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Zusammenfassung

Mithilfe ihrer Echoabbildung vollbringen Flederméuse erstaunliche Leistungen bei
der Erkennung von Objekten in volliger Dunkelheit. Eine wachsende Anzahl von
Studien belegt, dass fiir frugivore und nectarivore Flederméause der Familie der Phyl-
lostomidae die Echoabbildung eine zentrale Rolle bei der Erkennung von unbeweg-
ten Objekten spielt. Die Grundvorraussetzung fiir die Erkennung von Objekten ist
die sensorische Analyse von physikalischen Objekteigenschaften. Die akustischen
Eigenschaften eines Objekts werden durch dessen Impulsantwort beschrieben. Die
Impulsantwort ist die Summe aller Reflektionen, die ein Objekt zuriickwirft, wenn es
mit einem akustischen Impuls beschallt wird. Das spezifische Echo, das eine Fleder-
maus von einem Objekt empfingt, entsteht, indem die Impulsantwort des Objekts
auf den ausgesandten Ortungslaut ,aufgepragt” wird.

Bis heute ist es nicht klar, ob und wie eine akustische Objekteprédsentation aus den
Impulsantworten im Gehirn der Fledermaus gebildet wird. Die vorliegende Ar-
beit beschiftigt sich mit drei verschiedenen Aspekten der echoakustischen Objekt-
verarbeitung bei Phyllostomiden: Der Detektion von gefilterten Lauten in einem
Riickspielexperiment, der Objekterkennung iiber verschiedene Modalititen hinweg
und der Klassifikation komplexer Phantomziele.

Im ersten Teil dieser Arbeit sollte die Empfindlichkeit des Gehors einer bliitenbesu-
chenden Fledermaus, Glossophaga soricina bestimmt werden. Im ersten Teilversuch
wurden in einem Riickspielexperiment die Detektionsschwellen fiir Echos des eige-
nen Echoortungslautes als Funktion des Frequenzgehalts und der Echoverzdgerung
gemessen. Bis zu vier Flederméduse wurden dafiir gleichzeitig in einem voll auto-
matisierten Versuchsaufbau dressiert. Wahrend des Versuchs wurden Ortungslau-
te von G. soricina zur Quantifizierung verschiedener Lautparameter aufgenommen
und analysiert. Die Empfindlichkeit fiir spektrale Lautkomponenten war eng an die
spektrale Lautzusammensetzung gekoppelt. Aufierdem wird gezeigt, dass Nachver-
deckung bei der Echoabbildung von Objekten in mehr als 41 cm Entfernung eine un-
tergeordnete Rolle spielt. In einem zweiten Teilversuch wurden die relative Empfind-

lichkeit und die Abstimmschérfe der auditorischen Peripherie anhand von Verzer-
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rungsprodukt otoakustischen Emissionen (distortion-product otoacoustic emissions,
DPOAESs) und Suppressionstuningkurven (STCs) gemessen. Die DPOAE Schwellen-
kurven zeigten eine relativ gleichbleibend hohe Empfindlichkeit fiir Frequenzen bis
zu 135 kHz. Die Abstimmschérfe der cochledren Filter entspricht weitestgehend der

anderer unspezialisierter Sduger.

Neben der Echoabbildung kann bei Flederm&dusen natiirlich auch der Gesichtssinn
zur Wahrnehmung von Objekten beitragen. Fiir eine zuverldssige Objekterkennung
wire es von Vorteil, wenn die Repréasentation eines Objektes einer Modalitédt auch der
anderen zur Verfiigung stiinde. Mit diesem Thema befasst sich der zweite Teil dieser
Arbeit. Mehrere G. soricina wurden darauf andressiert, zwei verschiedene reale Ob-
jekte nur mit Hilfe der Echoabbildung zu unterscheiden. Hatten sie diese Aufgabe
erlernt, wurde getestet, ob sie dieselben Objekte auch nur mithilfe visueller Wahr-
nehmung unterscheiden konnten. Keines der Tiere zeigte sich in der Lage, die Test-
aufgabe zu 16sen. Dies zeigt, dass Flerm&duse nicht ad-hoc eine akustische Objektre-
prasentation bilden, die fiir andere Modalitdten zugénglich ist.

Grofie, komplexe Objekte wie z.B. Biume besitzen sehr viele Reflektoren, wodurch
chaotische Impulsantworten zustandekommen. Daher kénnen solche Objekte nur an-
hand statistischer Eigenschaften der Impulsantworten, wie z.B. der Rauhigkeit, un-
terschieden und klassifiziert werden. Im dritten Teil der vorliegenden Arbeit sollte
die Fahigkeit der frugivoren Art Phyllostomus discolor untersucht werden, komplexe,
chaotische Echos, wie sie z.B. von verschiedenen Vegetationstypen zuriickgeworfen
wiirden, zu unterscheiden und zu klassifizieren. In einem Dressurexperiment lernten
die Tiere, eine bestimmte rauhe Impulsantwort von einer bestimmten weniger rauhen
Impulsantwort zu unterscheiden. Dartiber hinaus waren die Tiere in der Lage, unbe-
kannte Impulsantworten anhand ihrer Rauhigkeit zu klassifizieren. Diese Fahigkeit
gibt Fledermdusen die Moglichkeit, grofie, komplexe Objekte trotz ihrer chaotischen
Impulsantworten in Klassen einzuordnen. Basierend auf einem Modell der auditori-
schen Peripherie von P. discolor konnte in einer Computersimulation der Klassifikati-
onsaufgabe anhand von auditorischen Représentationen der Echos gezeigt werden,
dass modulationssensitive Neurone fiir die Kodierung der Rauhigkeit chaotischer

Echos eine zentrale Rolle spielen konnten.



Summary

Their echo-imaging system has enabled microchiropteran bats to perform extraordi-
nary object recognition tasks in complete darkness. A growing number of studies
provide evidence that echo-imaging plays an important role for the recognition of
silent and motionless objects in nectivorous and frugivorous species of the phyllosto-
mid family. The basic prerequisite for object recognition is the perceptual analysis of
an object’s physical properties. The acoustic properties of an object are encoded in its
impulse response (IR). The IR is defined as the sum of reflections recorded when an
object is ensonified with an acoustic impulse. Whenever a bat ensonifies an object it
receives a specific echo, which is the object’s IR imprinted on the bat’s sonar emission.
Up to now, it is not clear if and how an auditory representation of an object derives
from the analysed IRs in the bat’s brain.

The current thesis addresses three different aspects of echo-acoustic object evaluation
in two species of phyllostomid bats: detection of filtered calls in a playback experi-
ment, cross-modal object recognition and classification of complex phantom objects.
The aim of the first part of the present thesis was to characterise the auditory sensitiv-
ity of the nectar feeding bat, Glossophaga soricina. In a first experiment, the detection
thresholds for echoes of the own emitted calls were determined as a function of echo
spectral content and echo delay. To this end, up to four bats were trained simultane-
ously in a fully automatic two-alternative, forced choice (2-AFC) playback paradigm.
For a quantification of call parameters, sonar emissions of the bats were recorded and
analysed during this experiment. The sensitivity for spectral components of the echo
was closely related to the distribution of energy in the echolocation call. The playback
of unfiltered calls revealed that forward masking plays a minor role for echo imaging
in distances to the target of more than 41 cm. In a second experiment, distortion-
product otoacoustic emission (DPOAE) thresholds and suppression tuning curves of
G. soricina were measured to investigate the sensitivity and tuning of the auditory
periphery in this species. The obtained DPOAE thresholds showed no significant de-

terioration of sensitivity for frequencies up to 135kHz. The tuning sharpness of the
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cochlear filters is in the range of other unspecialised mammals.

Of course, bats can also perceive objects visually. In terms of object recognition, it
would be advantageous if a representation of an object in one modality would also
be available to the other. This topic was addressed in the second part of the the-
sis in G. soricina. The bats were trained to discriminate two different objects only
with echolocation cues available. Subsequently, it was tested whether the bats were
still able to accomplish this discrimination when the objects were presented to vision
alone. The fact that none of the bats was able to solve this task in the test situation
indicates that echolocating bats do not ad-hoc form an acoustic object representation

that is transferrable across modalities.

Large, complex objects such as trees have very many reflective surfaces which re-
sult in a chaotic impulse response. Thus, such objects can only be discriminated
and classified by statistical properties of their impulse responses, e.g. their degree
of roughness. The aim of the third part was to investigate the ability of the frugivo-
rous species Phyllostomus discolor to discriminate and classify complex chaotic echoes
as they would be reflected from different foliage types, for example. In a 2-AFC play-
back paradigm, the bats learned to discriminate a specific rough IR from a specific
smooth IR. Further, it was shown that the bats were able to classify unknown IRs
according to their roughness. This capability allows bats to classify large, complex
objects in spite of their chaotic echoes. In a computer simulation based on a detailed
model of the auditory periphery of P. discolor, the behavioural performance of the bats
was related to possible physiological representations of the perceived echoes. This
simulation revealed that modulation sensitive neurons may play a role in encoding

signal roughness.



1 Echo-detection thresholds and their relationship to
the hearing threshold as determined by otoacoustic
emissions in  Glossophaga soricina

1.1 Introduction

Echolocating bats ensonify their surroundings with ultrasonic emissions and analyse
the reflections from objects. In the course of evolution, their sonar system has become
the bats” primary perceptual window to their outside world, and a large variety of
echolocation strategies have developed in association with newly exploited niches
(reviews: Kalko and Schnitzler, 1998 Neuweiler, [1989; |Schnitzler and Kalko), [1998).
But the capabilities of bat sonar go far beyond a precise location of an ensoni-
fied object in space: bats can also extract information about the size and three-
dimensional shape of an object from the reflected echo (e.g. Habersetzer and Vogler,
1983; Neuweiler,1989; Schmidt, (1988, [1992; Schmidt et al., 2000; Simmons et al.,(1974).
This capability constitutes the basis for the discrimination and recognition of spe-
cific objects or object classes by echolocation. Rhinolophid bats, for example, can
discriminate and even classify insects by their wingbeat rate: the fluttering of the
insect-wings imprints different amplitude and frequency modulations on the long
constant-frequency portion of the echolocation call (v. d. Emde and Menne, |1989;
v. d. Emde and Schnitzler, [1990).

A growing number of studies provide evidence for the significance of echolocation
for the detection and identification of silent, motionless prey by bats (Kalko and Con-
don, (1998} Schmidt et al., 2000; Thies et al.,[1998; v. Helversen et al.,2003; v. Helversen
and v. Helversen, 1999, 2003). These findings show that bats, especially nectivorous
and frugivorous species, can detect, localise, and identify objects like flowers or fruit
which are often buried in clutter. The major drawback of echolocation is that it pro-
vides a good resolution only along one dimension, the depth, of an object. Informa-
tion about the object’s height and width has to be extracted from successive echoes
from different “viewing”-angles or positions. Thus, for a primarily one-dimensional

sense it is a highly challenging task to detect and identify a target echo among a
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multitude of echoes or a composite echo reflected from the target and background.
Moreover, the recognition of objects independent of conditions like “viewing”-angle
or distance to and quality of the background would require an image-like represen-
tation of acoustic object properties extracted from the echoes.

Up to now, the basic psychophysical principles underlying echo-imaging are poorly
understood. For example, it is still in dispute whether information about object struc-
ture is represented in the time- or in the frequency domain (Schmidt, |1988; Simmons
et al.,1990; Weissenbacher and Wiegrebe, 2003). However, these questions can hardly
be answered in psychophysical experiments employing real objects as targets, be-
cause these do not allow the selective manipulation of echo parameters.

