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Abstract 24 

A function of the auditory system is to accurately determine the location of a sound 25 

source. The main cues for sound location are interaural time (ITD) and level (ILD) 26 

differences. Humans use both ITD and ILD to determine the azimuth. Thus far, the 27 

conception of sound localization in barn owls was that their facial ruff and asymmetrical 28 

ears generate a two dimensional grid of ITD for azimuth and ILD for elevation. We show 29 

that barn owls also use ILD for azimuthal sound localization when ITDs are ambiguous.  30 

For high frequency narrowband sounds, midbrain neurons can signal multiple locations, 31 

leading to the perception of an auditory illusion called a phantom source. Owls respond 32 

to such an illusory percept by orienting toward it instead of the true source.  Acoustical 33 

measurements close to the ear drum reveal a small ILD component that changes with 34 

azimuth, suggesting that ITD and ILD information could be combined to eliminate the 35 

illusion. Our behavioral data confirm that perception was robust against ambiguities if 36 

ITD and ILD information was combined. Electrophysiological recordings of ILD sensitivity 37 

in the owl’s midbrain support the behavioral findings indicating that rival brain 38 

hemispheres drive the decision to orient to either true or phantom sources. Thus, the 39 

basis for disambiguation, and reliable detection of sound source azimuth, relies on 40 

similar cues across species as similar response to combinations of ILD and narrowband 41 

ITD has been observed in humans. 42 

 43 

Significance statement 44 

Owls have evolved a high-performance sound localization system that served as a 45 

model for sound localization for more than 40 years, and is also used as a model for 46 

biomimetic applications. The conception so far was, that the owl uses a two-dimensional 47 
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grid of interaural cues created by its facial ruff and asymmetric ears with interaural time 48 

difference for localization in azimuth and level differences in elevation. Our study 49 

extends this model by showing a major contribution of level differences to azimuthal 50 

sound localization in disambiguating unreliable timing difference information. Although 51 

auditory processing in barn owls differs from humans, our data reveals remarkable 52 

similarities in the mechanism underlying localization and cue combination across 53 

species. 54 

Introduction 55 

Cue combination is a well-known phenomenon in many sensory systems, and has been 56 

extensively studied in the visual system (Trommerhäuser et al., 2011). Audio-visual 57 

integration improves both visual and auditory perception (Stein et al., 1996; Sekuler et 58 

al., 1997; Shams et al., 2000; Arnold et al., 2010; Kim et al., 2015). The combination of 59 

interaural time difference (ITD) and interaural level difference (ILD) in human sound 60 

localization, known as duplex theory (Strutt, 1907), extends the frequency range over 61 

which azimuthal locations may be determined (Buell and Hafter, 1991). In the barn owl, 62 

ITDs and ILDs form a two-dimensional grid in which the ITD varies almost exclusively 63 

with azimuth, while the ILD varies mainly with elevation, but to some degree also with 64 

azimuth (Keller et al., 1998; von Campenhausen and Wagner, 2006). We show here that 65 

variation of ILDs in the equatorial plane contributes to the mainly ITD driven azimuthal 66 

localization of a sound source.  67 

ITDs are coded in the brain by a mechanisms resembling cross-correlation in neurons 68 

that receive precisely phase-locked input from both ears (medial superior olive in 69 

mammals: Colburn et al., 1990; nucleus laminaris in birds: Fischer et al., 2008). 70 
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However, this process is susceptible to ambiguity of the interaural phase-difference 71 

(IPD) between the signals at the two ears (Stern et al., 1988). The neurons computing 72 

ITD only operate in narrow frequency bands and thus cannot distinguish whether the 73 

sound at one ear is leading or lagging. This results in cyclical tuning to ITD (Goldberg 74 

and Brown, 1969; Carr and Köppl, 2004). In other words, these neurons not only 75 

respond maximally to their preferred ‘true’ ITD, corresponding to the location of the 76 

sound source, but also to ITDs corresponding to slip-cycle IPDs, thus creating phantom 77 

sources (Saberi et al., 1998a, 1998b). To illustrate the occurrence of ambiguities, 78 

consider a 5 kHz tone (200 s period) with an ITD of 100 s. Since in the barn owl 1° in 79 

azimuth corresponds to 2.8 s (von Campenhausen and Wagner, 2006), the true source 80 

in this case would be perceived at an azimuth of +35 degrees, while phantom sources 81 

would occur at -35 and +105 degrees. Indeed, narrowband neurons in early stages of 82 

the auditory pathway cannot signal the location of the true source unequivocally, but 83 

respond to multiple locations (Bremen et al., 2007; Fischer et al., 2008). The phantom 84 

sound sources may be regarded as sensory illusions that are perceived in addition to or 85 

rivaling the true source. Since natural stimuli, like vocalizations calls of barn owls, may 86 

have a very narrow (instantaneous) bandwidth (Bühler and Epple, 1980), the owl should 87 

be able to eliminate ambiguity to avoid detrimental behavior. Saberi et al. (1999) 88 

reported that a stimulus bandwidth greater than 3000 Hz was needed to entirely 89 

eliminate phantom localization. Indeed, remodeling of the representation of ITD (Konishi, 90 

2003; Vonderschen and Wagner, 2014) in downstream nuclei like the external nucleus 91 

of the inferior colliculus (ICX) and the optic tectum (OT) creates wideband neurons by 92 

across-frequency integration and thus reduces phase ambiguity by suppression of 93 

multiple response peaks in neural tuning (Takahashi and Konishi, 1986; Saberi et al., 94 
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1999). But what happens if the stimuli are too narrow in bandwidth to allow for 95 

unambiguous localization? The stimuli in the study of Saberi et al. (1999) contained a 96 

constant ILD of 0dB while natural stimuli may contain varying ILDs. We therefore used 97 

naturally occurring variations of interaural level difference in azimuth, revealed by 98 

acoustical measurements of the owl head, to test whether small ILDs could help to 99 

disambiguate ITD information. Our behavioral experiments utilizing tractable phantom 100 

locations demonstrate that these small variations of ILD are sufficient to reduce 101 

ambiguous ITD information and thus provide a way to enhance sound localization. 102 

These findings extend the model of a two-dimensional grid of ITDs and ILDs in the barn 103 

owl by revealing significant influence of ILD on azimuthal sound source localization.  104 

