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Summary

SUMMARY
Hanna Kastein
Experiments on social call perception by bats

The verbal, and non-verbal, communication of a foreign culture may appear remarkably
strange. Apart from language, however, one may find many cross-cultural speech
commonalities in the paralinguistic prosody, which conveys emotional and/or identity
features via voice. In vocalisations of many mammals, prosodic features are actually also
present, which are partly perceived by conspecific listeners. The synapomorphy of the vocal
tract in all mammals provides a basis for interspecific comparative studies that may reveal a
common ancestor of all mammalian species, for which the perception of the paralinguistic
prosody may have already been present to some extent in vocal communication. The
exploration of production, and perception, mechanisms of prosodic cues in mammals has
therefore gained much interest in recent years. The question, to what extent the voice alone is
sufficient to ensure the perception of prosodic cues by the perceiving animal is addressed by
the present thesis, which focuses on the acoustic perception of identity and affect intensity by
bats. Bats are excellent study objects due to their nocturnal lifestyle and the associated
dependence on acoustic signals, as well as, from an evolutionary perspective, due to their
phylogenetic position as outgroup for primates. In my thesis, I focus on the perception of
social calls in the Indian False Vampire bat (Megaderma lyra), a socially living bat species,
which shows a pronounced social call repertoire.
The first part of my dissertation dealt with the question to what extent the identity of a
known conspecific may be perceived via the voice and whether bats are able to discriminate
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between different individuals due to individual signatures, or whether they also recognise
them spontaneously. In different playback experiments, bats were tested on their reactions to
contact calls from different known, and unknown, conspecifics. The used playback stimuli
consisted of contact call series which were recorded prior to experiments by separating bats
and which had been analysed with respect to individual signatures. The study focused on the
differentiation of two separate cognitive abilities, identity discrimination and identity
recognition by voice. This difference had previously been neglected in similar studies. The
experiments provided evidence for the ability of the animals to discriminate between
individuals. This discrimination ability was explained by a model that was purely based on
the acoustic dissimilarities between call stimuli of single individuals. Moreover, the results
suggested identity recognition of known group members.
The second part of the dissertation addressed the perception of affect intensity in two call
types of the agonistic context. Differences in the call structure of both, aggression calls as
well as response calls, reflect the affect intensity of the aggressive interaction between two
bats. To study the discrimination ability, bats were habituated with aggression, or response,
calls from agonistic interactions of either high, or low, intensity, and were tested with calls of
the same call type, but with different affect intensity, in reciprocal habituation-dishabituation
experiments. Bats did not show a categorisation of aggression calls by affect intensity as they
tended to respond to any novel aggression call and appeared to habituate only to previously
heard habituation stimuli, irrespective of affect intensity. In response call experiments, bats
responded to calls of high affect intensity after habituation with calls of low affect intensity.
However, they transferred habituation to calls of low affect intensity in the reciprocal
experiment. The asymmetry in response behaviour is an evidence for an evaluation of affect
intensity.
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In sum, both studies show that the Indian False Vampire bat is able to perceive prosodic cues
from social calls, and to categorise them according to these cues, whereby the different
response behaviour reflects different cognitive properties. Finally, categorisation abilities in
these mammals are similar to those in humans, although the two taxa are evolutionary remote,
suggesting a common basis for the processing of paralinguistic prosodic cues in mammals.
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ZUSAMMENFASSUNG
Hanna Kastein
Experimente zur Sozialrufwahrnehmung bei Fledermäusen

Die verbale und nonverbale Kommunikation einer anderen Kultur kann außerordentlich
befremdlich wirken. Sieht man jedoch von Sprachunterschieden ab, können interkulturell
viele Gemeinsamkeiten in der paralinguistischen Prosodie gefunden werden, die emotionale
und/ oder Identitäts-Merkmale über die Stimme vermitteln. Tatsächlich kommen prosodische
Merkmale auch in Vokalisationen vieler Säugetiere vor, die von zuhörenden Artgenossen zum
Teil wahrgenommen werden. Die Synapomorphie des Vokaltrakts aller Säuger liefert eine
Basis für interspezifisch vergleichende Studien, deren Resultate auf einen gemeinsamen
Vorfahren aller Säuger hindeuten, bei dem die Wahrnehmung der paralinguistischen Prosodie
in der vokalen Kommunikation schon ansatzweise vorhanden gewesen sein könnte. Die
Erforschung von Produktions- und Wahrnehmungs-Mechanismen prosodischer Merkmale in
Säugetieren hat daher in den letzten Jahren großes Interesse geweckt. Die Frage, in welchem
Ausmaß die Stimme allein ausreicht, um dem empfangenden Tier die Perzeption prosodischer
Merkmale zu gewährleisten, soll in der vorliegenden Studie betrachtet werden. Als Modell
dient die akustische Wahrnehmung von Identität und Affektintensität bei Fledermäusen.
Aufgrund ihrer nächtlichen Lebensweise und der damit verbundenen Abhängigkeit von
akustischen Signalen zur Kommunikation, als auch - aus evolutionärer Sichtweise - aufgrund
ihrer phylogenetischen Position als Außengruppe für Primaten, stellen Fledermäuse ein
ausgezeichnetes

Studienobjekt

dar.