Recent advances in digital-signal processing (DSP) technology now provide new
opportunities to address these questions. Real time FIR-filtering (Finite-Impulse
Response-filtering; see below) at high sampling rates enables us to create acoustic
images of objects in the ultrasonic range, and to present them in playback experi-
ments, similar to the presentation of visual images on a screen (cf. Aubauer and Au,
1998; | Aubauer et al., 2000). As in visual imaging, these acoustic images can be ma-
nipulated specifically to assess information about the parameters important for object

recognition.

The species studied here, the common long-tongued bat, Glossophaga soricina (Pal-
las 1766, Phyllostomidae, Glossophaginae), is an ideal model animal to approach this
topic: it forages for nectar, pollen, fruit, and also insects in subtropical and tropi-
cal forests and savannas in Central and South America (Alvarez et al., [1991). Glos-
sophagine bats serve as important pollinators in the neotropics (v. Helversen, |1993;
v. Helversen and Winter, 2003), and the results of recent studies indicate that echolo-
cation plays an important role for the detection and recognition of their target flowers
(v. Helversen et al., 2003} |v. Helversen and v. Helversen, 1999, 2003). Furthermore, this
species has been successfully trained in psychoacoustic experiments (Lopez, 2002;

v. Helversen and v. Helversen, 2003).

The aim of the present study was to lay the foundations for subsequent playback ex-
periments focusing on object recognition in this nectar-feeding bat in two respects:
tirst, to characterize the auditory sensitivity of the model animal, especially for stim-
ulation in a playback-paradigm. Second, to establish a fully computer-controlled

psychoacoustic training set-up for playback experiments in G. soricina which allows
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simultaneous training of several individuals.

According to |Lopez| (2002), the sonar emissions of G. soricina are short (< 2ms), mul-
tiharmonic frequency sweeps covering a frequency range from 140 to 60 kHz, with
their intensity peak near 105kHz in the second harmonic. These short, broadband
calls with high upper frequency limits yield high accuracy in localization and char-
acterization of objects (Schnitzler and Henson, [1980; Simmons et al., 1995a; Simmons
and Stein, [1980).

Interestingly, the predominance of the second harmonic of the call is not reflected in
auditory threshold curves measured so far: recordings of cochlear potentials indi-
cated a sensitivity maximum at 60 kHz in the auditory system of G. soricina (Howell,
1974). Unfortunately, these potentials were only recorded up to 100kHz. A more
recent behavioural audiogram showed lowest hearing thresholds at 80 kHz (L6pez,
2002). Hence, the auditory sensitivity maxima are far below the intensity peak of the
echolocation calls of this species. Most bats studied show relatively high sensitivity
in the area of their most prominent echolocation call component (e.g. Heftner et al.,
2003} Koay et al., 2002; Neuweiler et al.,(1984).

In which frequency range is G. soricina most sensitive for echoes of the own emitted
call? This question is of special interest for the generation and presentation of stimuli
in playback experiments: key parameters such as sampling rate and frequency re-
sponse of the system have to be adjusted to the effective frequency range used by the
experimental bat. These parameters, of course, determine the choice of equipment
such as microphone, speakers, and DSP-unit.

A further critical aspect in acoustic playback experiments is forward masking. For-
ward masking occurs when two acoustic signals are separated by a short time in-
terval: the preceding signal affects the threshold of the following one (Moore, 1997).
In echolocation, either the emitted call or echoes arriving earlier than the target echo
might provide forward masking, e.g., echoes from objects in the set-up like the speak-
ers or the microphone. Hence, in playback experiments echo stimulation should be

presented in a time window free of masking effects.

These topics were addressed in two different experiments.

In the first experiment of this study, the role of echo spectral content and of forward
masking for the detection of echoes from emitted sonar calls was characterized.

Up to four individual G. soricina were trained simultaneously in a fully automatized,
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two-alternative forced-choice (2-AFC) playback paradigm. The sonar emissions of
the bats were band-pass filtered on-line with different centre frequencies and played
back with different delay times. In addition, unfiltered calls were presented at differ-
ent delays to measure the influence of forward masking on detection of echoes of the
entire call.

To quantify parameters of calls relevant for the bats’ responses, sonar emissions were

recorded in the course of the experiment.

In a second experiment, distortion-product otoacoustic emissions (DPOAEs) were
measured to investigate the sensitivity of the auditory periphery of G. soricina. This
non-invasive method is based on the fact that the mammalian cochlea is a mechano-
electrical transducer with nonlinear mechanical properties. As a consequence of this
nonlinearity, mechanical distortion can be evoked by stimulation with two tones of
different frequency (f; < f2). Among other cubic distortion products at frequen-
ciesnf; — (n —1)fy and nfy — (n — 1) fi, the most prominent distortion is produced
at the frequency 2f,-f,. These distortion products can be recorded from the outer
ear canal (reviews: Kossl, 1997; Probst et al., 1991). As the 2f;-f, distortion product
is produced near the f>-place in the cochlea, threshold curves can be obtained by
plotting the f,-level sufficient to elicit a distortion of a defined level as a function
of fy-frequency (Brown and Kemp) 1984; [Foeller and Kossl, 2000; Frank and Kossl,
1995). These threshold curves describe the mechanical sensitivity of the cochlea and
often run parallel to neuronal and behavioural threshold curves (Gaskill and Brown,
1990; Kossl, [1997)).

Furthermore, cochlear tuning properties, i.e., the frequency selectivity of cochlear fil-
ters, were investigated by means of suppression-tuning curves (STCs): the DPOAE
is suppressed by a certain level criterion with a third tone, f5, of variable frequency.
Plotting the f3;-level sufficient to suppress the emission as a function of f3;-frequency
results in STCs which describe the tuning of cochlear filters (Brown and Kemp) [1984).
Since the cochlea is the gateway between the physical stimulus and its representation
along the auditory pathway, these measurements of cochlear sensitivity can provide
information about whether high frequency hearing is limited already by the charac-

teristics of the auditory periphery.

The findings of this study constitute the basis for the design of further playback ex-

periments with their focus on object recognition in this species.
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Impulse responses and FIR-filtering

FIR-filtering of echolocation calls is a powerful tool to create and manipulate phan-
tom targets. The next paragraph is intended to give some information required for
the understanding of the basic principle underlying this method.

An acoustic image of an object is defined by the object’s impulse response. This is the
echo an object produces when ensonified with an acoustic impulse. An impulse, or a
click, is an indefinitely short impulse with an indefinitely high amplitude. In such an
impulse, all frequencies are represented equally (cf. Fig.[I.T|a). The impulse response
of an object is defined by its reflective surfaces. For example, a flat, totally smooth
surface will reflect an exact copy of the impinging sound, thus, its impulse response
is again an impulse. When we imagine ensonifying a two-front target with a raised
and a recessed surface, its impulse response will consist of two clicks, one reflection

from each surface. The time interval between these clicks is defined as

sound velocity

2 X distance between surfaces

because the sound has to travel back and forth between these surfaces. The magni-
tude spectrum of such an impulse response shows a ripple. The distance between two
peaks of this ripple represents the inverse of the time interval between the two clicks.
Thus, this two-front target acts as a comb filter in the frequency domain. It is easily
conceivable that more complex objects with more surfaces will have more complex
impulse responses with more complex frequency spectra. Consequently, every object
acts as a filter, i.e. it imprints its impulse response on the impinging sound and thus
produces a characteristic echo. Mathematically, this physical composition of an echo
corresponds to either a convolution of the impulse response with the sound in the
time domain, or to a multiplication of the complex spectra of both. This convolution
is the basic principle of FIR-filtering.

1.2 Materials and methods

1.2.1 Animals

For the present study, four male individuals of G. soricina were kept and trained in

an anechoic chamber (w x d x h: 3 x 3 x 2.2 m). Inside the chamber, the temperature
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and humidity were kept constant at approx. 25°C and 65%, respectively. The animals
were kindly provided by Prof. O. von Helversen from his breeding colony kept at the
Institut fiir Zoologie der Universitdt Erlangen.

The bats were subject to an artificial diurnal rhythm of 12 hours light (1300 to 0100)
and 12 hours darkness (0100 to 1300). All animals were trained simultaneously, usu-
ally 24 hours per day from Monday to Saturday. During training, the bats were re-
warded with an 18% sugar-water solution (1/3 glucose, 1/3 fructose, and 1/3 sac-
charose). The amount of food intake per animal was calculated after each training
session. If one of the animals did not receive enough reward (less than 8 ml/day on
three consecutive days), the bats were given additional food at free disposal for ap-
prox. 2h per day.

In order to maintain an adequate supply with nutrients, the bats were regularly pro-
vided with instant nectar (Nektar Plus, Nekton) or human medical diet for tube feed-
ing (Nutricomp, B.Braun Pharma) diluted in a 20 % honey-water solution, and pollen
in the non-training periods. Flies (Calliphora sp.) and Banana were given less regu-
larly.

For individual identification, each bat carried a necklace made of silicone tubing with
a transponder (GlasTag micro, IQ Automation, size 12 x 2.12 mm) fixed to the necklace
with heat-shrink tubing.

Because of interference between individuals, one bat had to be removed from train-
ing. Only two animals learned the task and were further trained for data acquisition.
Two other male G. soricina were used for the DPOAE measurements. These animals

were kept with conspecifics in a basement room under identical climatic conditions.

1.2.2 Echo-detection thresholds
Stimulus (echo) generation and presentation

To manipulate the calls for playback, FIR-filtering was used: the impulse response
of a filter was convolved with the bat call in the time domain. To quantify the effect
of forward masking on the echo detection, the echoes were played back with differ-
ent digital delays: 0, 0.5, 1, 2, and 4ms. As the delay caused by signal manipulation
(0.2ms) and the sound travel time from the speakers back to the presentation feeder
(2ms) have to be taken into account, the effective delays amounted up to 2.4, 2.9, 3.4,
4.4, and 6.4ms. These delays correspond to target distances between 41 and 109 cm.
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Impulse responses  For the playback of the unfiltered call, the echolocation call
was convolved with a click-like IR (Fig.[I.1]a). This IR has a flat frequency response
and therefore the echo is an exact copy of the call.

To vary the spectral content of the echoes, four different IRs with band-pass charac-
teristics were used (Fig.[L.Ib — e). All IRs were symmetrical and 111 samples long
(corresponding to a duration of 278 is at a sampling rate of 400 kHz). At the given
sampling rate, the IRs had centre frequencies of 63, 80, 100, and 126 kHz and band-
widths of &+ 10% of the centre frequency. All IRs of the bandpass filters had the same
root-mean squared amplitude (RMS). Thus, all FIR-filters had the same amplification
factor (5 dB). Figure|l.1{shows the impulse responses of the FIR-filters used.

Echo generation  In each trial of the experiment, every echolocation call that was
picked up by the microphone was manipulated online, and the resulting echo was
played back to the bat. The bats’ sonar emissions were picked up by a 1/4inch con-
denser microphone (Briiel & Kjeer 4135) connected to a measuring amplifier (Briiel
& Kjeer 2610). A high-pass filter (30 kHz, Krohn Hite 3550) was connected to the fil-
ter loop of the measuring amplifier to remove low-frequency noise. The amplified
signals were again filtered for anti-aliasing (200 kHz low-pass, Wavetek model 442),
and then digitized by a DSP-board (Microstar DAP 5200a) with a sampling rate of
400kHz. On the DSP-board, each call was convolved online with a specific IR in the
time domain. After a specific delay of 0 to 4 ms, the resulting echo was converted from
digital to analogue and again low-pass filtered (200 kHz, Wavetek model 442) for anti-
aliasing. Then the signal was split into two channels, left and right. Each channel was
fed into a computer-controlled attenuator (custom built), amplified (Harman/Kardon
6150) and sent to a speaker (Matsushita EAS10 TH1000D). Fig.|1.2|shows a block dia-
gram of the playback set-up.

