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Abstract

Accurate sound source localization in three-dimensional space is essential for an animal’s orientation and survival. While the
horizontal position can be determined by interaural time and intensity differences, localization in elevation was thought to
require external structures that modify sound before it reaches the tympanum. Here we show that in birds even without
external structures like pinnae or feather ruffs, the simple shape of their head induces sound modifications that depend on
the elevation of the source. Based on a model of localization errors, we show that these cues are sufficient to locate sounds
in the vertical plane. These results suggest that the head of all birds induces acoustic cues for sound localization in the
vertical plane, even in the absence of external ears.
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Introduction

In vertebrates, localization of sound in the horizontal plane is

primarily achieved by comparing its phase and intensity differ-

ences between both ears (IPDs and IIDs, respectively) [1]. In

contrast, sound localization in the vertical plane requires structures

that induce spectral cues by modifying the sound before it reaches

the tympanum [2]. In mammals this is typically achieved by

external ears (pinnae) [3]. Due to their complex morphology,

pinnae absorb, reflect and diffract sound depending on direction

and frequency. Thus, the sound that reaches the tympanum has

characteristic notches and peaks in the frequency spectrum, which

are used for localization in elevation [1,4]. In the barn owl, a

nocturnal avian predator that strongly relies on auditory

localization of prey [5], both the facial ruff and a vertical offset

of the outer ear openings introduce intensity differences along the

vertical plane [6]. This allows for localization in elevation [7,8],

especially in front of the animal [9]. Together with the frontally

shifted position of the eyes, this is seen as a unique adaptation for

hunting under dim light conditions. As virtually all other birds lack

such specializations, they were considered largely incapable of

sound localization in elevation [10–12], even though this was

obviously at odds with the richly structured three-dimensional

world of birds [13].

However, a possible role of the bird’s head in creating cues for

sound localization in elevation was previously underestimated.

The animal’s head will also absorb, reflect and diffract sound

depending on sound direction and frequency. All of these

modifications are described by the head related impulse response

(HRIR) [14]. To prove the existence of direction-dependent peaks

and notches in the sound spectrum even in the absence of pinnae,

we investigated the HRIR in three bird species which lack external

ears. To characterize a general effect irrespective of life style or

phylogeny, we selected the chicken (Gallus gallus), the rook

(Corvus frugilegus) and the duck (Anas platyrhynchos). None of

these species is an auditory specialist, nor are they closely related

or share similar ecological niches. We calculated the HRIR by

cross-correlating white noise stimuli presented from various

positions with the signals recorded in the ear canal close to the

tympanum.

Results and Discussion

Elevation-dependent sound modifications could be found in all

avian heads (Figure 1a–c). As expected, sound presented ipsilateral

to the examined ear resulted in a smooth intensity gain distribution

along both the vertical and horizontal axis. Moving the sound

source towards the contralateral side around the head resulted in

decreasing sound levels, as the head increasingly shielded the ear

from the sound source. However, when the sound was presented

from the contralateral side, an intensity peak occurred at a distinct

vertical and horizontal position. Along the vertical axis, intensity

notches flanked the contralateral intensity peak in elevation

(Figure 1d, Figure 2 and Figures S1–S2). This notch/peak/notch

distribution was observed from 3500 Hz up to 5500 Hz

(Figure 1d, Figures S3a–e, S4a–e and S5a–e), which is in the

high frequency hearing range of the species examined [15,16].

Therefore strong monaural spectral cues are present for contra-

lateral azimuth positions and change systematically along elevation

(Figure 3b–d, Figures S6b–d and Figure S7b–d). In contrast to
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this, for ipsilateral azimuth positions, the spectral profile did not

change for different elevations and thus no spectral cues for sound

localization would be available (Figure 3a, Figure S6a and Figure

S7a). Such elevation dependent cues for contralateral sound were

found in all three investigated species.

But what causes these cues? Interestingly, no complex

mechanism or structure is needed to explain our observation. At

a certain frequency range, spherical objects not only produce an

acoustic shadow, but diffract sound to add up on the opposite side

[17]. This well-known phenomenon (‘bright spot’) also applies to

the head of birds, but has thus far never been linked to their

hearing. The ‘bright spot’ in the midst of an acoustic shadow

resembles the notch/peak/notch configuration we described

above.

To quantify the contribution of the HRIR to sound localization,

we used a model of vertebrate sound localization [18,19].