 105 

Materials and methods 106 

Care and treatment of animals. North American barn owls (Tyto furcata pratincola) 107 

were used in this study. The animals were treated and cared for in accordance to the 108 

guidelines of animal experimentation and with permission of the Landespräsidium für 109 

Natur, Umwelt- und Verbraucherschutz Nordrhein-Westfalen, Recklinghausen, Germany 110 

and complied with the NIH Guide for the use and care of laboratory animals. The 111 

animals were housed individually or paired under natural light/dark cycle. Prior to the 112 

measurements, a small aluminum bar was implanted on the skull of the owls under 113 

anesthesia (anesthesia described below). The aluminum bar allowed for head fixation of 114 

the anesthetized animals during HRTF-measurements and for fixation of sensors during 115 

behavioral experiments, as well as the earphone frame. 116 
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HRTF measurements. HRTFs were measured in an anechoic chamber (A403, 117 

Industrial Acoustics Company GmbH, Niederkrüchten, Germany) as described 118 

elsewhere (Keller et al., 1998; von Campenhausen and Wagner, 2006). In brief, probe 119 

microphones (Sennheiser KE4 211-2) were inserted in the ear canals. The head related 120 

impulse responses (HRIR) were calculated by cross-correlating the probe-microphone 121 

recordings with the raw signal (frequency sweeps from 20 Hz to 16 kHz, logarithmically 122 

rising, 500 ms duration, 5 ms rise/fall time, 5 repetitions). The HRIR were afterwards 123 

corrected by the influence of the hardware setup including the microphones. For that, 124 

the HRIR and the impulse response of microphones without a head were Fourier-125 

transformed. The resulting Fourier-transformations of head and setup were then divided 126 

by each other and inversely Fourier transformed into time domain to form the corrected 127 

HRIR. The HRTFs were obtained by Fourier transformation of the HRIRs.  128 

Individual head related transfer functions (HRTF) were recorded from 11 adult owls in 129 

total. ITDs and ILDs were calculated from the HRTFs. The individual HRTFs of two owls 130 

(owl 1 and owl 2) were used in the behavioral experiments. HRTFs from 9 additional 131 

barn owls were used for the acoustical analysis only. We shall call the measured HRTFs 132 

also “native” HRTFs in the following to discriminate them from HRTFs resulting after 133 

manipulations, the “manipulated” HRTFs. 134 

Behavioral experiments. The tests with two female barn owls (owl 1 and owl 2) were 135 

carried out in the same acoustic chamber as the HRTF-measurements. During the 136 

behavioral experiments, the owl sat on a perch in the center of the chamber with the 137 

head free to move and the legs loosely tied to the perch with falconers jesses. The 138 

general behavior was monitored with two infra-red cameras, one above and one in front 139 

of the owl. Food rewards were provided by a mechanical food dispenser. A red light 140 
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emitting diode (LED) was placed in front of the owl at 0° azimuth and elevation and 1 m 141 

distance. Before the experiments, the animals were trained to fixate the LED for a few 142 

seconds. The LED was later used as a starting cue in an experimental trial. During 143 

experiments, the owl initialized a trial by fixating the position of the LED within a window 144 

of ± 7° in azimuth and ±15° in elevation. During fixation, the LED was automatically 145 

switched on for 1 to 2.5 seconds. After this period, the LED was automatically switched 146 

off, and the stimulus was either presented via loudspeakers (Visaton VRS 8) or 147 

earphones which were mounted on a custom build frame (Philips SHE2550). Free-field 148 

sessions were performed separately from earphone sessions. The earphone frame was 149 

not attached during free-field sessions. In this case only the sensor of the head tracking 150 

system was attached to the aluminum bar. When hearing the sound, the owl turns its 151 

head toward the perceived sound source. The bird was rewarded, if it hit a target 152 

window (±7° azimuth and ±15° elevation) around the positions of the true or the 153 

phantom sources. To keep the owl under stimulus control, care was taken that the daily 154 

reward rate did not drop below 70%. 155 

In the first experiment, we investigated phantom source localization with virtual stimuli 156 

and free-field stimuli. The virtual stimuli were presented via earphones and had flat 157 

frequency spectra. The interaural time difference was randomly varied between trials 158 

(+/-150 s, +/-100 s, +/-50 s); the interaural level difference was set to 0 dB. We called 159 

this condition ‘ITD alone’ in order to distinguished it from stimuli that contain natural ILDs 160 

and spectral cues. Free-field stimuli were delivered from 6 positions in space, 161 

corresponding to the ITDs in the ‘ITD alone’ condition (+/-52.5°, +/-35°, +/-17.5° in 162 

azimuth, all at 0° elevation). 163 
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In the second experiment, all stimuli were presented via earphones. Differing from the 164 

first experiment, the stimuli were additionally filtered with HRTFs and thus contained all 165 

natural cues as in free field stimuli, including different ILDs. Stimulus ILD and ITD were 166 

confirmed after generating the HRTF filtered signals with the microphones still inserted 167 

in the ear canal. During experiments the earphone speakers were not sealed. Sound 168 

directions corresponded to +/-52.5°, +/-35°, +/-17.5° in azimuth, all at 0° elevation. 169 

Acoustic crosstalk between earphone loudspeakers was below -20 dB. In addition to 170 

using the native HRTFs for stimulation, we also took the advantage of HRTFs being 171 

filters that may be changed digitally. We, thus, manipulated individual spatial cues. 172 

Specifically, we manipulated ILD independently from ITD as described elsewhere 173 

(Poganiatz and Wagner, 2001). Briefly, the average power within a specific frequency 174 

band was calculated for the individual HRTF of each ear and was then multiplied by the 175 

corresponding factor to gain a set of HRTFs with fixed ILDs. This corresponded to an 176 

increase of the monaural gain in one ear and a reduction of the monaural gain in the 177 

other ear to keep the average binaural level constant. The phase spectrum of the 178 

HRTFs was kept unchanged. The HRTF-filtered stimuli were either presented with 179 

native ILDs (HRTFnative), or the ILDs were fixed to 0 dB (manipulated HRTF0dB, in brief 180 