Im
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Sozialrufwahrnehmung des Indischen Falschen Vampirs (Megaderma lyra), einer sozial
lebenden Fledermausart, die über ein ausgeprägtes Sozialruf-Repertoire verfügt.
Der erste Teil meiner Dissertation befasste sich mit der Frage, inwieweit die Identität eines
bekannten Artgenossen über die Stimme wahrgenommen werden kann und ob die
Fledermäuse dabei in der Lage sind, anhand von individuellen Signaturen verschiedene
Individuen voneinander zu unterscheiden und ob sie diese auch spontan erkennen. Mittels
unterschiedlicher Playbackversuche wurden die Fledermäuse auf ihre Reaktionen bezüglich
der Kontaktrufe von unterschiedlichen bekannten und unbekannten Artgenossen getestet. Die
verwendeten Playbackstimuli bestanden aus Kontaktrufserien, die vor Beginn der Versuche
von kurzzeitig isolierten Fledermäusen aufgenommen und auf ihre individuellen Signaturen
hin analysiert worden waren. Ein Schwerpunkt dieser Studie war die Differenzierung zweier
kognitiv voneinander getrennter Fähigkeiten, nämlich die Diskriminierung von Stimmen und
ihre Erkennung. Dieser Unterschied wurde in vergleichbaren Studien bisher vernachlässigt.
Die Ergebnisse bewiesen die Diskriminierungsfähigkeit der Tiere und führten diese mithilfe
eines Modells auf die akustischen Unähnlichkeiten zwischen den Rufstimuli der einzelnen
Individuen zurück. Zudem ließen die Ergebnisse Hinweise auf eine echte Identitätserkennung
von bekannten Gruppenmitgliedern zu.
Thema des zweiten Teils der Dissertation war die Wahrnehmung von Affektintensität
innerhalb zweier Ruftypen aus dem agonistischen Kontext. Unterschiede in der Struktur von
Aggressions- und Antwortrufen reflektieren die Affektintensität der aggressiven Interaktion
zwischen zwei Fledermäusen. In reziprok durchgeführten Habituations-DishabituationsExperimenten wurden die Fledermäuse mit Aggressions- oder Folgerufen hoher oder
niedriger Affektintensität habituiert und mit Rufen des gleichen Typs, aber anderer
Affektintensität, auf ihre Diskriminierungsfähigkeit getestet. Die Fledermäuse zeigten bei den
präsentierten Aggressionsrufen keine Kategorisierung der Affektintensität an, da sie auf jeden
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neu vorgespielten Stimulus gleich welcher Affektintensität tendenziell wieder reagierten und
nur auf die vorher schon gehörten Habituations-Stimuli zu habituieren schienen. Dagegen
antworteten die Fledermäuse auf Antwortrufe hoher Affektintensität nach Habituation auf
Rufe niedriger Affektintensität, transferierten die Habituation jedoch im reziproken
Experiment. Diese Asymmetrie im Antwortverhalten ist ein Beweis für eine Evaluierung der
Affektintensität.
In Kombination zeigen die beiden Studien, dass Indische Falsche Vampire in der Lage sind,
prosodische Merkmale aus Sozialrufen wahrzunehmen und zu kategorisieren, wobei das
unterschiedliche Antwortverhalten unterschiedliche kognitive Eigenschaften reflektiert.
Zusammenfassend ist zu sagen, dass die Kategorisierungs-Fähigkeiten dieser Säugetiere
denen des Menschen ähneln, obwohl sie vom Menschen evolutiv relativ weit entfernt sind,
was auf eine gemeinsame Basis der Verarbeitung paralinguistischer, prosodischer Merkmale
bei Säugetieren hinweist.
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GENERAL INTRODUCTION