Localization errors were estimated based on either the phase

spectrum of the HRIR (pHRIR), the magnitude spectrum of the

HRIR (mHRIR) or both combined (HRIR). Parameterizing the

model with behavioural data in birds [20], we estimated the

probability of sound originating from a given direction to be

perceived as originating from any other direction. The localization

error was expressed as the average angular deviation between the

true origin of the sound and the perceived origin. Comparing the

localization errors with and without mHRIR cues enables us to

quantify how much the mHRIR contributes in reducing the

ambiguity about the origin of a sound source. As mHRIRs were

similar for the species tested (Figures S3 to S5), we selected the

chicken data as representative.

As expected, pHRIR localization error in elevation is lowest at

the sides of the head (Figure 4a). This is because the region where

you find equal IPDs (called the ‘cone of confusion’, also indicated

by the contourlines in Figure S8) decreases for lateral positions

(Figure S8) [21]. The mHRIR reduces the localization error in

elevation even further (Figure 4b). At the position where the

notch/peak/notch distribution is located, the area of lowest error

is enlarged. This effect is quantified in Figure 4c which shows the

combined contribution of both mHRIR and pHRIR, and

Figure 4d where the differential contribution of the mHRIR in

reducing localization error is shown. Magnitude cues are most

important for positions above 30u and below –30u in elevation for

azimuth positions around 690u (Figure 4d). From these positions

the localization error based on phase is increasing again

(Figure 4a) whereas the localization error based on the magnitude

spectrum stays stable (Figure 4b). It is noteworthy that such an

enlargement of low error regions resembles the effect of increased

localization acuity in elevation generated by external structures

like the feather ruff in barn owls [9]. The lowest predicted error

across the complete space using the pHRIR, mHRIR or both was

9u, 7u and 7u respectively. However, the typical errors are higher

than these values. For example, the average angular error in the

frontal hemisphere (290u to +90u azimuth) was 35u.
The increase in localization performance when using the

mHRIR in addition to the pHRIR can be explained by the fact

that (1) the mHRIR provides the chicken with two additional

sources of information and (2) the assumption that the neural noise

on the mHRIR and the pHRIR are uncorrelated.

The mHRIR provides the chicken with two sources of

localization information in addition to the pHRIR. Indeed, the

mHRIR can be rewritten as follows [19],

s Ið Þ~ 3dB

1:5

The first term in this denotes the IID. The second term is the

average intensity (i.e. average power spectrum) across the two ears.

Each of these two components of the mHRIR supplies the chicken

with additional localization information.

First, a priori, in our data, 84% of the variation in the IID could

be explained by the pHRIR. This indicates that the correlation

between the pHRIR and mHRIR was large but not perfect. This

Figure 1. Bird heads [chicken (a, d), rook (b) and duck (c)] modify sound intensity dependent on elevation. Monaural gain [dB] is
displayed at the right ear for multiple sound positions. Coordinates of 0u azimuth and 0u elevation face the beak, 290u azimuth and 0u elevation face
the right ear. Sound intensity is projected according to the Hammer projection. Meshgrid spacing is 30u, iso-contourline spacing is 2 dB.
doi:10.1371/journal.pone.0112178.g001
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means that errors are further reduced when adding the mHRIR.

Second, for a sound source with a known spectrum, such as the

white noise modelled in this paper or sound sources familiar to the

bird, some localization information is encoded in the average

spectrum across the two ears [18]. The correlation between the

spectral component of the mHRIR and the pHRIR was only

limited (26% of explained variance).

In addition to the two components of the mHRIR, there is a

third reason why the mHRIR reduces the localization error. In

our simulations, the noise on the neural encoding of the mHRIR

and pHRIR cues is assumed to be uncorrelated. This is modelled

by setting the off-diagonal elements of matrix
P

to zero.

Therefore, even if both the IID and the average spectrum would

correlate perfectly with the pHRIR (which is not the case) the

mHRIR would increase performance because it is an additional

channel with uncorrelated noise

Our data show that, even without external ear structures, birds

have access to cues for sound localization in elevation. Simple

physical diffraction around the bird’s head creates the spectral

peaks and notches (Figure 1) which are necessary for sound

localization in the vertical plane and are typically induced by

external ears [4,22–24]. These frequency-dependent intensity

variations occur on the side contralateral to the sound source. Our

model shows that a reliable sound localization in elevation is

possible and in addition gives us for each sound position the

respective localization accuracy. Lateral sounds are modified to

such an extent that they are located with highest accuracy

(Figure 4). Whereas a lateral focus for sound localization would

misalign the acoustic and visual axis in frontal-eyed animals such

as primates, for birds with laterally positioned eyes it is

advantageous because it aligns the visual with the acoustic axis

(Figure 5). This configuration directs both senses towards the same

spatial location and thus facilitates object detection through

multisensory integration [25]. Most avian species have lateral eye

positions [26] that are essential to visually monitor the full extent

of the environment – a crucial issue for animals that are preyed

upon. For predators however, binocular vision and stereopsis are

far more important [27]. Since the evolutionary pressure towards

a larger binocular overlap conflicts with the lateral layout for

auditory localization, it is conceivable that some predators

(especially those that rely strongly on both vision and audition)

developed alternative solutions. Through the formation of a

feather ruff and asymmetrical ears, low-light predators such as the

barn owl could again align both visual and auditory localization

foci (Figure 5), maximizing hunting success at dusk and night.