HRTF0dB) or ILD was fixed to an ILD corresponding to the position of the estimated 181 

phantom sound source (manipulated HRTFphantom, in brief HRTFphantom).  182 

In both experiments noise bursts with different bandwidths and pure tones were used for 183 

stimulation. The tonal frequency or the center frequency of the noise was 5000 Hz. A 184 

stimulus frequency of 5000 Hz has a period of 200 s. This corresponds to 70° in 185 

azimuth, if converted by 2.8 s/°, the rate of change of ITD with stimulus direction in the 186 

frontal space (von Campenhausen and Wagner, 2006; see also our own measurements 187 
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below). The location of phantom sound sources of narrowband stimuli was estimated 188 

from the period of the center frequency and the conversion factor. Since the location of 189 

the phantom was shifted by 70° from the true source, and since the largest absolute 190 

stimulus angle in the free field was 52.5°, phantom sources were always located in the 191 

hemifield contra-lateral to the true sound source. The noise bandwidth was varied 192 

randomly from 250 to 5000 Hz between trials (250, 500, 750, 1000, 1500, 2000, 3000, 193 

4000 and 5000 Hz). We also used broadband noise (8 kHz bandwidth) as a reference. 194 

The spectra of the signals were flattened before band-pass filtering by filtering the 195 

signals with the inverse transfer-function of the electronical setup including the 196 

loudspeakers. In experiment two, signals were filtered with the HRTF. In this experiment 197 

only pure tones, 1500 Hz bandwidth and 8000 Hz bandwidth were tested. 198 

The stimuli were generated by a custom written MATLAB-Program and converted into 199 

analog signals with an I/O-Processor (RX8, Tucker Davis Technology, system III). The 200 

signals were also amplified (Ecler MPA 4-80 in loudspeaker stimulation and Denon 201 

AVR-1905 in earphone stimulation). The average binaural level with earphone 202 

stimulation was 15 dB SPL and thus well above the hearing threshold of barn owls. In 203 

free-field conditions, the signal-to-noise ratio was 15 dB at the position of the owls head. 204 

The duration of each stimulus was 50 ms, which included 5 ms linear onset/offset-205 

ramps. 206 

 207 

Data analysis. After hearing a sound, the owl typically responded with a swift saccadic 208 

head turn followed by a fixation period. The angle of the owl’s gaze was measured with 209 

a head tracking system (Ascension trakSTAR) which was mounted on the same 210 

aluminum bar that allowed fixation of the owl’s head during HRTF-measurements. We 211 
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analyzed the head orientation angle while the owl fixated the sound source. The 212 

condition for trial validity was that the maximum turning velocity exceeded 20°/s and the 213 

response latency was between 50 ms and 1000 ms. Response latency was the delay 214 

time between stimulus onset and onset of the saccadic reaction. Latency was defined as 215 

the time that elapsed between stimulus onset and the point in time when the head 216 

orientation deviated more than 5° from the orientation at stimulus onset. In valid trials 217 

the response started after the whole stimulus duration (50 ms), i.e. the owl was not 218 

responding to ongoing stimulus while turning its head. The fixation angle was 219 

determined as the mean orientation angle within the first 80 ms after the head turning 220 

velocity dropped again below 20°/s (Kettler and Wagner, 2014). The fixation angle was 221 

corrected by the angle of head orientation at stimulus onset if the stimulus was played 222 

with earphones. The owls typically turned either toward the true sound source or toward 223 

a phantom sound source in the opposite hemifield depending on the stimulus type. We 224 

quantified the number of turns toward the true source and phantom source, respectively, 225 

using custom written MATLAB (The MathWorks) scripts.  226 

 227 

Electrophysiology. Standard extracellular recordings from ICX neurons were available 228 

from other studies (Vonderschen and Wagner, 2009; Singheiser et al., 2012) in addition 229 

to basic neuronal characterization data from studies that are in preparation to be 230 

published but not further analyzed in these studies. The basic characterization of 231 

neurons are a standard procedure performed at the beginning of a recording to identify 232 

the neuron type. Data from 29 adult owls of either sex was available for the analysis of 233 

the distribution of best ILDs in both brain hemispheres. The procedures of owl handling, 234 

surgery, signal generation, and data acquisition have been described elsewhere 235 
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(Vonderschen and Wagner, 2009; Singheiser et al., 2012). Procedures were approved 236 

by Landespräsidium für Natur, Umwelt- und Verbraucherschutz Nordrhein-Westfalen, 237 

Recklinghausen, Germany and complied with the NIH Guide for the use and care of 238 

laboratory animals. 239 

Briefly, the owl was food deprived and its health state was assessed the day preceding 240 

the experiment. The animal was sedated with an intramuscular injection of diazepam 241 

(Valium, 1 mg/kg; Ratiopharm, Ulm, Germany) 30 minutes before anesthesia was 242 

induced. An analgesic (Temgesic, 0.06 mg/kg; Essex Pharma, Munich, Germany) was 243 

also administered. Anesthesia was induced by an intramuscular injection of ketamine 244 

(20 mg/kg; Ceva, Düsseldorf, Germany). Atropine (Atropinsulfat, 0.05 mg/kg; Braun, 245 

Melsungen, Germany) was administered intraperitoneally to prevent salivation. The owl 246 

was then covered by a jacket to restrain the animal and reduce the risk of self-induced 247 

injuries. Anesthesia was maintained by regular intramuscular injections of valium and 248 

ketamine (approximately every two hours). A small craniotomy was then performed to 249 

expose the brain and a tungsten electrode was lowered into the brain. The scalp was 250 

closed after recording and the animal was monitored in a recovery box for the next 12-251 

36h. 252 

Experiments were performed in a similar anechoic chamber as the behavioral 253 

experiments. Dichotic broadband noise stimuli were presented to determine tuning 254 

properties of a neuron by varying either ITD or ILD and record the response rates. ITD 255 

was varied between -330 s and 330 in 30 s steps and ILD kept at 0dB to measure the 256 

ITD tuning curve (firing rate versus ITD). ILD tuning curves where measured by varying 257 

ILD from -24dB to 24 dB in 4dB steps while keeping the ITD at the value that evoked the 258 

maximum response (best ITD). Tuning to ILD was characterized by the ILD that elicited 259 
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the highest firing rate (best ILD). This best ILDs and best ITDs of 395 single and multi-260 

units were collected. From these units those were further analyzed that had best ITD 261 

and best ILD pairs that also occurred on the equatorial plane as measured in the HRTF 262 

measurements. Since ILD varied across owls in the equatorial plane we also included 263 

neurons with best ILDs that were ±4dB smaller or larger than ILDs found in the HRTF 264 

measurements at 0° elevation. 265 

 266 

Statistics. Statistical analysis was performed by using the MATLAB statistics toolbox. 267 