Background
When travelling to foreign countries, the verbal, and non-verbal, communication of the
respective population may, at first glance, evoke the impression of being fundamentally
different compared to the own communication. However, besides the foreign language and its
associated linguistic prosody (for definition see e.g. Tseng 2006), the paralinguistic prosody is
able to express the emotional state of the sender, and its identity, cross-culturally via
frequency, time, and amplitude parameters, as well as via the timbre of the voice, during
speech or music (see e.g. Altenmüller et al. 2013a; Belin et al. 2004; Kreiman and Sidtis
2011; Lakshminarayanan et al. 2003; Scherer 1989). The expression of paralinguistic prosodic
cues in vocalisations may, however, not be restricted to humans. Due to the synapomorphy of
the vocal tract, and underlying neuronal pathways, which are similar in anatomy and
physiology across mammals (e.g. Fitch 2006; Fitch 2010; Fitch and Hauser 1995; Scherer
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1989), scientists frequently postulated a common origin of vocal prosodic cues in the
evolution of mammals (e.g. Altenmüller et al. 2013b; Scherer 1989, 1995; Sidtis and Kreiman
2012).
In mammals, vocalisations facilitate communication over a distance (Mitani and Stuht
1998), and thus especially socially living, nocturnal species, or species living in dense
vegetation, benefit from acoustic communication (e.g. Owren and Rendall 1997; Owren and
Rendall 2001; Rendall and Owren 2002). The auditory perception, and categorisation, of
identity, or affective cues, may be relevant for the fitness of an individual by providing the
possibility to respond adaptively, e.g. to specific group members or to aggressive conspecifics
(e.g. Owren and Rendall 2001), for example in order to appease an upcoming conflict.
Vocalisations accompanying all kinds of social interactions in mammals may either contain
specific acoustic elements, which accumulate in similar situations, or context-specific sounds
that are characteristic for different functions, such as alarm calling, mother-pup interactions,
or contact calling (e.g. Morton 1977). Moreover, the call structure may play a decisive role in
determining the type of response in the listener. Especially complex, spectrally rich calls may
offer a high inter- and intra-individual variability to encode individuality (e.g. Owren and
Rendall 2001; Rendall et al. 1998), or affect expressing friendly intention, or appeasement
(e.g. Morton 1977; Owren and Rendall 2001). In contrast, calls, which are emitted in highly
alarming, dangerous situations, or situations during aggressive interactions with a high risk of
injury as for example screams, are often characterised by a high proportion of broadband,
harsh, loud and noisy structures (e.g. Ehret and Kurt 2010; Morton 1977; Owren and Rendall
2001). These parameters may be qualified best to directly evoke responses (e.g. Blumstein
and Récapet 2009; Owren and Rendall 2001; Reby and Charlton 2012; Townsend and Manser
2011), and to achieve an aversive effect in conspecific listeners (Rendall and Owren 2002).
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Besides context-specificity, vocalisations may vary within the call type, expressing different
intensities according to the intensity of the situation. In particular, emotional situations bear
such quantitatively differing vocalisations (for review see Briefer 2012; Zimmermann et al.
2013).
Consequently, it is not surprising that not each call type, or accumulation of acoustic
elements, which is vocalised in specific situations, is inevitably suitable to convey identity
(Bachorowski and Owren 1999; Rendall 2003), or emotional cues (Owren and Rendall 2001;
Rendall and Owren 2002; Scheumann et al. 2012).

The present dissertation deals with the perception of prosodic cues and with the question to
what extent a non-human mammal might decode the respective acoustic cues from
vocalisations of conspecifics. In the first study, I will focus on the auditory perception of
identity transmitted by individual signatures in specific social calls. In particular, I will
address the question, whether, and to what extent, the identity of conspecifics may be
perceived based on acoustic cues, and whether these mammals are able to discriminate
between conspecifics, or recognise certain individuals. In the second study, I will address the
perception of affect intensity in calls from the agonistic context. I will focus on the question to
what extent different affect intensities, which are expressed within one call type, are perceived
and categorised by individuals. The aim of both studies is to consider these questions from a
comparative perspective.
Bats are excellent study subjects for comparative studies, since they constitute an outgroup
evolutionarily remote from primates, but are similarly dependent on acoustic communication
guiding social interactions about distances. In addition, bats comprise many socially, groupliving species which depend on acoustic cues for orientation (e.g. Neuweiler 2000; Schnitzler
et al. 2003), foraging (e.g. Schnitzler et al. 2003) and communication (Kulzer 2005) due to
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their nocturnal and aerial lifestyle. Furthermore, bats often maintain broad repertoires of
context-specific social calls to guide social interactions (e.g. Fenton 1994; Schmidt 2013)
during agonistic situations (e.g. Bastian and Schmidt 2008; Clement et al. 2006), in motherpup interactions (e.g. Balcombe and McCracken 1992; De Fanis and Jones 1995; Gelfand and
McCracken 1986; Knörnschild and von Helversen 2008; Scherrer and Wilkinson 1993;
Thompson et al. 1985), during mating or inspection behaviour (e.g. Bohn et al. 2008; Clement
et al. 2006; Leippert 1994), to attract conspecifics (e.g. Arnold and Wilkinson 2011; Carter et
al. 2012; Gillam and Chaverri 2012), for defending territories (e.g. Bohn et al. 2009), during
foraging events (e.g. Boughman 1997; Wilkinson and Boughman 1998), or for other social
purposes (e.g. Clement et al. 2006; Leippert et al. 2000; Pfalzer and Kusch, 2003).