Although evidence from behavioral experiments is still lacking,

our results suggest that the majority of birds have retained the

ancestral layout for sound localization in elevation – a solution that

relies on a simple physical diffraction of sound by the head of the

animal.

Even though we show that animals don’t need external ears to

induce acoustic cues for sound localization in elevation, they still

lack another feature that is distinct to pinnae. All these animals

(birds, reptiles and some subterranean mammals) have relatively

small heads and a low frequency hearing, which puts a limitation

on the extent of their IIDs. Some comparable-sized mammals

‘solve’ this problem with large pinnae and high frequency hearing.

This combination not only induces the spectral cues for sound

localization in elevation, but also strong IIDs [3]. In contrast all

animals which lack pinnae share an interaural canal that connects

both middle ear cavities with each other. These internally coupled

ears are thought to boost IIDs and IPDs internally. This could

present a further solution to the challenge of small heads without

pinnae [12].

Methods

Head related impulse response measurement
We conducted all experiments in a sound reduced environment.

We measured the directionality of sound pressure transformation

(HRIR, head related impulse response) in heads of three species of

three different avian orders, Galliformes, Anseriformes and

Passeriformes (Gallus gallus, Anas platyrhynchos and Corvus
frugilegus, respectively). All tested specimen were full grown

adults. We measured head widths of 30 mm for the chicken,

34 mm for the duck and 30 mm for the rook. The necks were still

Figure 2. Contralateral peak position is stable over a wide
frequency range. Positions of the minimum of the upper and lower
notch and position of the maximum of the contralateral and ipsilateral
peak from 3500 Hz to 5500 Hz in the chicken.
doi:10.1371/journal.pone.0112178.g002
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Figure 3. Monaural spectral cues change systematically along elevation. Monaural spectral cues between 3000 and 5500 Hz at a specified
azimuth position for different elevation positions in the chicken.
doi:10.1371/journal.pone.0112178.g003

Figure 4. Localization error in elevation is lowest at spatial positions lateral to the head. The localization error in elevation is based on
either the chicken‘s pHRIR (a), mHRIR (b) or both combined (c). The mHRIR‘s differential contribution to reduce elevation error (d) is calculated by
subtracting (a) from (c). Spacing of error-contourline is 5u, map orientation in relation to the head and map projection are the same as in Figure 1.
doi:10.1371/journal.pone.0112178.g004

Bird Sound Localization in Elevation

PLOS ONE | www.plosone.org 4 November 2014 | Volume 9 | Issue 11 | e112178



attached and intact, therefore any influence on the HRIR was

included as well. The work was done in accordance with the

Directive 2010/63/EU of the European Parliament and of the
Council of 22 September 2010 on the protection of animals used for
scientific purposes, but was not subject to official approval by the

local authority the Regierung von Oberbayern. Chicken heads

were obtained from the Versuchsstation Thalhausen, duck heads

from the Geflügelhof Lugeder and the crow from the Klinik für

Vögel, Reptilien, Amphibien und Zierfische of the Ludwig-

Maximilians-Universität München. Chicken and duck heads were

slaughterhouse waste. The crow was brought to the clinic as a

casualty in an accident in Landkreis München. No animal was

killed for the purpose of this study. Specimens were freshly dead or

deep frozen. We fixated the heads in 4% paraformaldehyde

solution for one week and made a small incision from behind

towards the ear canal on both sides of the head. Then we inserted

a small microphone (Knowles, EM-D65) through this incision into

the hearing canal just in front of the tympanic membrane. To

ensure that the microphone only received sound from the ear

entrance it was placed into a tightly fitting metal tube. This tube

was cemented into the incision and all remaining openings were

sealed. In our experiments we did not investigate the influences of

fixation on the HRIR. However in experiments with owls the

fixation did not influence the HRIR measurements compared to

anesthetized animals for frequencies below 7 kHz [28].

We placed the thus prepared head into the centre of a rotatable

semicircular loudspeaker array. It has a diameter of 102 cm and is

equipped with 27 speakers covering 273.125u to 73.125u in

elevation in 5.625u steps. The array was rotated from –180u to

180u in 5.625u steps azimuth. We measured the directionality of

hearing at a total of 1755 positions. The midpoint between both

ears was in the centre of the semicircle. The beak faced its central

speaker in its zero position, which is defined as elevation and

azimuth 0u. Vertical positions of beak, ear entrances and the

central speaker define the horizontal plane. This position

resembles the head position observed under natural conditions.