In each trial, only one channel was used for playback. Therefore, one channel, either
left or right, was set silent by setting its attenuator to full attenuation (128 dB). The
attenuation of the active channel was varied depending on the individual bat’s train-

ing status.
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Figure 1.1: Impulse responses (left) and frequency responses (right) of the FIR-filters used for measur-
ing echo-detection thresholds. For unfiltered playback, the filter with the click-like impulse response
(a) was used. Note the flat frequency response of this filter. The bandpass filters b — e were used to
vary the echo spectral content. The filter centre frequencies are given in the right panel column. Note
that filter bandwidth changes proportional to filter centre frequency.
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Figure 1.2: Block diagram of the playback and sound-recording set-up. The solid boxes show the
playback section. The dashed lines and boxes illustrate the sound-recording section.

Experimental set-up

The training and playback set-up was mounted in a box of the dimensions : 1.4 X
1.1 x 0.5m (w x d x h), outlined as shown in Fig. located in the chamber. The
inside of the box was lined with sound absorbing foam.

Inside the box, three computer-controlled feeders were suspended from the ceiling
to about mid-height of the box: one “presentation feeder” in the centre, and two “re-
ward feeders” left and right of the presentation feeder. The feeders consisted of a
PVC ring with a shortened syringe as spout. The feeders were custom made by a
design communicated by Dr. Y. Winter. In addition, each feeder was equipped with
an infrared light barrier. This light barrier was interrupted by the snout of a bat hov-
ering in front of the feeder and indicated the presence of a bat to the computer. For
the identification of the visiting bat, a custom built circular antenna connected to a
transponder reader (easykey /R, IQ Automation) was mounted in front of each feeder.
The access to the reward feeders could be denied by computer controlled flaps in
front of the feeders.

The sugar solution was conducted in silicone tubing from the reservoirs (50ml sy-
ringes) to the feeders. The reward was dosed by computer-controlled squeeze-
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Figure 1.3: Experimental set-up used for the measurement of echo-detection thresholds. The filled box
illustrates the outline of the set-up. The arrow indicates the entrance to the box.

valves (Asco Joucomatic W295A112-12VDCQC).

The playback section of the set-up consisted of a microphone and two speakers. The
microphone was mounted centrally in front of the presentation feeder in 12 cm dis-
tance from the feeder. The speakers were positioned in the far left and far right corner
of the box, facing towards the presentation feeder. The distance from each speaker’s

membrane to the presentation feeder was 68 cm.

The bats” behaviour could be observed from the outside of the chamber on a Monitor
connected to an infrared sensitive camera mounted on the set-up box. Further, the
bats” vocalisations and the echoes for playback were monitored with a storage oszil-
loscope (Hameg HM 407). The training routines were programmed in MATLAB v5.3
(The MathWorks).
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Figure 1.4: Frequency response of the left and right playback channel.

Playback system calibration

To determine the frequency response and the overall amplification of the playback
system, the set-up was calibrated before starting the data acquisition. The frequency
response of the output section, i.e. the amplifier and speakers, was determined by
recording its impulse response. Therefore, a 2.5 us impulse was emitted from the
DSP-board at a sampling rate of 400 kHz and sent through the output section as it
was used in the experiment. The response was recorded with a 1/8 inch microphone
(Briiel & Kjeer 4138) mounted in front of the speaker’s membrane at a distance of
10cm. This measurement was done separately for each channel. The frequency re-
sponses for the two channels are shown in Fig.

The sensitivity of the speakers was measured with a 63kHz sinus with 10ms du-
ration and an amplitude of £2V (4V peak to peak) at the output of the amplifier.
The speaker output was recorded with a 1/8inch microphone (Briiel & Kjeer 4138)
mounted in front of the speaker’s membrane at a distance of 70 cm, corresponding to
the distance of the speakers to the presentation feeder. The intensity of the speakers’
output was read from the measuring amplifier (Briiel & Kjeer 2610). The speakers pro-
duced an output of 75dB SPL at 63 kHz.

The effective gain of the FIR-filtering was measured by FIR-filtering broad band noise
created by a frequency analyser on the DAP-board. The output of the board was fed
into the direct input of the measuring amplifier and the measured level was com-
pared to the level of unfiltered noise. The resulting gain factors were 0dB for the
“click”-filter and 5 dB for the bandpass filters.

The maximal total gain of the playback system amounted to 1.7 dB for unfiltered
playback calculated for a distance of approx. 70cm to the speaker membrane. For
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bandpass filtered playback, the maximal total gain amounted to 4.9, 6.9, 6.9, and
3.4dB for bandpass filtering at 63, 80, 100, and 126 kHz, respectively, due to the fre-
quency response of the system.

Procedure

The bats were trained in a two-alternative, forced-choice (2-AFC) paradigm: a food
reward at the left or right feeder had to be associated with an echo from the left or
right speaker, respectively.

To start a trial, a bat had to visit the presentation feeder. Here, it was identified by the
transponder reader and received a small reward (5 p:1). As soon as the bat was iden-
tified, a specific IR for FIR-filtering, and a specific playback delay were chosen by
the training routine, dependent on the individual bat’s training status. The playback
was active for five seconds. The flaps in front of the reward feeders were opened for
six seconds from the start of the playback, and the bat had to indicate its decision by
visiting either reward feeder within this time span. Correct choices were rewarded
with sugar solution (between 15 and 25 ul). A reward was only given when the bat at
the reward feeder was identified as the one that started the trial. Otherwise the trial
was aborted.

The choice of the playback channel was randomized by the training routine. How-
ever, the randomized choice was limited by setting a maximum of three successive
echo presentations from the same side.

For the initial training of the bats, unfiltered calls were played back with a fixed delay
of 3.4ms. Data acquisition was started, as soon as the bats had reached a stable per-
formance above 70 % correct choices in this task. To obtain psychometric detection
functions (Fig. for each filter-delay combination, the playback attenuation was
increased successively in 5 dB steps from 0 to a maximum of 40 dB. For each attenu-
ation level and filter-delay combination 64 data points were recorded: first, 32 data
points were recorded for each attenuation level successively until the bats reached a
performance of 50 % correct choices. Then, the next 32 data points were recorded for
the same filter-delay combination to the determined maximum attenuation level.
For subsequent analysis, all the bats” decisions were time stamped and stored in a log

file automatically after every trial.
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Figure 1.5: Example of a psychometric function (green) fitted to experimental data (black) of bat2 when
presented with unfiltered calls with a delay of 6.4 ms. The data are plotted as percent correct choices
of 64 trials as function of the system amplification. The dashed line represents the threshold criterion
of 65 % correct choices.

Data analysis

To determine the echo-detection thresholds, a sigmoidal function was fitted to the
data recorded for each filter-delay combination. The equation for the function F' de-

pendent on the system amplification is as follows:
F(p) = b/(exp™ P~ 4 1) + ¢

where a is the expected value for F' = 65; b is the bandwidth, c is the starting point,
and A is the slope of the function F. An example of the function fitted to data ob-
tained in the experiment is shown in Fig.

In a 2-AFC paradigm, a performance of 50 % correct choices corresponds to random
choice, i.e., the echo intensity was too low to be detected. For 64 recorded data points
per condition, a performance of 65 % correct choices is significantly different from a
50 %-performance (Miller| [1996). This 65 % criterion was used to extract the system
amplification at the echo-detection thresholds from the psychometric functions. All
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resulting thresholds were corrected for the frequency response of the playback sys-

tem.

1.2.3 Sound recording and analysis

To assess information about the characteristics of the echolocation calls of G. soric-
ina, the bats’ sonar emissions during approx. 9,000 trials in the experiment were
recorded. Therefore, the output of the measuring amplifier was split into two chan-
nels after anti-aliasing filtering. One channel was used for playback, the other was
fed to a second DAP-board in a second PC. Here, the signals were digitized with a
sampling rate of 380 kHz and stored in the DAP-board’s memory buffer.

To trigger onset and offset of the sound recording, the recording set-up was also
connected to the light barriers of presentation and reward feeders. Whenever the
presentation feeder was visited, the recording started automatically. The recording
was stopped by a bat’s visit to a reward feeder or after five seconds, in case that no
decision was made. Each recorded call sequence was retrieved from the DAP-board
and then saved to disk as a .wav file by a MATLAB routine. The time of recording
was logged for each sequence. In addition, the system clocks of the recording and the
playback set-up were synchronized with an atomic-clock server by a network time
client (NTPC). Thus, the recorded sequences could be assigned to a specific trial be-

fore analysis.

The analysis of the recorded sequences was programmed in MATLAB. To quantify
the background noise level of the recordings, the RMS of a 50ms interval without
bat calls was determined in each sequence. To measure the onset and offset of the
echolocation calls, the hilbert envelope of the waveform of each sequence was cal-
culated. The hilbert envelope was lowpass-filtered at a cut-off frequency of 3,500 Hz
to prevent short-term amplitude modulations from being interpreted as on- or offset
of a call. The on- and offset of the signals were measured at those points, where the
amplitude of the hilbert envelope exceeded the background RMS by a factor of 1.5.
Afterwards, signals of less than 0.1 ms duration were removed, to exclude transient
noise pulses from analysis. This duration, as well as the filter cut-off frequency and
the amplitude threshold for on- and offset measurement were chosen, because these
parameter settings yielded the most accurate results in test analyses.

From the remaining on- and offsets, the call durations and the inter-pulse intervals
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(from one onset of a call to the onset of the next) were calculated.

For the spectral analysis of the calls, the magnitude spectrum of each call was cal-
culated using a 512-point rectangular FFT-window centred around each bat call. At
the given sampling rate, the FFT-window had a duration of 0.67 ms and a frequency
resolution of 750 Hz. The duration of this FFT-window was longer than that of the
longest call recorded (0.46 ms). From this magnitude spectrum, the peak frequency
of each signal was measured as the most intense frequency. The bandwidth of the
call was determined as the frequency band covered by the most prominent harmonic
20dB below the peak frequency. Echolocation calls with a peak level that was less
than 22 dB above the noise level of the magnitude spectrum (mean intensity between
170 and 190 kHz) were excluded from the bandwidth analysis.

The intensity of each call was calculated as its peak-equivalent sound-pressure level
(peSPL):

peSPL = 20 X log m

where 2,,,, is the maximum amplitude of the call in Volts and xmﬁ represents the
RMS of a sinus with the amplitude ,,,,, and Sens,,;. is the sensitivity of the micro-
phone multiplied with the gain factor of the measuring amplifier (here: 9.9V /Pa).
Additionally, the energy content of the calls in the frequency bands of the filters used
for playback were determined. Therefore, each recorded call was convolved with
each of the filter-IRs. After compensating for the frequency response of the micro-
phone, the intensity of each filtered portion was calculated as above.

After all parameters were calculated by the MATLAB program, each analysed signal
was displayed on the screen as waveform, spectrogram, and magnitude spectrum (cf.
Fig.[1.8). All signals were visually inspected to identify echoes or noise pulses that the
program may have misinterpreted as bat echolocation calls. The signal parameters
were recalculated for all sequences containing such signals.

The results are based on a total of 82 sequences (41 per individual bat). Values are

given as mean + SD of mean of sequences, unless stated otherwise.

1.2.4 Distortion-product otoacoustic emissions

Two male individuals of G. soricina were used to measure DPOAEs and STCs of
DPOAEs. The head of the awake bat was fixed with a mouth holder made of dental

cement. A closed coupler system was introduced into the animal’s outer ear canal,
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close to the bat’s eardrum. This coupler consisted of two conical tubes. One tube was
connected to three 1/2-inch microphones (Briiel & Kjar 4133) serving as loudspeakers
for the primary (fi, f>) and suppressor (f;) tones. The second tube was connected to
a 1/4-inch microphone (Briiel & Kjeer 4135) powered by a measuring amplifier (Briiel
& Kjaer 2636). The coupler system and recording set-up is described in detail by Kossl
(1994) and [Kossl et al. (1999).