The animal model
The model species used in this thesis, the Indian False Vampire bat (Megaderma lyra), is a
cave-dwelling species, that also inhabits temples or attics of houses (e.g. Schmidt 2005), and
is distributed on the Indian subcontinent as well as in Southeast Asia. Its diet comprises small
vertebrates, in particular frogs of the genus Rana, as well as insects (Prakash 1959). A few up
to dozens of bats gather in caves during daytime, while during night time, stable social groups
consisting of a few individuals of both sexes (Schmidt 2013) that often maintain
individualised relationships with each other (Goymann et al. 2000), regularly unite at night
roosts between foraging phases (Neuweiler 2000; Schmidt 2013). Night roosts are therefore
hot spots of social interactions (Schmidt 2013).

The auditory perception of identity by bats
The scenario of the ringing phone and the best friend calling (e.g. adopted by Scheiner and
Fischer 2011) is suitable to be transferred to the field of individual recognition. Immediately
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by listening to the familiar voice, one may identify the person on the other side of the
telephone wire. If, however, an unfamiliar person is calling, we are just able to tell this person
apart from other familiar callers or maybe from a second unfamiliar caller provided that both
voices differ sufficiently. In humans, the discrimination between voices and the recognition of
voices are two cognitive abilities, which are generated by different brain areas and are
functioning independently from each other (e.g. Belin et al. 2011; Gainotti 2011; Latinus et al.
2011; Van Lancker and Canter 1982; Van Lancker and Kreiman 1987; Van Lancker et al.
1988). Both abilities, as indicated above, differ in their requirements of caller familiarity;
individuals must be known, if they are considered to be recognised, while voices of unknown
individuals can sometimes be discriminated. Since species-specific vocalisations elicit
activation in voice-selective brain regions in primates (for review see Belin 2006; Petkov et
al. 2008), the question arises whether voice perception is an ancestral trait. Due to the wide
distribution of individual signatures in mammalian voices (see Table 1), one can assume that
the perception of identity cues also reaches far back in the mammalian phylogeny.
Since prior observations revealed that isolated bats of the species M. lyra emit contact calls
and are joined by conspecifics of their own social group as a result of calling (Schmidt 2013),
these contact calls, which carry individual signatures (Dörrie et al. 2001), may generally serve
to localise, and reunite with, group members. However, it was not tested yet, whether the
acoustic cues of contact calls alone are sufficient to discriminate between the conspecific
callers, or to recognise the calling group members.
On the basis of different behavioural playback experiments, I explored whether bats are able
to discriminate between different known, and unknown, individuals due to vocal individual
signatures, and whether they spontaneously recognise their own group mates by voice.
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Table 1: Literature overview on individual signatures in mammalian voices.

Animal Order

References

Cetacea

e.g. Sayigh et al. 1990; Shapiro 2006

Artiodactyla

e.g. Reby et al. 1998; Searby and Jouventin 2003; Volodin et al. 2011

Carnivora

e.g. Charlton et al. 2009; Charrier et al. 2003; McCulloch and Boness
2000; Scheumann et al. 2012; Schibler and Manser 2007; Yin and
McCowan 2004

Perissodactyla

e.g. Budde and Klump 2003; Lemasson et al. 2009

Chiroptera

e.g. Balcombe and McCracken 1992; Bastian and Schmidt, 2008;
Davidson and Wilkinson 2002; Esser and Schmidt 1989; Gelfand and
McCracken 1986; Knörnschild et al. 2007; Knörnschild and von
Helversen 2008; Leippert et al. 2000; Masters et al. 1995; Scherrer and
Wilkinson 1993; Siemers and Kerth 2006; Thomson et al. 1985

Rodentia

e.g. Matrosova et al. 2011; Randall et al. 2005

Primates

e.g. Cheney et al. 1996; Fischer et al. 2002; Leliveld et al. 2011; Owren
et al. 1997; Rendall 2003; Rendall et al. 1998; Snowdon and Cleveland
1980; Sproul et al. 2006; Zimmermann and Lerch 1993