We based the measurement of HRIRs on methods described in

[14,29]. We digitally generated white noise between 60–10000 Hz

of 2 seconds duration (MATLAB R2013b, Florida, USA) and

broadcasted it after DA conversion (Fireface 400, RME,

samplerate 44100 Hz) sequentially from each of the 1755 possible

speaker positions. Signal to noise ratio was about 50 dB. We then

recorded the noise signal by the microphones inside both ear

canals and cross-correlated it with the original signal to establish

the impulse response. To cancel the influence of individual

speakers and the tube/microphone assembly, we calibrated each

speaker before every recording session with the tube/microphone

assembly in the same positions as when implanted in the birds’

head under test conditions.

We cut the impulse responses from all positions with a

rectangular window to remove any undesired reflection which

might have originated from metal parts of the speaker array. We

padded the impulse responses with zeroes to the final length of 256

points and performed a Fourier transformation (MATLAB). By

dividing the Fourier transformation of the ear canal response by

the Fourier transformation of the calibration response we obtained

a proper HRIR. The FFT window of 256 points yielded a spectral

line resolution of 172.3 Hz.

We processed all data with in-house developed programs

written in MATLAB. We organized the mHRIR data, which is

the magnitude spectrum of the HRIR, in a three-dimensional

azimuth-by-elevation-frequency array. Data were smoothed in

azimuth and elevation with a standard MATLAB function (Box

convolution kernel (size = 3)). We graphed the data as two-

dimensional contour plots (2 dB contour spacing) using a Hammer

projection. We defined the sound intensity (dB) as the gain relative

to the calibration measurement. By subtracting the mHRIR

obtained from the right and the left ear we calculated interaural

intensity differences (IIDs).

Estimation of the localization error
We estimate the likelihood that a broadband noise burst (with a

known spectrum) will be correctly localized with an approach that

has been used to estimate the echolocation performance in bats

[18,30] and sound localization in humans [19]. In parallel, we

estimate the errors birds will make in localizing white noise bursts.

Noise bursts are commonly used in behavioural experiments [11].

This makes it interesting to model the localization of these

particular stimuli although more complex stimuli could add

additional cues and cue variability that might influence the

localization performance of the model.

Our estimation of localization errors is based on the head

related impulse response (HRIR) and the known temporal

resolution and intensity discrimination of the common birds

hearing apparatus. We estimate the localization errors in

elevation. Moreover, localization performance is estimated

including and not including the mHRIR. This allows us to assess

the contribution of the mHRIR, which includes IIDs, in reducing

the errors in the vertical plane. The parameters used in calculating

the localization errors are derived from behavioural experiments

[20]. In the following we describe the model used to estimate the

localization errors.

Let~vvw,h be the vector describing the HRIR as measured at the

left and the right tympanic membrane for azimuth and elevation

h. The parameter a denotes the gain of the noise burst. The vector

v!w,h is constructed as given in the following equation,

~vvw,h,a~ ~IIw,h,a,~AAw,h,

h i

with

~IIw,h,a~½IL
1 , . . . ,IL

n , . . . ,IR
1 , . . . ,IR

n �za;~AAw,h

~ ,AL
1 , . . . ,AL

n , . . . ,AR
1 , . . . ,AR

n

� �

Figure 5. Schematic interpretation that directionality of vision
and hearing align. Lateral eyed birds like Gallus gallus have access to
elevation dependent IIDs on both sides (a) (Figures S4 to S6). Frontal
eyed birds like Tyto alba however have access to their elevation
dependent IIDs in front (b) [6]. Color indicates changing IID values.
doi:10.1371/journal.pone.0112178.g005
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In this equation IL
f and IR

f denote the sound intensity (in

dBSPL) for frequency f at the left and the right tympanic

membrane respectively. Likewise, AL
i and AR

i denote the phase

i at the left and the right tympanic

E is zero (maxw,h,f ,EIE
w,h,f ~0). Values of I

!
w,h,a smaller than

Due to noise, the hearing apparatus of the bird has a limited

ability to encode the phases and intensities. Therefore, assuming

Gaussian noise modelled by the covariance matrix
P

, the hearing

system will only have access to a noisy version of vector v!w,h,a

given by m!w,h,a defined as follows,

~mmw,h,a~~vvw,h,azN 0,Sð Þ

The probability of a vector m!w,h,a to originate from azimuth q

and elevation h is given by,

P w,hD~mmw,h,a

� �
~
X

a

P ~mmw,h,aDw,h,a
� �

:P w,hð ÞP
w,h P ~mmw,h,aDw,h,a

� �
:P w,hð Þ

:P að Þ

with

P ~mmw,h,aDw,h,a
� �

~
1

2pð Þn=2DSD1=2

exp {
1

2
~mmw,h,a{~vvw,h:a

� �T
S{1 ~mmw,h,a{~vvw,h,a

� �� �

As the gain a of the noise burst is not directly accessible to the

animal, it is considered as a nuisance parameter that is removed

from the equations by integration

The probability to perceive a noise burst originating from

direction w, h as coming from direction w’, h’ is given by

P
!