The primary tones were generated and converted from digital to analogue on a DSP-
board (Microstar DAP 3200/440i), the suppressor tone was produced by a synthesizer
(DS335, Stanford Research Systems). Each tone was attenuated by a programmable at-
tenuator (PA5, Tucker-Davis Technologies) and amplified (custom built by M. Kossl)
before being broadcast from a speaker. The resulting emissions recorded by the mi-
crophone were fed into an input of the DSP-board and sampled at a rate of 333 kHz.
In order to measure the DPOAE:s in relation to primary-tone phase, the input and
output channels of the DSP-board were synchronised in phase.

Sound generation and recording was controlled on a portable PC with Testpoint
(Keithley) programs written by M. Kossl.

The system was calibrated in situ, before each measurement session and, if neces-
sary, during the experiment after movement of the animal. Each speaker was cali-
brated separately with broadband noise between 1 and 166 kHz. Subsequently, the
frequency dependent gain factors were determined with a reference pure-tone emit-
ted from one of the speakers. The frequency response of the recording microphone
was incorporated in the calibration routine beforehand.

DPOAESs were measured between 10 and 140 kHz (f). For each fs, the best f»/ f; ra-
tio was determined before measuring growth functions by keeping f, constant while
shifting f;. During this process, the level of f, was maintained 10 dB below that of f;.
This level ratio elicits highest DPOAE levels in mammals (Faulstich and Kossl, 2000;
Foeller and Kossl, 2000; [Probst et al., 1991). Growth functions were then measured
with the best f,/ f1 ratio by increasing the stimulus levels in steps of 5 dB and record-
ing the levels of the resulting 2 f;- f, emissions. To obtain DPOAE threshold curves,
the f; level required to produce a 2 f;- f, emission of -10 dB SPL was interpolated and
plotted as a function of f5.

Suppression tuning curves were measured using a third tone, f;, to suppress the
2 f1-f2 emissions. Therefore, 2 f;-f; emissions at levels more than 6 dB above noise
level were elicited using the best f,/ f; ratio for the given f,. Then f; with a fre-
quency distance of at least 200 Hz to the DPOAE was broadcast simultaneously with
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the speakers. The level of f; was increased in 5dB steps and the level sufficient to
suppress the DPOAE by 6 dB was recorded and plotted as a function of f; frequency
(cf. Brown and Kemp), 1984; Foeller and Kossl, 2000; Frank and Kossl, 1995). This
procedure was repeated for a range of frequencies around each f; to obtain a tuning

curve for each f; place on the basilar membrane.

1.3 Results

1.3.1 Echo-detection thresholds
General behaviour in the experiment

Once acquainted with the location and function of the feeders, the bats learned
quickly to visit the presentation feeder to activate the reward feeders, usually within
100 trials. Generally, all bats left the box for a few seconds after visiting the presenta-
tion feeder and then came back to make their decision.

On average, the animals made between 300 and 2,000 decisions per training session.
The number of decisions was correlated to the number of bats trained simultaneously;
the lower the number of individuals in training, the more decisions per individual
were made.

The association of a stimulus presentation with a reward at a certain feeder took the
bats between approx. 1500 (bat2) to approx. 7,000 visits (bat1).

Inter-individual interference varied considerably. During initial training with four
bats, One individual had to be removed from training because it was constantly
pursued by another whenever visiting the feeders, and was thus in danger of being

starved. Two and three individuals, however, were trained together successfully.

Detection thresholds for unfiltered calls

The detection thresholds for echoes of unfiltered calls show the influence of forward
masking on the detection of the entire call.

The results illustrated in Fig. show that the detection of only one of two bats,
batl, was affected by forward masking. At the shortest delay (2.4 ms) both bats were
equally sensitive, but for longer delays, the thresholds of bat1 decreased considerably
by up to 8 dB at the longest delay. In contrast, the thresholds of bat2 increased slightly
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Figure 1.6: Detection thresholds for unfiltered calls plotted as amplification at threshold against
playback-delay time for two bats. The lower the amplification at threshold, the higher is the sensi-
tivity. Note that only the performance of batl showed influence of forward masking.

with delay time, up to 3dB at 4.4 ms.

Detection thresholds for filtered calls

The detection thresholds of filtered calls are illustrated in Fig. [1.7|and the values are
given in Tab. [I.T| for the individual bats.

Along the delay axis, the data represent the influence of forward masking in each
frequency band. Along the frequency axis, the data show the sensitivity for different
frequency components of the call for each delay. The performance of batl (Fig.[1.7)a)
showed an influence of forward masking at the shortest delay time, especially in the
frequency band around 126 kHz. In this frequency band, the sensitivity improved by
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Table 1.1: Detection thresholds for filtered calls as function of delay and filter centre frequency for batl
(top) and bat2 (bottom). Thresholds are given as amplification at threshold in dB (cf. Fig. .

bat1
Frequency \ Delay 24ms 29ms 3.4ms 4.4ms 6.4ms
126 kHz -15.39 -2758 -28.25 -27.84 -33.88
100 kHz -981 -834 -11.24 -142 -1648
80kHz -0.17 -4.1 nn. -3.64 475
63kHz 243 376 nn. -11.28 n.n.
bat2
Frequency \ Delay 24ms 29ms 3.4ms 4.4ms 64ms
126 kHz -21.02  -18.7 -25.63 -21.01 -22.76
100 kHz -448 -6.67 -825 -12.59 -16.85
80kHz 1.75 9.2 1.67  -1.69 242
63kHz -11.45 -12.28 0.78 -10.92 nn.

more than 12 dB at a delay of 2.9 ms. In the frequency band around 100 kHz, the influ-
ence of forward masking was not as distinct. In the lower frequency bands (around
63 and 80kHz), the changes in sensitivity along the delay axis were non-monotonic,
and no data could be recorded at a delay of 3.4 ms.

Especially in the frequency bands around 126 and 100kHz, batl exhibited lower
thresholds than bat2. The performance of bat2 (Fig. [.7]b) showed a slight sensi-
tivity increase only in the 100 kHz band. All other changes along the delay axis were
non-monotonic.

For frequencies around 63kHz, both bats showed a high sensitivity at a delay of
4.4ms. None of the bats was able to detect echoes in this frequency band at a delay of
6.4ms. Both bats exhibited highest sensitivity for frequencies around 126 kHz, inde-
pendent of the delay. In general, the sensitivity dropped with filter centre frequency.



20 1. Echo detection thresholds in G. soricina

a 126 -25
N
<
=100 20
>
(&)

S @ -15
3. 80 S
0} o
— o
L %-10
o
£
% -5
[

b 15 =
‘N 80
: =
=10 Z
3 5
©
2 80 10
(O]

S
L
63 ‘ 15
2.4 2.9 3.4 4.4 6.4
Delay [ms]

Figure 1.7: Detection thresholds for filtered calls plotted as function of delay and filter centre frequency
for two bats, batl (a) and bat2 (b). The amplification at threshold is colour coded: low amplification
(yellow) represents low thresholds, high amplification (blue) represents high thresholds. The colours
are interpolated between the data points (filled symbols). The open symbols represent filter-delay
combinations where the bats were not able to detect any echoes, thus, no thresholds could be measured
at these points. The amplification at threshold at such points represent the maximal amplification of
the system in the specific frequency range.
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Figure 1.8: Two examples of echolocation calls of G. soricina recorded in the experimental set-up. Both
calls are displayed as sonagram, waveform, and magnitude spectrum. Note the presence of the first
harmonic in call a and the presence of the third harmonic in call b.

1.3.2 Echolocation calls

All echolocation calls emitted by G. soricina in the behavioural experiment were short,
multiharmonic, downward modulated sweeps as illustrated in Fig.

The duration of the echolocation calls was very short (0.33 £ 0.06 ms; mean =+ SD),
the longest call recorded was 0.46ms long. The average inter-pulse interval was
43.0 £ 24.5ms, the shortest inter-pulse interval was 24.5 ms.

The most energy was always contained in the second harmonic, the average peak fre-
quency was measured at 116.6 = 1.9 kHz. The second harmonic covered a frequency
range from 144.6 + 1.9 kHz to 93.0 + 2.9 kHz, 20 dB below the peak. Thus, the average
bandwidth of the second harmonic amounted to 51.5 = 2.9 kHz. Nevertheless, the
harmonic structure of the recorded echolocation calls varied: the second harmonic
was always present, but the presence of first and third harmonic altered between
calls. If present, the first harmonic covered a frequency range from 87.0 & 4.1kHz to
72.1 =+ 5.6 kHz, 20 dB below the calls’ intensity peak.

The average sound-pressure level of the recorded calls was 76.9 + 5.4 dB peSPL. The
highest call intensity measured amounted to 91.0dB peSPL for both bats. The calls
recorded from batl were by 3.8 dB louder than those recorded from bat2 (78.7 + 4.8
versus 74.9 £+ 5.4 dB peSPL). This difference was significant (p < 0.01, Student’s t-test;
Zar|,[1999).
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Figure 1.9: Relative intensity of echoes from filtered calls recorded during the experiment. The bars in
panel a illustrate the intensities of the filtered call portions as function of the analysed filter centre fre-
quency. The plot columns represent the experimental condition under which the calls were recorded,
given as the experimental filter centre frequency. The rows in the plot represent recordings from the
different individuals. The grey bars in panel b show the average data for all sequences analysed. All
data are given as mean of mean of sequences, the error-bars show the SD across sequences. The data
was normalised to the peak intensity.

No analysable recordings of batl were obtained during filtering with 100 kHz.

Relative intensity of echoes from filtered calls

The relative intensity of the filtered call portions recorded under different experimen-
tal conditions are plotted in Fig. The energy maximum was always located in the
frequency band around 126 kHz, independent of the filter used in the experiment. No
systematic changes in the spectral composition of calls dependent on the experimen-
tal condition performance were detectable.

1.3.3 DPOAEs and STCs

The DPOAE threshold curves obtained from two bats are shown in Fig. Both
individuals had a sensitivity minimum at 55 kHz and another at 85 (bat3) or 80 kHz
(bat4) respectively. The cochlear sensitivity in the range of the second harmonic of
the echolocation calls (90 — 120 kHz) is rather high, but deteriorates above 130 kHz.
The absolute sensitivity maxima were located at 80 kHz (bat3) and 100 kHz (bat4).
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Figure 1.10: DPOAE threshold curves measured from two G. soricina, bat3 (circles, black line) and bat4
(diamonds, green line). The plots show the level of f5 sufficient to elicit a 2 f; — fo DPOAE as a function
of f, frequency.