Scandentia

e.g. Schehka and Zimmermann 2009

Sirenia

e.g. Sousa-Lima et al. 2002

Proboscidea

e.g. Soltis et al. 2005

Hyracoidea

e.g. Koren and Geffen 2011

Diprotodontia

e.g. Charlton et al. 2011

The auditory perception of affect intensity by bats
The abrupt onset of a clearly audible novel stimulus evokes an automatic attention shift, and
interruption in on-going behaviour, called “acoustic-startle reflex” in humans, as well as in
mammals (e.g. Owren and Rendall 2001). Beyond this kind of strong distraction, it may,
however, depend on the informative, or affective, content, whether a given novel stimulus
causes a change in behaviour (e.g. Parmentier et al. 2010), and how strong this resulting
behavioural response is (e.g. Dominguez-Borràs et al. 2008; Vuilleumier et al. 2001),
regardless of whether it occurs consciously and voluntarily or not (Pashler et al. 2001).
However, although not every novel stimulus will inevitably lead to changed behaviour
(Parmentier et al. 2010), studies focussing on brain activation in humans showed that humans
can hardly ignore emotionally salient stimuli, and that emotionally salient stimuli may lead to
larger distraction effects than less emotional stimuli (e.g. Dominguez-Borràs et al. 2008;
22
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Vuilleumier et al. 2001). In particular, the evaluation of emotional salient stimuli in humans
occurs pre-attentively (e.g. Bröckelmann et al. 2011; Dominguez-Borràs et al. 2008; Goydke
et al. 2004; Schirmer and Escoffier 2010).
In socially living animals, the adaptive response behaviour to acoustic communication
signals may ensure a survival advantage (e.g. Rendall and Owren 2002). In the “influencing
others” scenario (Owren and Rendall 1997; Owren and Rendall 2001; Rendall and Owren
2002; Rendall et al. 2009) a signal induces e.g. an emotion in the receiver, and provides the
opportunity for the receiver to respond adaptively to ensure its survival and to increase its
fitness. While Slocombe et al. (2009) assume “that it would be extremely costly to respond to
each call and thus natural selection should favour response selectivity“, Ehret (2013)
postulated that “the preparation to respond with a biologically well-adapted behaviour is
equal to the instinctive perception of the ‘meaning’ of the sound.”. Thus, the perception and
categorisation of emotionally salient stimuli may function as a pre-requisite for the adaptive
response behaviour in mammals.
In recent years, the question about the perception of stimuli differing in affect intensity came
into focus (for review see Briefer 2012; Zimmermann et al. 2013), since on the one hand
some species may primarily express affect intensity in their vocalisations (e.g. African
elephants: Soltis 2013), and on the other hand, graded behavioural responses can be used as
reliable indicators for intensity variations within situations. The present study therefore
addresses the question whether the acoustic cues without the behavioural display are
sufficient for an evaluation of the affect intensity of different social calls of M. lyra.
Agonistic interactions in M. lyra take place at day, and night, roosts where groups aggregate.
A typical agonistic approach situation is specified by a perching bat that emits an aggression
call as a result of being approached from a second bat that aims to perch at the same place
(Bastian and Schmidt 2008; Schmidt 2013). As a consequence, the approaching bat either
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reacts with a change in flight direction and emits a response call, which is meant to transfer an
appeasing function (Schmidt 2013), or chose an agonistic escalation (Bastian and Schmidt
2008). In most cases, emitted aggression calls are immediately followed by response calls
from the second bat and therefore call types appear to be functionally linked.
The ability to acoustically evaluate affect intensity during agonistic interactions may help to
avoid serious conflicts and strengthen group cohesion of small social groups with
individualised relationships in M. lyra. I conducted playback experiments on the basis of the
habituation-dishabituation paradigm to test whether, and how, bats perceive different affect
intensities within aggression, and response calls, and whether an evaluation of affect intensity
is reflected in the spontaneous categorisation behaviour.
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Abstract
Different cognitive processes underlying voice identity perception in humans may have
precursors in mammals. A perception of vocal signatures may govern individualised
interactions in bats, which comprise species living in complex social structures and are
nocturnal, fast-moving mammals. This paper investigates to what extent bats recognise, and
discriminate between, individual voices and discusses acoustic features relevant for
accomplishing these tasks. In spontaneous presentation and habituation-dishabituation
experiments, we investigated how Megaderma lyra perceives and evaluates stimuli consisting
of contact call series with individual specific signatures from either social partners or
unknown individuals. Spontaneous presentations of contact call stimuli from social partners
or unknown individuals elicited strong, but comparable reactions. In the habituationdishabituation experiments, bats dishabituated significantly to any new stimulus. However,
reactions were less pronounced to a novel stimulus from the bat used for habituation than to
stimuli from other bats, irrespective of familiarity, which provides evidence for identity
discrimination. A model separately assessing the dissimilarity of stimuli in syllable
frequencies, syllable durations and inter-call intervals relative to learned memory templates
accounted for the behaviour of the bats. With respect to identity recognition, the spontaneous
presentation experiments were not conclusive. However, the habituation-dishabituation
experiments suggested that the bats recognised voices of social partners as the reaction to a rehabituation stimulus differed after a dishabituation stimulus from a social partner and an
unknown bat.
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Keywords
Bats, Vocal communication, Individual recognition, Individual discrimination, Social call
perception, Habituation-dishabituation paradigm