For behavioral experiments, the percentage of true-source fixations between the 268 

different stimulus types was compared by using contingency tables, and tested with a 269 

Pearson’s ²-test. Significance between preferred ILDs of neurons of the left and right 270 

hemisphere was tested with a two-sided t-test (Matlab function ttest2).  271 

272 
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Results 273 

Acoustical measurements  274 

Natural sounds arriving at the ears are composed of multiple spatial cues. Interaural 275 

time difference (ITD), interaural level difference (ILD), and monaural spectral cues carry 276 

information about the direction of a sound source (Blauert, 1996). In owls, interaural 277 

level difference is the major cue for elevational sound localization (Poganiatz and 278 

Wagner, 2001) and, thus far, has not been shown to influence detection of the azimuth 279 

of a sound source in this species. However, previously published data indicates that ILD 280 

also varies in the equatorial plane (see Figure 5 in von Campenhausen et al., 2006). To 281 

examine a possible influence of ILD in azimuth we determined the distribution of ILDs 282 

and ITDs from head related transfer functions (HRTF). The HRTF characterizes the 283 

influence of the body, the head and the ear on the sound originating from a point in 284 

space. It contains the whole spatial information available in a free-field stimulus. Virtual 285 

auditory stimuli may be created by filtering a signal with a pair of HRTFs recorded at the 286 

left and right ears, and presenting these via earphones. This mathematical operation 287 

also allows for manipulation of the spatial cues, and for creation of stimuli that would 288 

never occur in nature but that are helpful for examining the mechanisms used for sound 289 

localization. 290 

The acoustical measurements showed that ITD varies almost exclusively with azimuth 291 

as illustrated by the example for one owl in Figure 1a. HRTF recordings of nine owls 292 

show that ITDs occurring in the frontal space of the barn owl vary almost linearly 293 

between +/- 250 s at +/-100° azimuth with low variability, corresponding to a 294 

physiological ITD range of 500 s (Figure 1b). Poganiatz et al., (2001) identified ITD as 295 
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the major cue for azimuthal localization, which is consistent with the observation that ITD 296 

is mostly invariant to elevational changes. The color gradient in Figure 1c illustrates that 297 

ILD also varies with azimuth, but to a lesser extent as with elevation. The HRTFs of nine 298 

owls demonstrated a clear dependence of ILD on azimuth in the equatorial plane with 299 

negative ILDs occurring in the left hemifield and positive ILDs occurring in the right 300 

hemifield (Figure 1d). The azimuthal dependence of ILD was not symmetric around 0° 301 

azimuth, but had a complex shape. The range of ILDs in the equatorial plane (13.8 dB) 302 

was small compared to the overall ILD range (40 dB; von Campenhausen and Wagner, 303 

2006). As a recent human study revealed (Hartmann et al., 2016), such small ILDs may 304 

be sufficient to influence azimuthal localization in that they enhance the localization of 305 

the azimuth. In the study of Hartmann et al. (2016), manipulating the ILD by using virtual 306 

stimuli increased or decreased laterality of the perceived stimulus. A similar effect might 307 

be found in owls, since they generally use ITD and ILD in the same frequency. For that 308 

reason, we performed behavioral experiments with free-field and virtual stimuli to test 309 

this hypothesis. 310 

 311 

Behavioral experiments 312 

Two experiments were conducted with two barn owls to test the influence of ILD on 313 

azimuthal sound localization. Data from 11056 behavioral trials were collected. Each 314 

data point is based on at least 20 trials. In experiment 1a dichotic signals were 315 

presented with earphones and the ITD was varied between trials (owl 1: 1970 trials; owl 316 

2: 1856 trials). The owl had to localize flat spectrum noise bursts with different 317 

bandwidths. In experiment 1b (owl 1: 2242 trials; owl 2: 1778 trials) the same bandpass 318 

noise signals as in experiment 1a were played from free-field loudspeakers at the 319 
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locations corresponding to the ITDs in experiment 1a and 0° elevation. Note that free-320 

field stimuli contain all natural cues, including location-dependent interaural level 321 

differences (ILD), while in the stimuli used in experiment 1a, the ILD was set to 0 dB. In 322 

experiment 2 the owls also had again to respond to noise with different bandwidths. The 323 

stimuli were presented with earphones, but were filtered with head related transfer 324 

functions (HRTF) corresponding to the speaker positions in experiment 1. We used 325 

native HRTFs which contain all natural cues and are equivalent to free-field stimulation 326 

as in experiment 1b (HRTFnative; owl 1: 828 trials; owl 2: 550 trials). We also manipulated 327 

the ILD but left all other cues as they were in the native HRTFs. The ILD was either fixed 328 

to 0 dB, which corresponds to the parameters used in experiment 1a (HRTF0dB; owl 1: 329 

445 trials; owl 2: 513 trials), or we fixed the ILD to the value measured 70° off the true 330 

sound source at the estimated position of the phantom source in the contralateral 331 

hemisphere (HRTFphantom; owl 1: 420 trials; owl 2: 454 trials). 332 

 333 

Characteristics of head turns. When hearing a faint sound, barn owls naturally turn 334 

their head towards the perceived position of the sound source. Figure 2a shows the time 335 

course of head orientation in a single trial. After the owl oriented its gaze to the front 336 

within the boundaries of the initialization window (see Methods) for some time, the 337 

stimulus was played. In this example a broadband noise burst with an ITD of 100 s was 338 

played. Figure 2 shows data from owl 1 as example. The owl responded to the sound 339 

after a latency of 146 ms with a saccade towards the true virtual sound source at 35°. 340 

The head orientation after the saccade was held within the target window for a sufficient 341 

time, and the owl was rewarded after a predetermined short time (see Methods). The 342 

owl almost always (>90%) turned to the right, i.e. the true source, with 100 s ITD and 343 
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broadband noise as illustrated in Figure 2b. By contrast, when the owl was stimulated 344 

with a 5 kHz tone with an ITD of 100 s, the owl turned more often to the hemifield 345 

opposite of the true source (Figure 2c). In the following turns toward the hemifield 346 

opposite to the true source are termed phantom source fixations. More specifically, 347 

during phantom source fixations the owl turned its head to a position roughly off by one 348 

stimulus period (70° at a frequency of 5000 Hz and a period of 200 s) from the true-349 

source. The owls generally tended to undershoot both the true as well as the phantom 350 

source; a commonly observed behavior in owls (Hausmann et al., 2009; Kettler and 351 