A total of nine STCs were obtained from the two bats. Six examples are shown in
Fig. The BFs (minima of the STCs) are always located close to f,, which indi-
cates that the DPOAE is generated close to the place of f, in the cochlea on the basilar
membrane. Whereas the STCs recorded from bat3 at frequencies up to 80 kHz show
a relatively steep low frequency slope (Fig. [I.1T]a - ¢), the STC recorded at 100 kHz
shows a distinct low frequency tail (Fig. ). The Q1945 value varied between 1.5
(at 63kHz) and 5.0 (at 80 kHz), which indicates a rather broad tuning of the cochlear
tilters. The variation of the (1945 values was not correlated with the frequency of f5.
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Figure 1.11: Six examples of suppression tuning curves (STCs) obtained from two bats, bat3 (solid
lines; a — d) and bat4 (dashed lines; e — f). The curves are plotted as the level of f3 sufficient to suppress
fi-f2 by 6dB as a function of the frequency of f3. Q1045 values and frequencies of f; are given in the
lower left and above each panel, respectively. The frequencies and levels of the primary stimuli (f;
and f>) are plotted as symbols.
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1.4 Discussion

1.4.1 Echo-detection thresholds
Detection of filtered echoes

The current echo-detection thresholds obtained in the playback experiment largely
reflect the spectral composition of the echolocation call: lowest thresholds were mea-
sured for echoes of bandpass-filtered calls with a centre frequency of 126 kHz. In this
frequency band, the relative intensity of the echoes was highest (cf. section[I.4.2). On
average, the detection thresholds decreased with filter centre frequency and, corre-
spondingly, with relative energy content in the echo. To compare these results with
the behavioural audiogram (Lopez, 2002), an estimate of thresholds to absolute sound
pressure has to be calculated. The calculations plotted in Fig. give rough approx-
imations: the calculations are based on hypothetical calls with a relative distribution
of energy across frequency bands as shown in Fig.[1.9]b and a maximal peSPL of 91 dB
in the 126 kHz band. To obtain absolute thresholds, the measured amplification at the
threshold averaged across playback delays was subtracted from the calculated call
peSPL in each frequency band. The results plotted in Fig. show that the thresh-
olds for calls filtered at 126 kHz lie close to those of the behavioural audiogram by
Lopez (2002). The sensitivity for calls filtered at 100 and 80 kHz, however, seems ex-
traordinary low. This is surprising, especially since this is the frequency range of best
hearing in G. soricina, according to Lopez| (2002). The reason for this sensitivity drop
is not clear. The comparison with the DPOAE thresholds reveals no correlation to
cochlear sensitivity (Fig.[1.13). Thus, it is conceivable that higher order echo process-
ing, e.g. by combination sensitive neurons in the auditory cortex (e.g.Maekawa et al.,

1992), requires the representation of prominent call components in the echo.

Detection of unfiltered echoes

According to the detection thresholds of G. soricina reported here, an unfiltered
echolocation call can be attenuated by 31dB, in the best case, to be still detectable
after playback. Assuming an ‘ideal” call with a level of 91 dB peSPL (corresponding
to the loudest calls recorded here), this would result in a detection threshold to an
absolute sound pressure of 60 dB peSPL. Interestingly, this estimate matches the hear-

ing threshold in the range of the calls” intensity peak in the behavioural audiogram
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Figure 1.12: Comparison of echo-detection thresholds with the behavioural audiogram of G. soricina.
The data plotted in black illustrate rough estimates of detection thresholds of the two individual bats.
Data points are calculated based on a hypothetical call with an peSPL of 91dB in the 126 kHz band
and on the amplifications at threshold averaged across playback delays. The error-bars show the SD
across playback delays and thus represent potential influence of forward masking. The green curve
shows the behavioural audiogram by |Lopez| (2002)
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Figure 1.13: Comparison of the echo-detection thresholds with the DPOAE thresholds measured in
the present study. The data plotted in black illustrate rough estimates of detection thresholds of the
two individual bats. Data points are calculated as in described in Fig. The green curves show
the DPOAE threshold curves obtained from bat3 and bat4. Note that the DPOAE curve does only
represent relative thresholds. Thus, only the progressions of the curves can be compared here.
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by [Lopez (2002).

However, compared to echo-detection thresholds of an insectivorous bat, Eptesicus
fuscus (Kick, 1982; Kick and Simmons) (1984; Thomson et al., 1985), these thresholds
seem rather high: E. fuscus showed thresholds between 30 and below 10dBSPL in
the same delay range (Kick and Simmons, 1984; Thomson et al., 1985). Furthermore,
the thresholds of G. soricina were not as strongly related to playback delay as those of
E. fuscus. However, in contrast to G. soricina that forages in surroundings with high
echo clutter, E. fuscus hunts for insects in open space habitat and thus depends on the
detection of weak echoes over long distances. The detection sensitivity of the species
might be adapted to these differences in habitat use. Moreover, whereas E. fuscus was
maintained in a fixed position during the experiments, the detection thresholds of
G. soricina were obtained from free-flying bats which complicates comparability, as
discussed below.

However, also the behavioural audiogram of G. soricina was measured in free flying
bats (Lopez, [2002) and the data reveal high thresholds in comparison to other Phyl-
lostomid bats (Esser and Daucher| 1996; Heffner et al.,2003; Koay et al., 2002, 2003), as
well as to E. fuscus (Koay et al.,1997). The agreement of the data reported here with
the behavioural audiogram might lead to the conclusion that G. soricina has lower
auditory sensitivity than other species. It is more likely, though, that the method em-
ployed leads to underestimation of sensitivity. However, this problem could be over-
come by using an acoustic tracking system that allows the reconstruction of beam
patterns as presented by (Ghose and Moss (2003). Nevertheless, the agreement of the
current results with the behavioural audiogram, although based on rough estimates,
indicates the significance of the current data for psychoacoustic experiments in this
species under laboratory conditions.

The effect of forward masking on echo detection

Only in one of two bats (batl), an effect of forward masking on echo detection could
be measured: the sensitivity to echoes from unfiltered calls increased by approx. 7 dB
for playback delays longer than 2.4ms (cf. Fig.[1.6). As the bats’ position relative
to the microphone and speakers at the time of decision was not defined (see below),
bat2, for example, could have traded in a lesser effect of forward masking with a
lower echo intensity by making its decision farther away from the speakers and the

microphone. In contrast, batl might have made its decision at a closer distance, which
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would have had the inverse effect. This example might explain the different perfor-
mance of the two bats (cf. section[1.3.T). This difference in performance is consistent
with the data obtained during filtered playback: the thresholds of bat1 in the 126 kHz
frequency band show influence of forward masking at the shortest delay (cf. Fig.
Table [L.I). The sensitivity of bat2 changes rather erratically with increasing delay,
only in the 100 kHz frequency band a slight increase of sensitivity is observable.
Hence it can be concluded that forward masking does not affect the detection of
echoes for delays between 2.9 and 6.4 ms, indicating that forward masking plays a
minor role for echo imaging in distances to the target of more than 41 cm.

The reason for the erratic thresholds of both bats across delays in the 63 kHz band is

not clear.

1.4.2 Echolocation calls

The echolocation calls recorded in the course of the experiment show some consider-
able differences to those described by [Lopez (2002): first, they are much shorter (0.3
vs. 1.3 ms). Most probably, the bats have emitted shorter sounds due to the confined
space conditions in the anechoic box to avoid pulse-echo overlap. However, the dif-
ferences in analysis methods might also account for these large differences: Lopez
(2002) analysed call parameters exclusively in the spectrogram which can cause arti-
facts, especially in duration measurement (Beecher, |1988; Parsons et al., |2000).
Second, the calls’ intensity peak is located at a higher frequency (117 vs. 105kHz),
but still in the second harmonic. Again, the methods of analysis might be involved
here (magnitude spectrum vs. spectrogram), but the frequency might also have been
shifted actively, as discussed e.g. for Megaderma lyra (Schmidt et al., 2000) or as a
by-product of shorter call production.

Third, the occurrence and intensity of the first harmonic. |Lépez (2002) reports that
the first harmonic is always present and the author considers it the most important
call component, with respect to the behavioural hearing thresholds. The recordings
obtained in the present study show that this is not the case: whereas the second har-
monic was always present and the most prominent component of all echolocation
calls of G. soricina, the first was, in many cases, not even emitted at a recordable level.
These findings strongly indicate that the second harmonic is the most important call

component of this species. This is corroborated by the echo-detection thresholds and



1.4 Discussion 29

cochlear sensitivity measured.

Although the spectral composition of the calls varied, no systematic changes depen-
dent on the experimental condition in favour of a better detection performance were
detected. For example, a systematic emphasis of the first harmonic would possibly
have improved the bats” detection performance for echolocation calls filtered with
63 or 80 kHz bandpass. The systematic variation of call spectral composition has re-
cently been described for the Indian false vampire bat: when gleaning prey, M. lyra
varied the emphasis of call components dependent on the different stages of its hunt-
ing flight or even on different prey types (Leippert et al., 2002; Schmidt et al., 2000).

1.4.3 DPOAEs and STCs

The sonar emissions of G. soricina are certainly located in the higher frequency range
of echolocation, not only for Phyllostomids (e.g. Kalko and Condon, (1998} Rother
and Schmidt, (1982; Thies et al., [1998), but for bats using FM-calls in general: FM-
calls rarely extend this far beyond frequencies of 100 kHz (e.g. Barclay, [1986; Schmidt,
1992; Schnitzler and Kalko, 1998). As already mentioned in the introduction, previous
measurements of auditory sensitivity in this species do not show a specifically high
sensitivity in this frequency range (Howell, 1974; Lopez, 2002, Fig. . The results
reported here, however, demonstrate a relatively high sensitivity in the range of the
second harmonic of the echolocation call. The DPOAE threshold curves measured in
this study attest this species excellent high frequency sensitivity up to 130 kHz in the
auditory periphery.

Relative to lower frequencies, the thresholds are quite low at frequencies between 90
and 130 kHz. The DPOAE curve of bat4, for example, runs almost parallel to the ab-
scissa in this range before sensitivity deteriorates steeply. In contrast, the behavioural
audiogram by Loépez (2002) and the recordings of cochlear microphonics by How-
ell (1974, Fig. show a more or less dramatic sensitivity drop above 80 kHz. All
curves show a decreased sensitivity in the same area at 50 kHz (Howell, 1974; L6pez,
2002) or 55kHz (present study), respectively. Also the relatively low thresholds at

frequencies around 30 kHz are relatively consistent with the earlier measurements.

As in other species using FM-echolocation (e.g. Megaderma lyra: Weissenbacher et al.,
2002), the STCs of G. soricina indicate that the tuning sharpness of cochlear filters

(Q10a values between 1 and 5) is well within the range of those of other unspe-
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Figure 1.14: Comparison of auditory threshold measurements in G. soricina. The data plotted in black
shows the DPOAE threshold curves (present study). The data plotted in green shows the results of
earlier studies: cochlear sensitivity based on microphonic potentials (dashed; [Howell, 1974) and the
behavioural audiogram (solid; |Lopez, 2002).

cialised mammals (Brown and Kemp) 1984; |Drexl et al., 2003). No changes in tuning
width such as in bats with cochleae specialised on CF-echolocation could be observed
(Foeller and Kossl, 2000; |[Frank and Kossl, [1995).

1.4.4 Methodological aspects
DPOAE measurements

DPOAEs were measured from awake bats. Therefore, slight movements of the head
or ears unobserved by the experimenter might have caused minimal changes in cou-
pler position. These changes, however, can affect the DPOAE intensity. This is a pos-
sible explanation for the erratic progression and the high inter-individual differences

in parts of the threshold curves.

Simultaneous training of the bats

Although two to three individual bats were trained successfully together in one set-
up, severe inter-individual interference was observed relatively often. The pursuit
of conspecifics and colliding with them resembles the behaviour of wild G. soricina

defending food sources (Alvarez et al., [1991). Furthermore, the number of decisions
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per individual was higher when less animals were trained simultaneously. This had
to be compensated with frequent additional feeding. Hence, it is likely that inter-
individual interference does affect the bats’ performance in the experiment by caus-
ing additional stress. For further experiments, it is therefore suggested to train the

animals individually.

Experimental set-up and procedure

The echo-detection thresholds were obtained from free flying bats. Therefore, their
exact position relative to the microphone and speakers at the time they made their
decision was not exactly defined. Even video observations of the bats’” behaviour
could not provide clear information in this respect. This affects the data interpretation
in two important aspects: first, the playback delay. Total playback delay, for example,
depends, apart from the system-innate delay, on the sound travel time between bat
and microphone and between speaker and bat. Thus, the playback delays given here
can only be regarded as minimal playback delays.