Introduction
The human voice carries individual specific signatures and is processed in specific voiceselective regions of the cortex (Belin et al. 2011). Individual signatures may convey
familiarity with a speaker and allow classification of voices to different speakers (Sidtis and
Kreiman 2012). Behavioural and neuroimaging studies in brain-damaged and healthy subjects
(e.g. Belin et al. 2011; Gainotti 2011; Latinus et al. 2011; Van Lancker and Canter 1982; Van
Lancker and Kreiman 1987; Van Lancker et al. 1988) provide evidence that the ability to
recognise an individual by voice, and the ability to discriminate between voices, are
independent cognitive processes in humans. The fact that voice-selective brain regions were
also found in macaques (Petkov et al. 2008) supports the notion that voice perception is an
ancestral trait that evolved far before language (for a review see Sidtis and Kreiman 2012).
Indeed, individual signatures are an inherent property of vocal call production, based on a
similar anatomy and physiology across mammals (e.g. Fitch 2006, 2010). Moreover, a
perception of individual vocal signatures has been reported for several mammalian taxa, for
example primates (e.g. Cheney and Seyfarth 1980, 1988, 1999; Rendall et al. 1996, 2009;
Snowdon and Cleveland 1980; Sproul et al. 2006), rodents (e.g. Blumstein and Daniel 2004;
Hare 1998), carnivores (e.g. Charrier et al. 2002, 2003; Frommolt et al. 2003; Holekamp et al.
1999; Insley 2001; McCulloch and Boness 2000; Müller and Manser 2008; Pitcher et al.
2010), proboscideans (e.g. McComb et al. 2000), cetaceans (e.g. Janik et al. 2006; Sayigh et
al. 1998), perissodactyls (e.g. Lemasson et al. 2009), and artiodactyls (e.g. Searby and
Jouventin 2003; Terrazas et al. 2003). In these studies, the perception of individual vocal

27

Perception of individuality in bat vocal communication

signatures modified the behaviour in different social contexts, namely mother-pup bonding
and reunions, group formation and cohesion, or neighbour-stranger differentiation, which
suggests that the perception of the identity of a social partner, as well as the discrimination
between individuals, have a considerable survival value.
From a comparative perspective, bats are particularly relevant study models, since they are
socially living mammals, whose nocturnal and aerial life style favours the use of acoustic cues
for orientation (e.g. Neuweiler 2000) and communication (Kulzer 2005). A perception of
individual signatures has been shown in the context of interactions between a mother and its
own pup (e.g. Balcombe 1990; De Fanis and Jones 1995; Esser and Schmidt 1989;
Knörnschild and von Helversen 2008; Thomson et al. 1985) and towards conspecific pups in
general (e.g. Bohn et al. 2007). Moreover, a few studies have been focussing on effects of
individual vocal signatures on response behaviour in adult bat communication (e.g. Arnold
and Wilkinson 2011; Carter et al. 2008; Kazial et al. 2008; Voigt-Heucke et al. 2010; Yovel et
al. 2009). The present paper explores how different cognitive processes underlying individual
vocal signature perception, recognition or discrimination, are reflected in the spontaneous
categorisation behaviour of a bat model.

Our model species, the Indian False Vampire bat (Megaderma lyra), lives in a complex social
structure with evidence for individualised relationships (Goymann et al. 2000) as indicated by
body-contacts. These body-contacts are only observed between certain group members of
either sex, and differ from clustering under thermoregulatory stress, or during a disturbance,
by the preceding slow approach via walking while hanging upside-down, and a subsequent
greeting ceremony (Schmidt 2013). While up to several dozens of individuals share, and may
interact at, a day roost, most social interactions take place at night roosts, where groups
consisting of a few individuals of both sexes aggregate. These associations can be stable for
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several years (Schmidt 2013). The group mates frequently stem from different day roosts, and
each group uses several night roosts (Schmidt 2013). The ability to acoustically recognise, or
discriminate, individuals may govern the reunions of groups at these roosts. Typically, an
isolated bat at the night roost emits contact calls carrying an individual signature (Dörrie et al.
2001) and is joined by conspecifics of its group as a result of calling (Schmidt 2013), which
suggests that this call type has an attraction function for individuals and supports group
cohesion. Therefore contact calls are suitable to study the auditory perception of individuals.