Wagner, 2014). The percentage of phantom-source fixations was intermediate with a 352 

narrowband stimulus (Figure 2d, center frequency 5000 Hz, bandwidth 1500 Hz). 353 

Fixation angles in all cases were bimodally distributed with a null at 0° (Figure 2d inset) 354 

which made it easy to link fixations to the true or the phantom sources and to calculate 355 

percentage of true source fixations per bandwidth and stimulus condition. 356 

 357 

Experiment 1 - Influence of bandwidth on phantom-source fixations. Since 358 

perceiving and responding to phantom source illusions may create detrimental situations 359 

in natural behavior, we hypothesized that the owl should have the ability to reduce errors 360 

for narrowband stimuli. We first confirmed and quantified an earlier observation by 361 

Saberi et al. (1999) that phantom source localizations depended on stimulus bandwidth: 362 

turns toward the true source in experiment with ITD alone increased with increasing 363 

bandwidth up to 90% above 3 kHz bandwidth in both owls (Figure 3). This conclusion 364 

was drawn after averaging the responses to mirrored ITDs (Figure 3a [owl 1] and 3b [owl 365 

2]) which also effectively eliminated a bias for left sources from the data observed in 366 

both owls (see for example Figure 2c). Large ITDs (+/- 150 s) also elicited fewer turns 367 
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toward the true source than small ITDs (+/- 50 s) (Figure 3a,b). The inverse held for 368 

small ITDs (+/- 50 s). Thus, sound sources closer to the center of the gaze, both the 369 

true source and the phantom source, dominated over peripheral sound sources. This 370 

behavior is consistent with the owls’ preference for frontal locations (Hausmann et al., 371 

2009; Fischer and Peña, 2011; Kettler and Wagner, 2014).  372 

In the next step we compared the results of stimulus presentation via earphones (ITD 373 

alone stimulus) and in free-field (Figure 3c,d). For both earphone presentation and free-374 

field stimulation, the percentage of true-source fixations increased in both owls as the 375 

bandwidth of the stimulus increased (Figure. 3c,d). In other words, the average 376 

percentage of phantom-source fixations over all six directions decreased as the 377 

bandwidth of the stimulus increased. However, the dependence of the psychometric 378 

curves on bandwidth was different. The difference is largest for tonal stimuli. While tonal 379 

stimuli in ITD alone signals elicited 50% turns to either source, free-field tonal stimuli 380 

resulted in more turns to the true source (Figure 3c, d). The difference was statistically 381 

significant in both owls. For the statistical test the data was averaged across stimulus 382 

position (contingency tables, Pearson’s ²-test, p < 0.001 in both owls). The free-field 383 

psychometric curves were shifted to the left compared with the ITD-alone psychometric 384 

curves up to a bandwidth of about 3000 Hz, indicating higher performance in the former 385 

paradigm compared with the latter paradigm. For example, 80% true-source fixations 386 

with free-field sounds was already reached at bandwidths of 250 Hz (owl 1) or 1000 Hz 387 

(owl 2) in the free-field paradigm, while a bandwidth of 2000 Hz was necessary in both 388 

owls to reach a performance of 80% performance in the ITD alone paradigm (Figure 3c, 389 

d). In other words, the addition of spatial cues as present in free-field stimuli partly 390 

compensated for ambiguities and helped to eliminate the illusion. Referring to the small 391 
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ILDs occurring in the equatorial plane as revealed by the acoustical measurements 392 

(Figure 1), we hypothesized that this additional information may be carried by ILDs. 393 

 394 

Experiment 2 - Influence of ILD on azimuthal localization. In the second experiment 395 

we tested the hypothesis that ILD may improve true-source localization. To determine 396 

the influence of ILD we used native and manipulated HRTFs as stimuli. We first checked 397 

whether the native HRTFs indeed contained the azimuthal information of the free-field 398 

stimuli as is theoretically expected (HRTFnative) by comparing the head-turning behavior 399 

to free-field stimulation. The tests were conducted with a 5 kHz tone, narrowband noise 400 

centered at 5 kHz with a bandwidth of 1.5 kHz and broadband noise, also centered at 5 401 

kHz but with a bandwidth of 8 kHz. No statistical difference was found between 402 

stimulation with native HRTFs and free-field stimulation in either owl for five of the six 403 

stimulus conditions (contingency tables, Pearson’s 2-test, Figure 4a, b). Only data in 404 

owl 1 when a tone was used a stimulus yielded a difference with a higher percentage of 405 

true-source fixations with native HRTFs than with free-field stimuli. This data, including 406 

the data point where a difference occurred, demonstrated that the stimulation with 407 

HRTFnative is equivalent to stimulation with free-field sources by eliciting a better 408 

performance than ITD alone stimuli. 409 

In the next step we manipulated the ILD of the HRTF-filtered stimuli. We first set the ILD 410 

to 0 dB (HRTF0dB). This created a situation similar to the ITD alone condition in 411 

experiment 1 except that the stimuli contained a natural frequency spectrum. The 412 

behavior of both owls with HRTF0dB nevertheless closely resembled their behavior with 413 

ITD alone stimuli. Specifically, phantom-source localization percentages were not 414 

statistically different (Figure 4c,d; contingency tables, Pearson’s ²-test, p>0.05). Since 415 
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ILDs were 0 dB in both experiments and thus pointing toward 0° azimuth and elevation 416 

this result suggested an influence of ILDs in phantom-source fixations.  417 

In the last test, ILDs were fixed to the ILD measured at the phantom source 418 

(HRTFphantom) to substantiate the conclusions drawn from the previous experiments. The 419 

expectation was that phantom source fixations should increase, if the ILD was used by 420 

the owls to compute the position of the sound source. This effect should be most 421 

pronounced for tonal stimulation, because in these stimuli ITD information is maximally 422 

ambiguous. If the responses to tonal stimuli were compared, tonal true-source fixations 423 

indeed decreased significantly compared to HRTFnative stimulation in both owls (Figure 424 