Second, the playback gain. Sound energy decreases with travelled distance. Thus,
the gain of the playback system can only be seen as maximal gain and the thresholds
obtained may be lower.

1.4.5 Summary and conclusions

The aim of the present study was to provide the basis for further playback experi-
ments on object recognition in G. soricina. A fully automatic set-up for behavioural
psychoacoustic playback experiments was successfully established. Although this
set-up is laid out for simultaneous training of up to four individual bats, the experi-
ence gained from this study shows that individual, successive training of the animals
is to be preferred.

This paradigm was successfully used to characterize the sensitivity of G. soricina for
echoes of its own sonar emissions as a function of echo spectral content and echo de-
lay. The data show that forward masking is not relevant for echo-delays between 2.9
and 6.4ms. The sensitivity for echoes is highest in the frequency band between 113
and 139 kHz which contains the most energy of the call. In lower frequency bands,
the sensitivity deteriorated more than it was expected considering the behavioural
audiogram of this species (Lopez, 2002). These findings indicate that the predomi-
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nant second harmonic of the call is also the most relevant component for echo pro-
cessing. Although the sensitivity of the auditory periphery does not deteriorate up
to frequencies of 130 kHz, neither the current measurements of cochlear sensitivity
and tuning nor the echo-detection thresholds revealed obvious specialisations of the
auditory system to an enhanced processing of this call component. This leads to the
assumption that, in the course of evolution, G. soricina might have traded detectabil-
ity for an improved accuracy in resolution of object fine structure by shifting either
the emphasis of the entire call or only of its processing to such high frequencies.

The fact that behavioural auditory thresholds of G. soricina are high compared to those
of other species suggests that auditory sensitivity is likely to be underestimated in
free-flying bats. Thus, to ensure a reliable detection of echoes by G. soricina in play-
back experiments, the stimuli should be presented with a sound pressure of at least
60 dB SPL and with delays longer than 2.9 ms. Furthermore, a calibration of the play-
back system up to frequencies of at least 150 kHz has to be accomplished.

If these parameters are taken into account, G. soricina offers a high potential for the in-
vestigation of object recognition by echolocation, based on its feeding ecology and the
reduced procedural learning due to the unhesitant acceptance of automatic feeding

which facilitates training in computer-controlled paradigms.



2 Cross-modal object recognition in  Glossophaga
soricina

2.1 Introduction

The ability to integrate information across senses maximizes the chances for the
recognition of important objects, also under conditions in which the predominant
sense is impaired. Especially in terms of foraging, this ability would be highly advan-
tageous for the recognition of food items or landmarks for orientation under varying
conditions. The most familiar example for cross-modal transfer is the interrelatedness
of the visual and haptic sense in humans, which has been studied extensively in the
last decades (e.g. |Gottfried et al, [1977; Rose et al., 1998; Rose and Ruff, 1987): we can
easily recognise objects by vision that we have only experienced before tactually and
vice versa. A recent study has shown that even newborn children are able to fulfil
this generalization (Streri, 2003). An information transfer between visual and haptic
sense has also been found in apes (Davenport, 1976 Savage-Rumbaugh et al., 1988)
and monkeys (Blakeslee and Gunter, 1966; Cowey and Weiskrantz, [1975; [DiMattia
et al.,[1990; Tolan et al., 1981)).

In echolocating dolphins, vision is interlinked with acoustic imaging: in a striking ex-
periment, Pack and Herman| (1995) have shown that bottlenose dolphins easily match
familiar objects presented to echolocation to samples presented to vision and vice
versa. A following study revealed that these animals spontaneously recognise un-
familiar objects across modalities, as well (Herman et al., [1998). More recently, the
experiments of Harley et al. (2003) indicated that bottlenose dolphins extract the fea-
tures of objects directly from the perceived echoes. These findings suggest, that, at
least in dolphin echolocation, the percept of an object is not only formed by the prox-
imal stimuli, i.e. the sensation of receptor cells, but by the distal stimuli, the object
properties themselves. These results are of utmost importance, as they prove that the
acoustic percepts of echoes can actually form an ‘auditory object” in the animal brain
and that the recognition of a certain object is not only based on the recognition of a

recurring time- or spectral pattern in the echo.
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Based on these findings, it may be hypothesized that also echolocating bats perform
information transfer across echolocation and vision.

Apart from their echo-imaging system, all michrochiropteran bat species possess
functional vision to perceive their environment. Although vision in bats has not been
studied in as much detail as echolocation, the few existent studies revealed a well de-
veloped object recognition capabilities: it has been shown that bats can discriminate
different orientations of stripe patterns or of forms (Neuweiler, 2000). Anoura geof-
froyi, a glossophagine bat, can distinguish different forms, like circles and squares,
from one another and is also able to discriminate between erect and inverted trian-
gles (Suthers et al, 1969). Very recently, Winter et al.| (2003) have demonstrated that
the experimental animal of this study, G. soricina has a sensitivity maximum for ultra-
violet light. These findings are of special interest with regard to the fact that some
bat-pollinated, neotropical flowers reflect UV-light (Winter and v. Helversen, 2001).
Can bats transfer the information about object characteristics assessed in one modal-
ity to the other?

This question was addressed in a computer-controlled 2-AFC training experiment. G.
soricina had to discriminate a rewarded target from another one, having no cues but
those accessible through echolocation. After the bats had learned this task, the objects
were presented to the visual sense alone, to test whether the animals were still able
to discriminate these objects. If so, this would indicate that an acoustic percept of an

object can be transferred to visual sense in this bat.

2.2 Materials and methods

2.2.1 Animals

For the present experiment, four male individuals of G. soricina were trained one af-
ter another in a basement room of the dimensions 3.8 x 2 x 2m (d x w x h). The
temperature and humidity were kept constant at approx. 25°C and 65%, respectively.
The bats were subject to an artificial diurnal rhythm of 12 hours light (1400 to 0200)
and 12 hours darkness (0200 to 1400). Training and data acquisition was carried out
exclusively in the dark phase, usually six days per week. The animals had no access
to food during the light phase. In the experiment, the bats were rewarded with sugar
water.

For further details about maintenance and feeding of the bats see chapter

Batl and bat2 were trained in a behavioural experiment before and bat4 was used for
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Perspex cylinder

Figure 2.1: Experimental set-up for cross-modal object discrimination. The left panel shows a photo-
graph of the set-up as it was used during training (object discrimination by echolocation cues). The
legends to important items are given in the right panel. The position of the objects was altered by turn-
ing the rod, so that objectl was located behind feeder2 and vice versa. Note that the perspex cylinder
is in the lowered position (cf Fig. .

DPOAE measurements (see chapter [I).

2.2.2 Experimental set-up

The aim of this training set-up was to present two objects in two different positions,
perceivable only by echolocation or only by vision. A solid golf ball and a hollow,
perforated training-golf ball (see Fig. were chosen as objects for discrimina-
tion.

The experimental set-up was suspended in the centre of the room from an iron u-
profile mounted horizontally under the ceiling.
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The apparatus had a cylindrical shape (Fig. 2.1). The cylinder (27 cm in diameter)
was bisected vertically by a PVC plate. An object was presented in front of each face
of the plate. Therefore, the two different objects were mounted on either end of a
rod made of aluminum tubing. This rod could be rotated with a computer controlled
servo motor, in order to alter the positions of the objects. Outside of the cylinder, a
feeder (cf. section[I.2.2) was mounted in front of each object location. Each feeder was
equipped with an infrared light barrier to indicate the visit of the bat to the computer.
The centre of each object was located 10 cm behind and 6 cm above the feeder.
Above each object location, three white light-emitting diodes (LEDs) were installed in
the top cover of the cylinder to illuminate the objects when presented in visual mode.
To prevent the bats from flying inside the cylinder, fishing line (0.2 mm diameter) was
tensed between top and bottom of the cylinder to form a "fence” with 1cm distance
between the lines.

To shield the objects from echolocation during visual presentation, the entire appara-
tus could be encased with a perspex cylinder. This perspex cylinder was suspended
on strings from an electro motor and could be moved to a raised and a lowered po-
sition to switch between visual and acoustic presentation modes, respectively. Of
course, the feeders were accessible independent of the cylinder position.

The training of the animals was observed with an infrared-sensitive video-
surveillance system from the outside of the experimental room.

The routines for the control of the experiment and for data acquisition and storage
were self-programmed in MATLAB v.5.3.

2.2.3 Procedure

Generally, the bats had to associate one of the two objects with a food reward (ap-
prox. 10 ul of sugar water). To receive a reward, the bat had to visit the feeder located
in front of the rewarded object. The positions of the objects were altered pseudo-
randomly by the training routine. After a maximum of three successive trials with
the same object positioning, the positions were altered forcedly by the computer. If
the wrong feeder was visited, the bat was reinforced with a timeout of ten seconds.
During this timeout period, the objects were moved away from the feeders, next to
the PVC plate, and no visit was registered at either feeder.

Initially, the bats had to learn this task by using echolocation. Therefore, this training
phase was carried out in complete darkness with lowered perspex cylinder, thus, the

objects were only perceivable by echolocation (“acoustic mode”). As each individ-
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Figure 2.2: Experimental set-up as it was used for testing (object discrimination by visual cues). Note
that the perspex cylinder is in raised position and that the LEDs illuminate the objects (cf Fig. 2.1).

ual bat lived in the experimental room during the experiment, the objects had to be
shielded from both echolocation and vision during the 12 h of the light period, at least
in the training phase. Therefore, the perspex cylinder was covered with paper. Each
training session ended with the raising of the cylinder 10 min before the light went
on.

After the bat showed a stable performance of at least 65 % correct choices per train-
ing session in this task, the procedure was changed to visual presentation, in order
to test whether the representation of an object is stable across modalities: the objects
were shielded from echolocation by the perspex cylinder and the LEDs illuminated
the objects. Thus, the objects could only be perceived by vision (“visual mode”).

For data analysis the visiting time, feeder-number, object position, and correct/wrong
answer were logged by the computer for each visit.
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2.2.4 Data analysis

To obtain the bats” performance as a function of training time, learning curves were
calculated as follows: initially, the data of each bat were normalised to the onset of
visual object presentation, i.e., the first number of the first trial in visual mode was set
to zero. This was done for an easier comparison between individuals. Subsequently,
the discrimination performance was calculated as percent correct choices for portions
of 100 successive trials. For 100 trials, a performance of 65 % correct choices is signif-
icantly different from chance level (Miller| 1996).

2.3 Results

Three of four bats learned to discriminate the two objects by echolocation after a
training period of 20,000 (bat5) to 41,000 trials (batl). Bat2 was excluded from train-
ing after a period of approx. 45,000 trials without any detectable learning effect.

All three bats were not able to solve the discrimination task when the objects were
presented to vision afterwards. The results are shown as plots of the learning curves
in Fig. During visual presentation of the objects, the bats” performance dropped
to chance level.

To control whether the bats were still able to solve the discrimination task by echolo-
cation after testing in visual mode, the objects were again presented to bat4 in the
acoustic mode. The results plotted in Fig. show that bat4 could accomplish the

discrimination again immediately.