Any perception of identity via vocal signatures presupposes a categorisation of stimuli
differing in their spectro-temporal pattern in acoustic parameter space. A top-down
categorisation (see Miller and Bee 2012) includes an extra-acoustic evaluation by which
distinctive and idiosyncratic features of the voice are associated with a particular individual
(Belin et al. 2004). In a bottom-up categorisation (Miller and Bee 2012), vocalisations with
similar spectro-temporal patterns are perceived as classes, with the corollary that stimuli
labelled differently are better discriminated than those labelled the same (see Ehret 1990).
In the present paper, we refer to top-down regulated categorisations as “recognition”, and to
bottom-up regulated categorisations exclusively based on acoustic parameter similarity as
“discrimination”, and distinguish between identity recognition, identity discrimination, and
class discrimination by voice. By identity recognition, we mean any categorisation which
presupposes the ability to associate individually distinctive voice characteristics with a
particular individual (for definition see McComb et al. 2000; Tibbetts and Dale 2007),
irrespective of whether this association is used to identify the individual (true individual
recognition according to Tibbetts and Dale 2007), or to attribute an identified voice
secondarily to a class defined by voice-independent features. In contrast, we define identity
discrimination as the ability to perceive stimuli as belonging to different classes based on
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parameter similarity with each individual as a spontaneously adopted class (corresponding to
class-level recognition (ii) of individuals in Tibbetts and Dale 2007). Finally, we define class
discrimination in general as the ability to perceive stimuli as belonging to different classes
based on parameter similarity, however not necessarily on individuals as classes. Thus,
identity discrimination is a special case of class discrimination.

We conducted two experiments addressing identity recognition, and class discrimination
including identity discrimination, by voice, respectively. To study identity recognition, we
investigated reactions to spontaneous presentations of contact call stimuli from group mates
with whom a subject maintained, or did not maintain, individualised body-contacts, as well as
from unknown conspecifics. In case of identity recognition by voice, we expected a stronger
response to a body-contact partner than to either a non-body-contact group mate or an
unknown conspecific. To study class discrimination, we performed a habituationdishabituation experiment in which we habituated the bats with stimuli from a group mate and
dishabituated them with a stimulus from another individual of the same group, a stimulus
from an unknown conspecific, or a novel stimulus from the bat used for habituation,
respectively. In the case of spontaneously adopted identity discrimination, we expected a
response to dishabituation stimuli from different individuals. In the case of general class
discrimination, we expected a graded response to dishabituation stimuli which was predicted
by the acoustic similarity between a dishabituation stimulus and the habituation stimuli. To
test whether the categorisation behaviour of the bats can be explained by stimulus similarity,
we developed a model using call parameters known to be important for contact call
classification (Janßen and Schmidt 2009), and compared its prediction to the behaviour of the
bats.
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Methods
Animals and keeping rooms
For the study, we used two groups of bats. Ten bats (seven females and three males, group M)
originated from a cave in the Pannian hill complex (N 9.97898 E 77.96205), near Madurai,
South India, seven bats (five females and two males, group T) from a second population were
captured in a temple in Alwar Thirunagari (N 8.60753 E 77.93662), near Tirunelveli, South
India. Bats were banded with collars carrying capital letters for identification. The two groups
were kept in separate flight rooms (group M: 3.52 m x 2.39 m x 1.98 m; group T: 3.38 m x
2.31 m x 1.98 m) of the Animal House of Madurai Kamaraj University, Madurai, which were
not adjacent to each other to exclude any visual or acoustical contact between groups. The
ceiling of the space available to the bats was created by mosquito netting, which provided a
continuous surface suitable to perch and move around. In the room of group M, an open cage
(0.8 m x 0.8 m x 0.8 m) positioned on a table gave the bats the opportunity to withdraw. Both
groups of bats were kept under the natural light-dark regime and fed daily after sunset, or later
in the night after finishing call recordings or playback experiments. The diet consisted of
frogs of different common species of the genus Rana, as well as dragonflies and various
orthopterans. Water was available ad libitum from two water bowls. Group M was kept from
the end of October 2010 to the end of March 2011, group T from the end of November to the
end of December 2010. After finishing data acquisition, all bats were released in the morning
at their respective capture sites.

Behavioural observations
We conducted behavioural observations on the group of bats used for playback experiments
(group M) to establish body-contact partners as body-contacts are indicators of individualised
relationships (see Schmidt 2013) and may be critical for the reaction to contact calls. Using ad
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libitum sampling, one or two observers videotaped a total of twelve hours of interactions in
the keeping room during periods of high social activity after feeding. The twelve hours were
spread over nine nights in the three weeks preceding the experiments. Observations of
interactions during daily caretaking situations complemented these data. We discriminated
between bat dyads repeatedly showing body-contacts (see Goymann et al. 2000) and those
showing no body-contact. We identified seven individuals involved in both, body-contact, and
no body-contact, dyads with different partners.