4e,f; contingency tables, Pearson’s ²-test, p < 0.01 in both owls). The reduction was still 425 

present in both owls for a stimulus with a bandwidth of 1.5 kHz (Figure 4e,f). It 426 

disappeared in owl 1 for the broadband stimulus (Figure 4e), but not in owl 2 (Figure 4f). 427 

This indicated a diminishing weight of ILD on azimuthal sound source localization with 428 

increasing bandwidth. However, and more importantly, this finding also shows that ILDs 429 

indeed influence azimuthal sound localization in barn owls. Figure 5 provides a summary 430 

of the aforementioned effects by showing the average performances of the two owls. 431 

Free-field sources are less ambiguous than dichotic stimuli with an ILD an ILD pinned to 432 

0 dB (Figure 5a). If the additional ILD as present in native HRTFs matches the direction 433 

of the ITD, the performance is very similar to the performance with free-field stimulation. 434 

. Setting the ITD to 0 dB in the ITD alone and HRTF0dB paradigms, leads to similar 435 

responses, independently of the presence of detailed spectral cues. The behavioral 436 

performance is reversed, if the ILD in the stimulus points toward the phantom source. In 437 

other words, true source fixations in the HRTFphantom case roughly correspond to 438 

phantom-source fixations in the HRTFnative paradigm (Figure 5b).  439 
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 440 

 441 

Quantifying ILD representation in ICX 442 

One possible explanation for the behavioral effects of ILD might be an asymmetry of ILD 443 

representation in the two brain hemispheres. Rival hemispheres could drive the 444 

behavioral decision to turn to either phantom or true sound sources. It has been shown 445 

that in the optic tectum each hemisphere represents the contralateral auditory space 446 

(Knudsen, 1982), such that negative ITDs dominate in the right hemisphere and vice 447 

versa (Olsen et al., 1989). Olsen et al., 1989 also found a gradient of ILD representation 448 

perpendicular to the ITD representation, but their data did not reveal how ILD is 449 

represented in the equatorial plane. In the inferior colliculus, spatial receptive fields are 450 

generated by convergence of ITD and ILD sensitive pathways. Thus, ILDs on the 451 

equatorial plane may be also asymmetrically represented in the midbrain hemispheres. 452 

Our data confirms this assumption (Figure 6). The examples in Figure 6a and b show a 453 

typical ILD tuning curve and an ITD tuning curve of a single neuron. The largest 454 

response rate (best ILD) of this neuron was at -4 dB and the best ITD at 60 s. Best ILD 455 

and ITD were used as signature for the preferred direction of a neuron. From a 456 

population of 395 ICX neurons we analyzed those 185 with best ITD and best ILD (grey 457 

dots, Figure 6c) that matched combinations of ITD and ILD on the equatorial plane in the 458 

HRTF recordings (black line average of nine owls, Figure 6c). We included neurons with 459 

best ITD/ILD combinations in near the average values from the HRTFs of nine owls Best 460 

ILDs and ITDs were analyzed in bins with a width of 4 dB and 60 s as shown by the 461 

dots in Figure 6cFor example, the neuron in Figure 6a and b lies in the bin centered at 462 

+4 dB ILD and +45 s ITD as indicate by the red dot in Figure 6c. 463 
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The data shows that neurons in the right external nucleus of the inferior colliculus (ICX) 464 

respond preferably to negative ITDs and negative ILDs, while neurons in the left ICX 465 

respond preferably to positive ITDs and positive ILDs (Figure 6d,e). We observed a 466 

mean best ILD of 1.28 dB for units of the left hemisphere and -2.37 dB for units of right 467 

hemisphere. (Figure 6f, two-sample unpaired t-test, p < 0.001, t = 6.8861, degrees of 468 

freedom = 183).  469 

 470 

Discussion 471 

We analyzed the contributions of ILD to azimuthal sound localization by combining 472 

acoustical measurements, virtual stimulation, psychophysics, and electrophysiology in 473 

barn owls. Combining ITD and ILD information can eliminate an auditory illusion, namely 474 

the phantom sound sources that occur with narrow band stimuli. Our data show for the 475 

first time that the owl does not exclusively use ILDs for elevational sound localization, 476 

but also for azimuth. This use of ITD and ILD cues in barn owl and human sound 477 

localization provides an auditory example of cue combination.  478 

The standard model for barn owl sound localization states that ITD and ILDs code for 479 

different spatial coordinates (Moiseff, 1989; Poganiatz and Wagner, 2001; Poganiatz et 480 

al., 2001). ITDs varied almost exclusively with azimuth in the whole physiological 481 

frequency range of the owl (Figure 1 and Keller et al., 1998; von Campenhausen and 482 

Wagner, 2006). Experiments demonstrated that ITD is the main cue for azimuthal sound 483 

localization (Moiseff, 1989; Poganiatz et al., 2001; Hausmann et al., 2009). Poganiatz et 484 

al. (2001) demonstrated, that even if ILD is pointing toward a different location than ITD, 485 

the owl turned its head toward the location determined by the ITD, indicating that ITD is 486 

the dominant cue in broadband signals. However, not all observations, such as front-to-487 
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back confusion in azimuthal sound localization (Hausmann et al., 2009), could be 488 

sufficiently explained by the standard model. Thus, it seemed that other cues must also 489 

influence azimuthal sound localization. We identified ILD as disambiguating cue when 490 

the ITD provides only ambiguous information. ILDs are appropriate cues, since they vary 491 

with azimuth in the equatorial plane. We show here that the small variations of ILD in 492 

azimuth present in the signal at the ear drums suffice to enhance localization. 493 

Saberi et al. (1999) speculated that owls perceive two images in case of ambiguous 494 

signals and choose one. The images are assumed to be generated by the tuning 495 

periodicity of neurons that perform a cross-correlation of narrowband sounds (Saberi et 496 

al., 1998b; Fischer et al., 2008). Such a neuron responds maximally to two (or more) 497 

directions with tonal stimulation. Here we show that one stimulus may cause the owls to 498 

localize either the true or the phantom sources. Furthermore, the decision of the bird to 499 

turn to either of the sources varied from trial to trial. Responses of a single neuron do not 500 

allow for prediction of these behaviors, however, since a single neuron in the auditory 501 

space map can only represent one spatial direction. Hence, an ensemble of neurons is 502 

needed to elicit the observed behavior. We show here that at a population level, ILDs 503 

are asymmetrically represented in the left and right brain sides. We propose that this 504 

asymmetric representation might be the basis for rival hemispheres driving the observed 505 

behavior.  506 

A simple model that takes the asymmetric representation of space in the two brain 507 

hemispheres into account provides an explanation for the observed behavior. The rivalry 508 

between phantom and true sound source may reflect competition between brain 509 

hemispheres. Figure 7 illustrates the possible contribution of this asymmetry to behavior. 510 