w0,h0Dm!w,h,a
� �

, I.e. P
!

w0,h0Dm!w,h,a

� �
averaged across many

realizations of m!w,h,a. However, to reduce the computational

load, we approximate P
!

w0,h0Dm!w,h,a

� �
, as follows [see [18] for a

justification],

�PP w0,h0D~mmw,h,a

� �
%
X

a

P ~vvw,h,aDw
0,h0

� �
:P w0,h0
� �

P
w,h P ~vvw,h,aDw

0,h0
� �

:P w0,h0
� � :P að Þ

with

P ~mmw,h,aDw,h,a
� �

~
1

2pð Þn=2DSD1=2

exp {
1

2
~vvw,h,a{~vvw’,h’,a
� �T

S{1 ~vvw,h,a{~vvw’,h’,a
� �� �

This equation allows us to estimate both the probability of

correct localization and the expected localization errors. The

probability of correct localization is given by �PP w0,h0D~mmh,w,a

� �
for

w = w’ and h = h’. The localization errors in azimuth and elevation

are given by,

Ew~
X

w

�PP w0,h0D~mmw,h’,a
� �

:D w,w0
� �

and

Eh~
X

h

�PP w0,h0D~mmw’,h,a

� �
:D h,h0ð Þ

With D w0,h0
� �

and D h,h0ð Þ the great circle distance between the

real azimuth w and elevation h and each of the other azimuth w’

and elevation h’ positions considered.

The calculation of the localization performance as outlined

above depends on the HRIR and the covariance matrix modelling

the additive noise. The HRIR for frequencies from 1000 Hz to

5500 Hz were used as they are consistent with the typical hearing

range in birds [15]. We model the auditory channels of the bird

using equivalent rectangular band pass filters (ERB) with a

bandwidth of 500 Hz, which is a good fit for higher frequencies

but is overestimating the bandwidth for lower frequencies [31]. As

such, our model is more likely to underestimate the localization

performance than to overestimate it. The spacing of the

frequencies supports the assumption that the noise in different

frequency channels is independent. To the best of our knowledge,

there is no data suggesting the noise on the two neural channels is

correlated. Correlated noise would imply that any overestimation

(/underestimation) of the intensity at the left and right ear would

be systematically associated with an overestimation (/underesti-

mation) of the interaural phase difference. However, both neural

channels are encoded by different neural substrates. While the

magnitude of the signal at the left and the right ear are encoded on

the level of the cochlear nucleus, the phase information (i.e.

difference in phase at both ears) is encoded at the level of the

nucleus laminaris using delay lines [32]. Moreover, IPD and

intensity cues are processed independently in birds: intensity cues

are found to not influence the encoding of the IPD [33]. This

makes it unlikely that the noise of the two channels is correlated.

Therefore, in the absence of any evidence suggesting differently,

we model the noise independently. Therefore, the off-diagonal

elements of
P

were set to 0. The diagonal elements of the matrixP
represent the additive noise on the intensities and phases.

These values were deduced from behavioral experiments [20].

Welch and Dent (2011) measured interaural level and time

difference discrimination thresholds in budgerigars. Interestingly,

they report the discrimination thresholds for d’ = 1.5. The d’gives

the distance between distributions in units of the standard

deviation of the noise distribution. Therefore, these data allow to

directly parameterize the matrix
P

. The minimal interaural time

difference discrimination thresholds reported by Welch & Dent

2011 is about 20 ms at 2000 Hz, which implies Gaussian noise on

the phase for frequency f with a standard deviation given by,

s Að Þf ~2pf :
20 ms

1:5
. Welch and Dent 2011 report a minimal

discrimination threshold of 3dB. Therefore, the standard deviation

of the noise on the intensity was set to s Ið Þ~ 3dB

1:5
. Finally, as the

avian auditory system is unable to phase lock for frequencies above

4000 Hz [11] no phase information was included for frequencies

above 4000 Hz.
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(in radians) for frequency

membrane respectively. These intensities have been normalized

such that the maximum across all frequencies, positions and both

ears

zero are set to zero as these are below the hearing threshold.