2.4 Discussion

All three bats successfully trained in this experiment were not able to associate the vi-
sual impression of the objects with the template learned by echolocation. Are echolo-
cating bats, in contrast to dolphins, unable to transfer the perception of objects across
modalities? At first glance, the current results indicate that the answer to this question
is “yes”. But several aspects have to be taken into account before finally answering
this question.
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Figure 2.3: Discrimination performance of G. soricina plotted as the learning curves of the three indi-
viduals (plot rows). The left plot column shows the entire learning curve for each bat, the right column
shows a more detailed part, starting from 9,500 trials before switching to visual object presentation.
Each data point represents the percentage of correct choices of 100 trials. The data are normalised to
the onset of visual presentation of the objects (zero-point on the x-axis). Negative trial numbers illus-
trate the period of training to discrimination by echolocation. The grey boxes show the time window
in which the objects were exposed to vision only. The dotted horizontal lines represent the random
choice level (50 %), the solid horizontal lines represent the 65 % criterion. Note that the performance
of all bats dropped to random choice level when the objects were presented in visual mode. Also note
that bat4 was still able to solve the task acoustically after testing in visual mode.
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First of all, the bats needed a minimum of 20,000 trials to learn the discrimination of
the two objects by echolocation. This is an extremely long learning period for G. soric-
ina, compared to other studies with similar tasks (cf. v. Helversen and v. Helversen,
2003). This might have been caused by the relatively large distance between target
and feeder due to the perspex cylinder that had to be moved up and down between
both. The performance of G. soricina in object recognition tasks deteriorates with in-
creasing distance of feeder and target (Y. Winter, personal communication). Thus, the
association of an object with a reward was possibly hampered by the experimental
design.

Furthermore, the test for a recognition of the objects by vision was based on the as-
sumption that the bats had previously formed a cognition of the object characteristics
which are encoded in the objects” IRs. However, the discrimination by sonar could
have been accomplished simply by the detection of differences in a single echo pa-
rameter. Hence, the bats had not been forced to memorise IRs characterising each
object as such.

In addition, in visual mode the bats perceived diverging information from echoloca-
tion and vision due to the perspex screen. Supposedly, this is a natural situation for
dolphins that most likely cannot echolocate in air (Au, [1993) but nevertheless have
to see and identify objects above water. For bats, however, that have to orient in
one medium only, this situation must be quite unusual. It is thus conceivable that
G. soricina is not able to extract information necessary to identify an object from two
diverging sources which requires a certain level of abstraction.

These problems can be addressed in “matching to sample”paradigms as those used in
the dolphin experiments (Harley et al., 2003; Herman et al., 1998; Pack and Herman,
1995): the dolphins had to match one of two or three objects presented to one sense
to a sample object presented to the other. However, since the high density of water
and the resulting impedance mismatch between water and air facilitate the exposure
of objects to one sense alone (cf. |Au, 1993; Pack and Herman), 1995), a comparable

experimental design is hard to apply to airborne sonar.

Although Weissenbacher and Wiegrebe| (2003) have shown that bats do indeed de-
velop an internal representation of object IRs extracted from the echoes, it is still in
question whether they are capable of assembling different IRs of the same object to a
three-dimensional representation of the object. Whereas echolocation provides excel-
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lent depth resolution (Schmidt, 1988; Simmons et al., 1974) but will provide compa-
rably less information about the contours along the dimensions of height and width
of an object, the reverse will be the case in vision. In fact, height and width are prob-
ably the most important cues for visual object perception, not only for bats (review:
Neuweiler, 2000). This could be of particular significance in the present experiment,
where the outline of the two objects was basically the same.

Consequently, it is conceivable that, at least in bats, a three dimensional object repre-
sentation can not be accomplished by one sense alone but by concurring perceptions
of both, echolocation and vision. An example for such an interaction of both senses
is the visual calibration of the three-dimensional auditory space map in the barn owl
(Knudsen and Brainard, 1991). Regarding the well developed object recognition ca-
pabilities of glossphagine bats in both vision and echolocation (Suthers et al., 1969;
v. Helversen et al., 2003), it appears valid to hypothesize that both modalities con-
tribute to a representation of an object’s dimensions. This hypothesis will be tested
in the current paradigm by exposing the objects to both senses during training and
subsequently testing in either mode, whether the bats are still able to accomplish the
discrimination task.

To conclude, the question whether bats are able to transfer the perception of objects
from echolocation to vision can not be answered entirely at this stage. Nevertheless,
the present results show, that echolocating bats do not generally form a representation
of an object perceived by echolocation that can be matched with a visual percept of
the same object. These results, however, might be biased by an overestimation of the
bats” abstraction capabilities. Thus, this interesting field has to be further investigated
before satisfactory conclusions can be drawn about the information transfer between

acoustic and visual imaging in bats.
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3 Classification of natural textures in echolocation

This chapter has been published in 2004 under the title "Classification of natural textures in
echolocation” by Jan-Eric Grunwald, Sven Schornich, and Lutz Wiegrebe in PNAS.

3.1 Abstract

Through echolocation, a bat can not only perceive the position of an object in the
dark, it can also recognize its three-dimensional structure. A tree, however, is a very
complex object; it has thousands of reflective surfaces which result in a chaotic acous-
tic image of the tree. Technically, the acoustic image of an object is its impulse re-
sponse (IR), i.e., the sum of the reflections recorded when the object is ensonified
with an acoustic impulse. The extraction of the acoustic IR from the ultrasonic echo
and the detailed IR analysis underlies the bats” extraordinary object-recognition ca-
pabilities. Here, a phantom-object, playback experiment is developed to demonstrate
that the bat Phyllostomus discolor can evaluate a statistical property of chaotic IRs, the
IR roughness. The IRs of the phantom objects consisted of up to 4,000 stochastically
distributed reflections. It is shown that P. discolor spontaneously classifies echoes gen-
erated with these IRs according to IR roughness. This capability enables the bats to
evaluate complex natural textures, such as foliage types, in a meaningful manner.
The present behavioral results and their simulations in a computer model of the bats’
ascending auditory system indicate the involvement of modulation-sensitive neurons

in echo analysis.

3.2 Introduction

The neural interpretation of sensory input into an object-based, sensory scenery is a
main focus in neuroscience. The echolocation of bats and dolphins is an ideal model
system because echolocating mammals have perfect control over their sensory data
acquisition due to the active nature of echolocation. A useful analysis of the acous-

tic scenes, as they are represented in sequences of echoes, requires the identification
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of the acoustically complex objects surrounding the animals in their natural habitat.
Many studies have provided insights into the extraordinary capabilities of echolo-
cating animals in object recognition and classification (Dror et al.,[1995; Harley et al.,
2003, 1996; Helweg et al., 1996; Herman et al., 1998; Moss and Simmons, [1993; Saillant
et al., 1993 Simmons,[1979; Simmons et al.|[1990,(1995b; v. Helversen and v. Helversen,
2003; |Weissenbacher and Wiegrebe, 2003).

In their natural nocturnal habitat, bats are forced to orient in and navigate through a
highly structured environment. How can echolocation serve these tasks? The echoes
produced by potential landmarks for orientation, such as trees or bushes, are highly
chaotic: the ultrasonic emission of a bat is reflected from a multitude of surfaces, the
leaves, which are chaotically distributed in space and angle to the sound source and
receiver. Thus, the echoes reflected from such an object will have a chaotic waveform
and no systematic spectral interference pattern (cf. Fig.[3.1). Moreover, the echoes are
highly unstable over time, as they are susceptible to both changes of the bat’s obser-
vation angle and e.g. wind-induced movement of the object. Thus, a bat will rarely
receive the same echo of an individual object twice.

Up to now, object recognition in echolocation has been studied only with determin-
istic echoes from small objects with very few reflections. The echoes from such ob-
jects can be evaluated according to their characteristic waveforms and/or frequency
patterns (Schmidt, |1988; Simmons et al., 1990; Weissenbacher and Wiegrebe, |2003).
However, these concepts appear insufficient to describe the analysis of the chaotic
echoes a bat has to cope with in its natural habitat.

An echo as it is perceived by a bat consists of its ultrasonic emission convolved with
the acoustic impulse response (IR) of the ensonified object. The IR is the sum of the
reflections when the object is ensonified with an acoustic impulse of theoretically in-
finite shortness and infinite amplitude. Thus, the IR is a physical object property
whereas the echo as it is perceived by a bat also depends on the structure of the emit-
ted sound.

What are the typical characteristics of the IRs of large natural objects? A conifer,
for example, has needle-shaped, densely distributed leaves, i.e., many surfaces, each
of them producing only a faint reflection. Thus the IR will consist of many chaot-
ically distributed reflections, each with a relatively low amplitude. A synthetic IR
with these characteristics is shown in Fig. [3.2Ja. In contrast, a broad-leafed tree has
fewer surfaces each of them producing a stronger reflection. Thus the IR will consist
of fewer chaotically distributed reflections each with a relatively larger amplitude
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broad-leafed tree

Figure 3.1: Illustration of sonar emissions of a bat and the echoes it may receive from different foliage
types. Note that a conifer produces a smoother echo than a broad-leafed tree.

(cf. Fig.[3.2k). Thus, while both IRs are chaotic, they will differ in the statistical de-
scription of their envelopes: a conifer has a smoother IR than a broad-leafed tree (cf.
Fig.[3.1). Recent theoretical work has confirmed the power of a statistical echo analy-
sis for the classification of large natural objects (Miiller and Kuc, 2000).

This study investigates whether bats are able to evaluate statistical properties of com-
plex IRs in a behavioral experiment. The fruit-eating bat, Phyllostomus discolor was
trained to evaluate echoes digitally generated from their ultrasonic emissions and
IRs with up to 4,000 reflections.

3.3 Methods

3.3.1 Animals

The experimental animal, the lesser spear-nosed bat, P. discolor, forages for fruit, nec-
tar, pollen, and insects in a neotropical forest habitat. Hence, this species has to nav-
igate through highly structured surroundings. P. discolor emits brief (<3 ms), broad-
band, multi-harmonic echolocation calls covering the frequency range between 45
and 100 kHz (Rother and Schmidt, 1982). Four female individuals took part in the

experiments.
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Figure 3.2: Three examples of complex IRs with increasing roughness from a to ¢ as used in the ex-
periment. IR roughness is quantified as the base-ten logarithm of the IR 4th moment (log,, M4, see
Methods). The IRs are plotted as waveform (left) and magnitude spectrum (right). Every non-zero
amplitude value in the waveform represents a single reflection from a surface of a complex object.
Note the frequency independent magnitude spectrum of all three IRs despite the large waveform dif-
ferences. Each IR had a duration of 16.4 ms and equal root-mean-squared amplitude.

3.3.2 Impulse responses

We created complex IRs with different degrees of roughness: each IR consisted of a
4,096-sample portion of sparse noise (Hiibner and Wiegrebe, 2003). Sparse noise is a
Gaussian noise with random-width temporal gaps (nulls) between the amplitude val-
ues. The different degrees of roughness were achieved by varying the average width
of the temporal gaps. All the resulting IRs had chaotic waveforms and frequency-
independent magnitude spectra (cf. Fig.[3.2). We quantified the IR roughness by cal-
culating the base-ten logarithm of the fourth moment (log,, //4) of the IRs (Hartmann
and Pumplin, 1988). The fourth moment is calculated as

L Jy 2t (t)dt

M4 =
(7 Jo a?(t)dt]?

where z(t) is the time-domain representation and 7 is the duration of the IR.
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For the initial training of the animals, two specific training-IRs were used, a smooth
one (log,, M4 = 1.75, cf. Fig.[3.2)a), and a rough one (log,, M4 = 2.75, cf. Fig.[.2lc).
For the stimulation in the test trials, we used 50 test-IRs in five groups defined by
their average log,, M4. The five groups of IRs had a roughness of 1.75 + 0.005, 2.0
+ 0.005, 2.25 £ 0.006, 2.5 &+ 0.016 and 2.75 + 0.026. Error values represent standard
deviations. Thus, each group contained 10 individual IRs with a similar roughness.
Fig. shows three examples of the IRs used. All IRs had the same root-mean-
squared amplitude. At the given sampling rate (250 kHz), the IRs had a duration of
16.4 ms, corresponding to an object depth of approx. 2.8 m.

