency at 60 db SPL against
middle ear delay. Red circles are mammals, blue triangles are birds, the
yellow diamond is the lizard, and the green square is the bullfrog. The
results of an ordinary least squares regression are plotted as a dashed
line, and the PGLS regression by a solid line.

hearing ability is not known. It's likely the delay correlates with
the stiffness of the system, and greater stiffness would be ex-
pected in ears responsive to higher frequencies; thus, some
relationship between these might be expected. However, the
reasons for the exact relationship shown in Figure 7 remain to
be determined.

The contribution of each component of the middle ear to the
delay has not been well studied outside of mammals, but we
hypothesize that a considerable part of the delay is contributed
by the stiffness of the flexible, cartilaginous extracolumella,
with other contributions from stiffnesses in the annular liga-
ment and tympanic membrane.

5 | Conclusion

The barn owl middle ear produces a pressure gain (IETF)
between the ear canal and the inner ear vestibule of up to 35 dB,
which is comparable to that seen in mammals. However, the
overall shape of IETF curves are different to the CVTF curves,
and suggests an impedance that is likely mass-dominated across
most frequencies. Despite the barn owl middle ear exhibiting
unique morphological features and the species' exceptional
hearing ability compared to other birds, measurements of CVTF
magnitude do not differ substantially from other species.
However the delay calculated from the CVTF phase data is
shorter than all other birds as well as the single reptile and
amphibian species tested, though still considerably longer than
those measured in mammals, with the exception of the
elephant.

Outstanding questions remain regarding the functional signifi-
cance of the barn owl's unusual columellar morphology, and
the generalizability of the results to other avian species. Future
work will shed light on these outstanding questions, and may
yield productive avenues for the improvement of human audi-
tory prostheses.
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