Supporting Information

Figure S1 Contralateral peak position is stable over a
wide frequency range. Positions of the minimum of the upper

and lower notch and position of the maximum of the contralateral

and ipsilateral peak from 3500 Hz to 5500 Hz in the duck.

(TIF)

Figure S2 Contralateral peak position is stable over a
wide frequency range. Positions of the minimum of the upper

and lower notch and position of the maximum of the contralateral

and ipsilateral peak from 3500 Hz to 5500 Hz in the rook.

(TIF)

Figure S3 (a–e) Monaural gain at the right ear and (f–j)
interaural intensity differences (IIDs) of a chicken between 3500

and 5500 Hz.

(TIF)

Figure S4 (a–e) Monaural gain at the right ear and (f–j)
interaural intensity differences (IIDs) of a duck between 3500 and

5500 Hz.

(TIF)

Figure S5 (a–e) Monaural gain at the right ear and (f–j)
interaural intensity differences (IIDs) of a rook between 3500 and

5500 Hz.

(TIF)

Figure S6 Monaural spectral cues between 3000 and
5500 Hz at a specified azimuth position for different
elevation positions in the duck.
(TIF)

Figure S7 Monaural spectral cues between 3000 and
5500 Hz at a specified azimuth position for different
elevation positions in the rook.
(TIF)

Figure S8 Interaural phase differences (IPDs) at 500,
1000, 2000 and 4000 Hz in the chicken. Spacing of iso-

contourline is 10u, map orientation in relation to the head and

map projection are the same as in Figure 1.

(TIF)

Chicken S1 Head related impulse response (HRIR) and
head related transfer function (HRTF) for the left and
right ear of a female adult chicken. The sampling rate (fs) is

44100 Hz, fast Fourier transform points (NFFT1) are 512. The

azimuth (allaz) ranges from 2180u to 180u, in 65 steps with a

spacing of 5.625u. The elevation (allele) ranges from 273.125u to

73.125u, in 27 steps with a spacing of 5.625u.
(MAT)

Duck S1 Head related impulse response (HRIR) and
head related transfer function (HRTF) for the left and
right ear of an adult duck. Sampling rate, fast Fourier

transform points, azimuth and elevation range, steps and spacing

are the same as in Chicken S1.

(MAT)

Rook S1 Head related impulse response (HRIR) and
head related transfer function (HRTF) for the left and
right ear of an adult rook. Sampling rate, fast Fourier

transform points, azimuth and elevation range, steps and spacing

are the same as in Chicken S1.

(MAT)

Acknowledgments

Ludwig Lugeder and Katrin Brosinski supplied specimen. We thank Laura

Hausmann and Jonas Reijniers for comments on earlier versions of the

manuscript.

Author Contributions

Conceived and designed the experiments: HAS UF HL. Performed the

experiments: HAS. Analyzed the data: HAS DV UF. Contributed

reagents/materials/analysis tools: HAS DV SB UF. Contributed to the

writing of the manuscript: HAS DV SB UF HL.

References

1. Blauert J (1997) Spatial Hearing: The Psychophysics of Human Sound

Localization. Cambridge, MA: MIT Press.

2. Middlebrooks J, Green D (1991) Sound localization by human listeners. Annu

Rev Psychol.

3. Koka K, Jones HG, Thornton JL, Lupo JE, Tollin DJ (2011) Sound pressure

transformations by the head and pinnae of the adult Chinchilla (Chinchilla

lanigera). Hear Res 272: 135–147. Available: http://www.pubmedcentral.nih.

gov/articlerender.fcgi?artid=3039070&tool=pmcentrez&rendertype=abstract.

Accessed 18 July 2014.

4. Gardner M, Gardner R (1973) Problem of localization in the median plane:

effect of pinnae cavity occlusion. J Acoust Soc Am 53: 400–408. Available:

http://scitation.aip.org/content/asa/journal/jasa/53/2/10.1121/1.1913336.

Accessed 20 March 2014.

5. Payne RS (1971) Acoustic location of prey by barn owls (Tyto alba). J Exp Biol

54: 535–573. Available: http://www.ncbi.nlm.nih.gov/pubmed/5090092.

6. Keller C, Hartung K, Takahashi T (1998) Head-related transfer functions of the

barn owl: measurement and neural responses. Hear Res 118: 13–34. Available:

http://www.sciencedirect.com/science/article/pii/S0378595598000148. Ac-

cessed 14 August 2013.

7. Moiseff A (1989) Binaural disparity cues available to the barn owl for sound

localization. J Comp Physiol A 164: 629–636. Available: http://www.ncbi.nlm.

nih.gov/pubmed/2590278.