Sound sources in the right hemifield evoke greater ILD driven activity in the left 511 
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hemisphere than in the right hemisphere. Ambiguous ITD tuning may generate activity in 512 

both brain hemispheres reflecting true and phantom source localization. Multiplicative 513 

combinations of ITD and ILD (Peña and Konishi, 2001) driven activity with native stimuli 514 

reduces the activity in the brain hemisphere corresponding to the phantom source. ITD 515 

driven activity is not influenced if ILD driven activity is equal in both hemispheres 516 

(HRTF0dB). The activity in the brain hemisphere of the phantom source is increased, if 517 

ILD is fixed to the position of the phantom source (HRTFphantom). The bell-shaped ILD 518 

tuning curves in ICX are very broad with an average half-height width of 17 dB (Pérez et 519 

al., 2009) and thus carry only poor information within the range of ILDs occurring in the 520 

frontal space (13.6 dB). Thus, it is unlikely that the owl could rely on ILD alone to 521 

precisely localize the azimuth of a sound sources. It is more likely that ITD is the primary 522 

cue in determining the location of the source, and that ILD provides a weighting factor 523 

for ambiguous sources.  524 

In contrast to barn owls, it was long known that both ITD and ILD influence azimuthal 525 

sound localization in mammals and human. ITD and ILD information is combined across 526 

different frequency bands (Buell and Hafter, 1991), with ILD being the main cue in the 527 

high-frequency range and ITD being the main cue in the low-frequency range (Strutt, 528 

1907). However, conflicting ITD and ILD information, e.g. in manipulated virtual stimuli, 529 

may lead to the perception of a single sound source that lies between the locations 530 

determined by ITD and ILD (Young and Carhart, 1974). In other cases two images are 531 

perceived (Whitworth and Jeffress, 1961). The weighting of these cues is frequency 532 

dependent. For example, broadband ITD information overrides ILD information that 533 

points to a different direction than the ITD (Wightman and Kistler, 1992), which is similar 534 

to the data reported here and in (Poganiatz et al., 2001). The transition of dominance of 535 
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either cue depends mainly on the head size and the critical frequency at which phase 536 

ambiguities may appear. For example, Keating et al. (2014) showed that the situation in 537 

ferrets is similar to humans, with a slightly higher critical frequency, but also that the 538 

weighting of the different cues can change during development (Keating et al., 2013). 539 

Furthermore, a most recent report of human data (Hartmann et al., 2016) showed that 540 

even small naturally occurring ILDs at low frequencies eliminate ambiguities that arise 541 

from ambiguous interaural phase differences (>180°) with pure tones, while ambiguity 542 

was increased by unnatural combinations of ITD and ILD. These observations are 543 

congruent with the data reported here, in that ILD helps to disambiguate the source of 544 

narrowband stimuli in owls. Apparently, ITDs and ILDs are combined in the same 545 

frequency band in humans and owl, which indicates a similar mechanism underlying 546 

combination of these cues in both species.  547 

One interesting general question is how cues are combined (for a review see Ernst, 548 

2006). An additive (linear) interaction means that both cues contribute to the position 549 

estimate at any time (Gu et al., 2008). Non-linear interactions occur, for example, in 550 

depth vision where binocular disparity and motion parallax interact non-linearly in the 551 

computation of depth (Bradshaw and Rogers, 1996), contour perception in the visual 552 

system (Persike and Meinhardt, 2015), or multi-sensory integration (Sheppard et al., 553 

2013). Such adaptive weighting of cues optimizes the detection and localization of 554 

stimuli in an environment of constant fluctuation of incoming sensory information. In the 555 

present case a non-linear interaction of ITD and ILD is likely, since these cues are 556 

integrated in a multiplicative fashion on a cellular basis (Peña and Konishi, 2001; Fischer 557 

et al., 2007). As is the case with ITD for narrowband high-frequency sounds, often one 558 

cue is not reliable throughout stimulus space. In addition to the ambiguities that where 559 
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shown in the presented experiments, the reliability of interaural phase differences (IPD), 560 

from which ITDs are computed, varies with frequency and sound source location in barn 561 

owls (Cazettes et al., 2014). In such a situation, a second (or third) cue may also be able 562 

to support the spatial information, as is the case for the ILD cues used to disambiguate 563 

ITDs here. The reliability of ITD was low with small bandwidth but the weight of ILD 564 

relative to that of ITD increased in this situation, which improved the detection of the true 565 

stimulus position. On the other hand the weight of ILD was low compared to the weight 566 

of ITD in broadband conditions when ITD was a reliable cue.  567 

In summary, one cue may not be reliable throughout the whole stimulus space, and may 568 

even produce illusory percepts. We showed, that pure ITD based azimuthal localization 569 

is not sufficient to explain the entire behavioral spectrum. In a natural situation, 570 

combinations of multiple cues may support the exceptional sound localization abilities of 571 

barn owls. We do not rule out that more cues might help in eliminating illusions. 572 

Frequency or amplitude modulations for example may also provide additional 573 

compensation from ambiguity in a fluctuating sensory world.  574 

  575 
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Figure Legends 695 

Figure 1: Acoustical measurements of the owl head. (a) Surface plot illustrating 696 

distribution of ITD in the frontal space. The data is derived from HRTF measurements of 697 

one owl which was not used in the behavioral experiments. (b) Average ITD of nine owls 698 

at 0° elevation (black line). (c) Surface plot illustrating distribution of ITD in the frontal 699 

space for the same owl as in a. (d) Average ILDs of the same nine owls in the equatorial 700 

plane (0° elevation) with broadband stimuli. Grey areas show standard deviation. ILDs of 701 

the two owls used in the behavioral experiments are shown with circles (owl 1) and 702 

triangles (owl 2). 703 

 704 

Figure 2: Localization behavior in ITD alone condition and head turn analysis. The owls 705 

localized dichotic noise signals having a center frequency of 5 kHz. The bandwidth was 706 

varied between trials. The directional information was provided by ITDs; ILD was set to 0 707 

dB (ITD alone condition). Data shown for owl 1. (a) Head orientation for a single trial with 708 

broadband noise 100 s ITD corresponding to 35°. The owl was trained to direct their 709 

gaze toward a virtual starting window at 0° azimuth and elevation to initiate a stimulus 710 

trial. After keeping this orientation for some 1 to 2.5 seconds (grey area initialization) the 711 

stimulus was played. The owl typically responded with a head saccade after a short 712 

latency followed by fixation at the sound source. Negative and positive angles denote 713 

turns to the left and right. Abscissa shows time with respect to stimulus onset at 0ms. (b) 714 