3.3.3 Experimental setup

The bats were trained in a 2-alternative, forced-choice, playback setup, consisting of
a horizontal Y-shaped maze (45 x 30 cm; wire mesh) in an echo-attenuated chamber.
A starting perch was located at the bottom leg of the Y, a reward feeder was mounted
at the end of each upper leg. The inner width of each leg was 10cm. To indicate its
decision, the bat had to crawl to the reward feeder in either the left or the right upper
leg of the maze. For the playback of the echoes, an ultrasonic speaker (Matsushita
EAS10 TH800D, Osaka, Japan) was mounted centrally between the upper legs of the
Y-maze, directed towards the starting perch.

Further, a 1/4-inch ultrasonic microphone (Briiel & Kjeer 4135, Neerum, Denmark)
was located on top of the speaker to pick up the sonar emissions of the bat. The
microphone-speaker unit was located at 25 cm distance from the perch.

During the experiment, the amplified and band-pass filtered (20-100 kHz, 24 dB/oct,
Krohn Hite 3550, Brockton, Massachusetts, USA) echolocation calls were digitized
by a data-acquisition board (Microstar DAP 5200a, Bellevue, Washington, USA) at a
sampling rate of 250 kHz. Each recorded call was convolved with a specific IR on
the DAP-board by multiplication of the complex spectra of the recorded emission,
zero-padded to 4,096 samples, and the IR. This mathematical operation corresponds
to the physical formation of the echo from a real object. Thus, any change of the bat’s
ultrasonic emission resulted in an immediate change of the perceived echo. The re-
sulting echo was converted from digital to analogue and played back to the bat after
a total delay of 18 ms relative to emission. This delay corresponds to a target distance
of approx. 3m.
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3.3.4 Procedure

First, four individuals were trained in a two-alternative, forced-choice paradigm to
discriminate two specific IRs. A smooth IR (Fig. 3.2Ja) was associated with a food
reward at the left feeder. A rough IR (Fig.[3.2]c) was associated with a reward at the
right feeder.

Data acquisition started when the bats had achieved a performance of at least 85 %
correct choices in this discrimination task. Then, test trials were randomly inter-
spersed with a probability of 25 %. In these test trials, one of the 50 unknown IRs was
presented and the bats were rewarded independently of their decision. Behavioural

results are based on at least 40 test trials per animal and experimental condition.

3.3.5 Simulations

The classification of the IRs was simulated based on one of two representations of
the perceived echoes: the auditory spectrograms or the output of a modulation-
filterbank. These representations were obtained from a detailed computer model of
the auditory peripheral processing in P. discolor. This model was fed with echoes,
i.e., with the experimental IRs convolved with a typical P. discolor echolocation call.
We have simulated the manipulation of acoustic stimuli applied both by the animals’
outer- and middle ear (Esser and Daucher,(1996), and by cochlear processing based on
distortion-product otoacoustic emission suppression tuning curves (Wittekind), 2003)).
Inner-hair cell processing was simulated by half-wave rectification, exponential com-
pression (exponent = 0.4) and filtering with a second-order low-pass filter at 1 kHz
(Palmer and Russell, [1986) to simulate the loss of phase locking. These manipulations
resulted in an auditory-spectrogram representation of the perceived echoes. In the
first simulation, these auditory spectrograms, arranged along the time- and auditory-
frequency axes, were considered as the model output.

For the second simulation, the auditory spectrograms were fed into a modulation fil-
terbank model (Dau et al.,[1997a,b) with ten modulation filters with center frequencies
(CFs) logarithmically spaced between 30 and 500 kHz. The model output for the sec-
ond simulation was the AC-coupled root-mean-square of the modulation-filterbank
output (Ewert and Dau) 2000). The model decisions were based on the similarity of
the model output computed with a test IR relative to the model outputs computed

with the two training IRs. The similarity was quantified as the root-mean-squared
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distance (Euclidean distance, ED) between the different model outputs. For each test
IR, classification performance in percent was calculated according to the following

equation:

ED th
Judged as smooth(%) = 100 x (1 omoo )

~ EDsmooth + EDrough

where EDsmooth is the Euclidean distance between the model outputs computed
with a test IR and the smooth training IR and EDrough is the Euclidean distance be-

tween the model outputs computed with a test IR and the rough training IR.

3.4 Results

3.4.1 Behavioral performance

In a two-alternative, forced-choice paradigm, the four individuals were success-
fully trained to discriminate a single smooth IR (Fig. a) from a single rough one
(Fig.[3.2k). The horizontal lines in Fig. [3.3|show the bats’ discrimination performance
recorded in the subsequent test phase.

In this test phase, we investigated to which extent the bats can generalize roughness
to test IRs which the bats had not experienced before. The spontaneous responses to
these test IRs are shown in Fig.[3.3]as a function of the IR roughness. The five bars rep-
resent the bats” spontaneous classification of unknown test IRs from the five groups
with an IR roughness as specified on the abscissa. The bars show that spontaneous
classification is monotonically related to the IR roughness: Unknown IRs with low
roughness were spontaneously judged 'smooth’ in a high percentage of test trials;
unknown IRs with high roughness were only rarely judged 'smooth’. IRs with inter-
mediate roughness resulted in a similar amount of 'smooth” or ‘rough’ judgements.
Human psychophysical studies have shown that stimuli with the same sound pres-
sure level and long-term spectrum can produce different degrees of masking (Carlyon
and Dattal 1997} [Kohlrausch and Sander, (1995) and loudness (Gockel et al., 2003) de-
pendent on their degree of envelope fluctuation. To investigate whether the bats may
have based their decisions on differences in perceived echo loudness, we repeated the
classification experiment with a roving-level paradigm: the echoes of the training IRs
were attenuated by 6 dB compared to the level in the original paradigm; the echoes
of the test IRs were presented at levels roving by + 6 dB around that of the training
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Figure 3.3: Discrimination and classification of chaotic IRs by P. discolor. Performance is quantified as
percent of trials judged as ‘smooth’. The solid and dashed strong horizontal lines show the discrimina-
tion of the smooth and rough IR in the training trials, respectively. The thin horizontal lines represent
standard errors. The bars show the spontaneous classification of unknown chaotic IRs as a function
of the IR roughness. The bats’ spontaneous classification is monotonically related to the IR roughness.
Error bars represent inter-individual standard errors.

IRs. The results of this control experiment, performed with two of the four bats, are
shown in Fig. The IRs were classified in the same manner as in the original exper-
iment. This control experiment shows that the classification performance of the bats
was not based on differences in perceived echo loudness.

How may the bats” auditory system evaluate echo roughness? As stated above, the
bat does not perceive the IR as such but the IR imprinted on its own sonar emission,
an echo. A spectral analysis of the echo envelope shows that the envelope spectrum
is monotonically related to the echo roughness. In the mammalian auditory system,
properties of the envelope spectrum can be encoded by modulation-sensitive neu-
rons. Hence, it is conceivable that modulation-sensitive neurons described in the
bats” auditory brainstem (Grothe et al., 2001; Huffman et al.,(1998a,b) can encode the
roughness of perceived echoes.
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Figure 3.4: Classification of chaotic IRs by two P. discolor in a roving-level paradigm. Classification
performance is plotted in the same format as in Fig. The echoes in the training trials (horizontal
lines) were attenuated by 6 dB relative to the main experiment. The echoes in the test trials were
played back at randomized levels (+ 6 dB) roving around that of the training echoes. Note that the
bats spontaneously classified the IRs in a similar way as shown in Fig.
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3.4.2 Simulation results

As outlined in the methods, simulations of the behavioral performance were based
on either auditory-spectrogram representations of the perceived echoes or on the out-
puts of a hypothetical modulation filterbank as a functional implementation of neural
envelope analysis. Exemplary representations of the echo waveforms, the generated
auditory spectrograms and the modulation filterbank outputs are shown in Fig.
The simulation results are shown in Fig. The simulation based on the similarities
in the auditory spectrograms (Fig. [3.6la) show only a weak correlation to the bats’
performance in the experiment.

The simulation based on the similarities in the modulation filterbank outputs
(Fig.[3.6]b) generates a better fit to the behavioral data. This is true despite the fact that
the modulation filterbank outputs appear not to vary very much with IR roughness
(cf. Fig. bottom row).

3.5 Discussion

The present results show for the first time that echolocating bats spontaneously eval-
uate and generalize the roughness of chaotic IRs. Such chaotic IRs arise from large
natural objects like trees and bushes and they are thus abundant in the animals’ nat-
ural habitat.

Which neural processing strategies may underlie the analysis of IR roughness? The
bats do not perceive the IR of an object but the object’s IR convolved with their sonar
emission, i.e.,, an echo. Earlier studies have indicated that bats may be able to re-
construct the IR from the detailed comparison of their sonar emission and the echo
(Simmons et al., [1990; Weissenbacher and Wiegrebe, 2003). However, it is not clear
whether P. discolor can do so with such complicated IRs consisting of thousands of
reflections. Thus, at present we reside to simulate the auditory analysis of chaotic
echoes based on the echoes themselves, not on the IRs.

The simulation results show that an auditory spectrogram representation of the per-
ceived echoes, as it would exist in the bats” auditory nerve, does not provide a reliable
estimate of IR roughness. The deterministic encoding of the echo temporal structure
in the auditory spectrograms precludes a successful evaluation of the statistical echo
properties.

When the information from the auditory nerve is subjected to a modulation-filterbank

analysis, the modulation-filterbank output provides an improved fit to the experi-
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Figure 3.5: Simulated echoes generated with IRs as used in the behavioral experiments and their
auditory representations as simulated in a computer model of the peripheral auditory system of P.
discolor. The left and right columns show the representations for the two IRs used in training; the
middle column shows the representation for a single test IR from the IR group with a log;, M4 of 2.0.
The top row shows the echo waveforms, the middle row shows the simulated auditory spectrograms,
and the bottom row shows the simulated modulation filterbank outputs. The grayscale in the middle
and bottom row encodes the simulated neural activation in arbitrary units.
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Figure 3.6: Simulation results of the behavioral performance based on two different auditory represen-
tations of the generated echoes. The simulation based on auditory-spectrograms (a) provides a poor
fit to the experimental data (cf. Fig. because, in the auditory spectrogram, the temporal structure
of the echo waveform is encoded in a deterministic fashion. A subsequent analysis of the auditory
spectrograms in a modulation filterbank (b) provides a better representation of echo roughness and
consequently results in an improved fit to the experimental data.



3.5 Discussion 55

mental data. The success of the modulation-filterbank simulation results from the
stability of the filterbank output across different realizations of stochastic IRs with
similar roughness.

The modulation filterbank analysis revealed that modulation magnitude in the mod-
ulation frequency range around 80 to 200 Hz can be used to evaluate the roughness
of the experimental echoes. Modulation sensitive units covering this range have been
characterized physiologically in bats (Grothe et al., 2001; Hutfman et al.,1998a). Thus,
the simulations support the hypothesis that modulation sensitive neurons, e.g. in the
auditory midbrain may play an important role in the processing of stochastic echoes.
However, even with a modulation-filterbank analysis, the fit to the experimental data
is not fully satisfactory. Better fits to the experimental data can be obtained if a sim-
ulation was based on the evaluation of the IR itself, not on the echo. This, however,
requires the preceding reconstruction of the IR from the echo. Future studies will
reveal to which extent P. discolor can reconstruct the IR of complex objects having
thousands of reflective surfaces.

In previous research, chaotic echoes from natural textures have mostly been regarded
as disturbing "clutter’. In the light of the current data, these chaotic echoes should be
regarded as a contribution to a meaningful acoustic image of the bat’s surroundings.
It is conceivable that for flying bats, the perception of an acoustic stream on the ba-
sis of changes of echo roughness facilitates navigation guided by echolocation. The
spontaneous classification of unknown chaotic IRs along an ecologically meaningful
parameter indicates the significance of a statistical evaluation of echo properties for

the natural behavior of bats.
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