8. Peña JL, Konishi M (2001) Auditory spatial receptive fields created by

multiplication. Science 292: 249–252. Available: http://www.ncbi.nlm.nih.

gov/pubmed/11303092. Accessed 16 August 2013.

9. Hausmann L, von Campenhausen M, Endler F, Singheiser M, Wagner H (2009)

Improvements of sound localization abilities by the facial ruff of the barn owl

(Tyto alba) as demonstrated by virtual ruff removal. PLoS One 4: e7721.

Available: http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=276

6829&tool=pmcentrez&rendertype=abstract. Accessed 22 January 2014.

10. Rice W (1982) Acoustical location of prey by the marsh hawk: adaptation to

concealed prey. Auk 99: 403–413. Available: http://www.jstor.org/stable/10.

2307/4085920. Accessed 23 July 2013.

11. Klump G (2000) Sound Localization in Birds. In: Dooling RJ, Fay RR, Popper

AN, editors. Comparative Hearing: Birds and Reptiles. New York, NY:

Springer. pp. 249–307.

12. Christensen-Dalsgaard J (2005) Directional Hearing in Nonmammalian

Tetrapods. In: Popper AN, Fay RR, editors. Sound Source Localization. New

York, NY: Springer. pp. 67–123.

13. Larsen ON (2004) Does the environment constrain avian sound localization? An

Acad Bras Cienc 76: 267–273. Available: http://www.ncbi.nlm.nih.gov/

pubmed/15258638.

14. Young ED, Rice JJ, Tong SC (1996) Effects of pinna position on head-related

transfer functions in the cat. J Acoust Soc Am 99: 3064–3076. Available: http://

www.ncbi.nlm.nih.gov/pubmed/8642117.

15. Fay R (1988) Hearing in vertebrates: a psychophysics databook. Winnetka,

Illinois, USA: Hill-Fay Associates.

16. Hill EM, Koay G, Heffner RS, Heffner HE (2014) Audiogram of the chicken

(Gallus gallus domesticus) from 2 Hz to 9 kHz. J Comp Physiol A Neuroethol

Sens Neural Behav Physiol. Available: http://www.ncbi.nlm.nih.gov/pubmed/

25092127. Accessed 22 August 2014.

17. Wiener F (1947) Sound diffraction by rigid spheres and circular cylinders.

J Acoust Soc Am 6: 444–451. Available: http://link.aip.org/link/?JASMAN/

19/444/1. Accessed 3 July 2013.

18. Reijniers J, Vanderelst D, Peremans H (2010) Morphology-Induced Information

Transfer in Bat Sonar. Phys Rev Lett 105: 148701. doi:10.1103/PhysRevLett.

105.148701.

19. Reijniers J, Vanderelst D, Jin C, Carlile S, Peremans H (2014) An ideal-observer

model of human sound localization. Biol Cybern. doi:10.1007/s00422-014-

0588-4.

20. Welch TE, Dent ML (2011) Lateralization of acoustic signals by dichotically

listening budgerigars (Melopsittacus undulatus). J Acoust Soc Am 130: 2293–

Bird Sound Localization in Elevation

PLOS ONE | www.plosone.org 7 November 2014 | Volume 9 | Issue 11 | e112178

http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3039070&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3039070&tool=pmcentrez&rendertype=abstract
http://scitation.aip.org/content/asa/journal/jasa/53/2/10.1121/1.1913336
http://www.ncbi.nlm.nih.gov/pubmed/5090092
http://www.sciencedirect.com/science/article/pii/S0378595598000148
http://www.ncbi.nlm.nih.gov/pubmed/2590278
http://www.ncbi.nlm.nih.gov/pubmed/2590278
http://www.ncbi.nlm.nih.gov/pubmed/11303092
http://www.ncbi.nlm.nih.gov/pubmed/11303092
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2766829&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=2766829&tool=pmcentrez&rendertype=abstract
http://www.jstor.org/stable/10.2307/4085920
http://www.jstor.org/stable/10.2307/4085920
http://www.ncbi.nlm.nih.gov/pubmed/15258638
http://www.ncbi.nlm.nih.gov/pubmed/15258638
http://www.ncbi.nlm.nih.gov/pubmed/8642117
http://www.ncbi.nlm.nih.gov/pubmed/8642117
http://www.ncbi.nlm.nih.gov/pubmed/25092127
http://www.ncbi.nlm.nih.gov/pubmed/25092127
http://link.aip.org/link/?JASMAN/19/444/1
http://link.aip.org/link/?JASMAN/19/444/1


2301. Available: http://www.ncbi.nlm.nih.gov/pubmed/21973385. Accessed

19 August 2013.
21. Mills A (1972) Auditory localization. In: Tobias J V, editor. Foundations of

Modern Auditory Theory. New York, NY: Academic Press. pp. 303–348.