All head turns with 100 s ITD and broadband noise (center frequency = 5 kHz, 715 

bandwidth = 8 kHz). Blue lines indicate fixations at the true sound source. Fixations in 716 

the opposite hemifield were classified as phantom fixations (red lines) (c) All head turns 717 
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with 5 kHz pure tones and ITD = 100 s. (d) Responses to narrowband noise 718 

(bandwidth = 1.5 kHz). The inset in d shows the distribution of fixations with narrowband 719 

noise.  720 

 721 

Figure 3: Experiment 1: phantom source localization with bandpass filtered signals with 722 

dichotic and free-field signals. Percentage of true source fixations as a function of 723 

stimulus bandwidth (0 Hz: pure tone stimulation) for owl 1 (a, c) and owl 2 (b, d). (a,b) 724 

Average of the fixations at mirrored ITDs direction indicated by the inset. (c,d) Average 725 

across all stimulus directions for dichotic stimuli with 0 dB ILD (ITD alone, cyan) and 726 

free-field (grey) stimuli. The percentage of phantom source fixations is equal to 100 727 

minus the percentage of the turns toward the true source.  728 

 729 

Figure 4: Experiment 2: behavioral experiments with HRTF filtered stimuli. Upper row 730 

data from owl 1. Lower row data from owl 2. The plots show the average percentage of 731 

turns toward the true source across all stimulus directions in response to noise with 732 

different bandwidth (1.5 kHz, 8 kHz) and tones (0 kHz). (a,b) Comparison between free-733 

field experiments (grey) and experiments with native HRTFs (black). (c,d) Earphone 734 

stimuli with flat spectra and ILD = 0 dB (ITD alone, light-cyan) and HRTF with ILD fixed 735 

to 0dB (HRTF0dB, dark cyan). (e,f) HRTF filtered stimuli with the ILD fixed to the value 736 

measured at the direction of the phantom sound source. Error bars show standard error 737 

of the mean over six stimulus locations used in this study (±52.5°±150 μs, ±35°/±100 μs, 738 

±17.5°/±50 μs). ** p < 0.01, * p < 0.05  with Pearson’s chi²- test, ns: not significant. 739 

 740 
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Figure 5: Average behavior of two owls and summary of the behavioral data. (a) 741 

Average true source fixations over all stimulus directions for free-field (black) and ITD 742 

alone conditions (cyan). (b) Comparison of experiment1 (free-field, ITD alone) and 743 

experiment 2 (HRTF). 744 

 745 

Figure 6: Representation of azimuthal ITD and ILD in the external nucleus of the inferior 746 

colliculus (ICX). (a) Typical ILD tuning curve as measured in left ICX. Response rate is 747 

plotted as a function of ILD. The ILD that evokes the highest response rate (best ILD, +4 748 

dB) is shown with a black arrow. (b) ITD tuning curve of the same neuron as in a. 749 

Response rate is plotted as a function of ITD. Black arrow indicates best ITD (+30 s).  750 

(c) Indicated with the black line are the ILD/ITD combinations occurring on the equatorial 751 

plane. Shaded area shows standard deviation of ILD. The circles indicate the best 752 

ITD/best ILD pairs from the total population of recorded ICX neurons considered in the 753 

following analysis. Each circle depicts the center of a histogram bin, which includes all 754 

best ITD/ILD of corresponding values. The value for the neuron in a,b is shown as a red 755 

filled circle. (d,e) Distributions of best ITDs and best ILDs in the left and right ICX. Red 756 

line shows the ITDs and ILDs occurring on the equatorial plane as in c. Placed 757 

underneath are the histogram data of best ILDs and ITDs (from electrophysiological 758 

recordings). The color code shows the number of units with preferred ITD/ILD-pairs in a 759 

histogram bin. Bin width for ILD is 4 dB, and 60 s for ITD. More negative ILDs were 760 

found in the right hemisphere, while more positive ILDs were found in the left ICX. Data 761 

base: 395 single neurons or multi units from ICX. Distribution is shown for those neurons 762 

that match the dots in c (left: n = 76, right: n = 109). (f) Distribution of best ILDs in the 763 

ICX in the left (blue) and right (red) brain side summarizing data from d and e. Color 764 
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filled circle indicate mean best ILD for left (blue) and right (red) brain side. Error bars 765 

show 99.9% confidence intervals. Negative ITD and ILD values refer to left ear earlier or 766 

left ear louder. 767 

Figure 7: Behavioral data explained by rival brain hemispheres. ILD and ITD form a map 768 

of auditory space and interact by multiplication. The figure shows the possible influence 769 

of ILD on the ITD driven activity in both midbrain hemispheres with tonal stimulation as 770 

example. Left column: When ILD and ITD point toward the same direction, as it is the 771 

case with native stimuli, ILD driven activity is higher in the left brain side corresponding 772 

to the true source (blue) than in the right side that corresponds to the phantom source 773 

(red). This reflects on the overall activity (lower row). Hence, the owl localizes the true 774 

source more often than the phantom source. Here are shown active sub-populations in 775 

the left (blue) and right (hemisphere) as predicted by the population model. More frontal 776 

ITDs are represented in the anterior ICX, while peripheral ITDs are found in posterior 777 

parts of the ICX. Middle column: If the ILD is fixed to 0 dB the ILD driven activity in both 778 

brain sides is almost equal and thus, the overall activity, too. The owl then localizes 779 

phantom and true sources with the same frequency. Right column: If the ILD is fixed to 780 

the value that corresponds to the phantom source, the overall activity is higher in the 781 

brain side that corresponds to the phantom source (right brain side for phantoms in the 782 

left hemifield). Consequently, the owls turned their head more often to the phantom 783 

source. 784 
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