22. Wright D, Hebrank J, Wilson B (1974) Pinna reflections as cues for localization.
J Acoust Soc Am 56: 957–962.

23. Moore BC, Oldfield SR, Dooley GJ (1989) Detection and discrimination of
spectral peaks and notches at 1 and 8 kHz. J Acoust Soc Am 85: 820–836.

Available: http://www.ncbi.nlm.nih.gov/pubmed/2925997.

24. Hofman P, Van Riswick J, Van Opstal A (1998) Relearning sound localization
with new ears. Nat Neurosci 1: 417–421.

25. Witten IB, Knudsen EI (2005) Why seeing is believing: merging auditory and
visual worlds. Neuron 48: 489–496. Available: http://www.ncbi.nlm.nih.gov/

pubmed/16269365. Accessed 22 January 2014.
26. Iwaniuk AN, Heesy CP, Hall MI, Wylie DRW (2008) Relative Wulst volume is

correlated with orbit orientation and binocular visual field in birds. J Comp

Physiol A Neuroethol Sens Neural Behav Physiol 194: 267–282. Available:
http://www.ncbi.nlm.nih.gov/pubmed/18071712. Accessed 22 January 2014.

27. Harmening WM, Wagner H (2011) From optics to attention: visual perception
in barn owls. J Comp Physiol A Neuroethol Sens Neural Behav Physiol 197:

1031–1042. Available: http://www.ncbi.nlm.nih.gov/pubmed/21735223. Ac-

cessed 22 January 2014.

28. Hausmann L, von Campenhausen M, Wagner H (2010) Properties of low-

frequency head-related transfer functions in the barn owl (Tyto alba). J Comp
Physiol A Neuroethol Sens Neural Behav Physiol 196: 601–612. Available:

http://www.ncbi.nlm.nih.gov/pubmed/20552203. Accessed 8 November 2012.

29. Firzlaff U, Schuller G (2003) Spectral directionality of the external ear of the
lesser spear-nosed bat. Hear Res 185: 110–122. Available: http://linkinghub.

elsevier.com/retrieve/pii/S0378595503001643. Accessed 11 December 2012.
30. Vanderelst D, Reijniers J, Firzlaff U, Peremans H (2011) Dominant glint based

prey localization in horseshoe bats: a possible strategy for noise rejection. PLoS

Comput Biol 7: e1002268. Available: http://www.pubmedcentral.nih.gov/
articlerender.fcgi?artid=3228768&tool=pmcentrez&rendertype=abstract. Ac-

cessed 28 February 2013.
31. Dooling R, Lohr B, Dent M (2000) Hearing in birds and reptiles. In: Dooling RJ,

Fay RR, Popper AN, editors. Comparative hearing: birds and reptiles. New
York, NY: Springer. pp. 308–360.

32. McAlpine D, Grothe B (2003) Sound localization and delay lines–do mammals

fit the model? Trends Neurosci 26: 347–350. Available: http://www.ncbi.nlm.
nih.gov/pubmed/12850430. Accessed 20 July 2014.

33. Viete S, Peña JL, Konishi M (1997) Effects of interaural intensity difference on
the processing of interaural time difference in the owl’s nucleus laminaris.

J Neurosci 17: 1815–1824. Available: http://www.ncbi.nlm.nih.gov/pubmed/

9030640.

Bird Sound Localization in Elevation

PLOS ONE | www.plosone.org 8 November 2014 | Volume 9 | Issue 11 | e112178

http://www.ncbi.nlm.nih.gov/pubmed/21973385
http://www.ncbi.nlm.nih.gov/pubmed/2925997
http://www.ncbi.nlm.nih.gov/pubmed/16269365
http://www.ncbi.nlm.nih.gov/pubmed/16269365
http://www.ncbi.nlm.nih.gov/pubmed/18071712
http://www.ncbi.nlm.nih.gov/pubmed/21735223
http://www.ncbi.nlm.nih.gov/pubmed/20552203
http://linkinghub.elsevier.com/retrieve/pii/S0378595503001643
http://linkinghub.elsevier.com/retrieve/pii/S0378595503001643
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3228768&tool=pmcentrez&rendertype=abstract
http://www.pubmedcentral.nih.gov/articlerender.fcgi?artid=3228768&tool=pmcentrez&rendertype=abstract
http://www.ncbi.nlm.nih.gov/pubmed/12850430
http://www.ncbi.nlm.nih.gov/pubmed/12850430
http://www.ncbi.nlm.nih.gov/pubmed/9030640
http://www.ncbi.nlm.nih.gov/pubmed/9030640