Call recordings
For recording contact calls, we mimicked the situation at the night roost by separating a bat
from its respective group for maximally four hours. This isolation evoked the emission of
contact call series. Bats were put in an outdoor cage (3.0 m x 1.52 m x 1.55 m, mesh size 2.5
cm x 5 cm), equipped with foam mats on the ground and on the roof to minimize echoes in
the recordings. The microphone of a Bat Detector (Pettersson D 1000X) was installed on a
stand inside the cage and could be directed towards the bat by two observers, sitting outside
the cage. We recorded contact call series with a sampling frequency of 250 kHz, 16 bit
resolution, and a profile using a pre-trigger time of 2 s and a post-trigger time of 10 s, or 20 s,
depending on the individual call pattern of the bat. Recording sessions were limited to a time
period of one hour from the moment in which the individual began calling to ensure that calls
were emitted in a comparable emotional situation. We recorded calls from nine individuals of
group M and three individuals of group T during November and December 2010.

Playback stimuli and sound analysis
We created two different sets of playback stimuli for spontaneous presentation and
habituation-dishabituation experiments (see Fig. 1; for audio exemplars of stimuli see Online
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Resource 1). Stimuli were cut out from the recorded contact call series (for a description of
contact call structure see Janßen and Schmidt 2009) and were presented embedded in their
noise floor. For the spontaneous presentation experiments, we used contact call series from all
the twelve recorded individuals. A stimulus consisted of a contact call series, which was
repeated once, of two to nine calls, representing the typical number of contact calls uttered in
series. The onset of the first call series occurred 50 ms after the onset of the stimulus; the two
series were separated by an interval of 2000 ms. Stimulus duration amounted to 7400 ms. For
the habituation-dishabituation experiments, six habituation stimuli originating from the same
animal were used. They consisted of a contact call series of two to five calls, respectively,
resulting in 20 different call exemplars reflecting intra-individual variability for habituation.
The test stimuli from four different bats consisted of a contact call series of six, or seven, calls
to provide a broad basis for discrimination. Again, call series started 50 ms after stimulus
onset. The overall duration of the stimuli was 2500 ms.

Fig. 1 Sonagrams of contact call series from four different individuals used as test stimuli in habituationdishabituation experiments. Three call series originated from bats of group M (NOV, SP1 and SP2), the fourth
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series from a bat of group T (UNK). Please note that each call consists of a sequence of syllables. For a contact
call description see Janßen and Schmidt (2009) and Schmidt (2013).

For playbacks, we selected contact call series as free as possible from disturbing echoes and
background sound interference. If necessary, we cut out occasional transients and ultrasound
from other sources and applied a band-stop, or high-pass, filter to remove interfering sounds
outside the frequency range of the contact call series using BatSound Pro (Version 3.31,
Pettersson Elektronik AB). Signal-to-noise ratios in the stimuli ranged between 45 and 71 dB.
All stimuli presented in an experiment were set to comparable maximum amplitudes; median
stimulus levels determined with a measuring amplifier (Brüel & Kjaer, Type 2209) amounted
to 84 ± 3 dB SPL, corresponding to typical contact call amplitudes at a distance of about a
few meters.
We performed a sound analysis to test all stimuli for individual specific signatures and to
compare contact calls with respect to their inter-individual and intra-individual variability. For
each contact call, we measured three spectral parameters: the median peak frequencies of the
first, the second and third syllable type. In addition, we measured seven temporal parameters:
the medians of the duration of the three syllable types and the respective inter-pulse intervals
defined as duration from the end of the previous syllable to the onset of the next syllable, as
well as the inter-call intervals, defined as duration from the end of the last syllable from a
previous call to the onset of the first syllable of the present call. For the last call in a series, we
used the median value of the series inter-call intervals for statistical analysis. Descriptive
statistics for the stimuli are summarised in Table 1-1 and Online Resource 2. A step-wise
discriminant function analysis of the stimulus calls used in the spontaneous presentation
experiments revealed that 71% of the calls were correctly attributed to the individual (versus 3
– 15% assigned by chance; SPSS Statistics 19, leave-one-out cross-validation). The first two
functions explained 72% of the variance. Most important for the first function was the
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variable peak frequency of type 1 syllable (standardised canonical coefficient, 0.911) and for
the second function the variable duration of type 3 syllable and peak frequency of type 3
syllable (standardised canonical coefficients, 0.893 and 0.824). The discriminant function
analysis of the stimulus calls from four bats used in the habituation-dishabituation
experiments resulted in 80% (versus 14 - 57% assigned by chance) correct attribution to the
individual (Fig. 2). The first two functions explained 91% of the variance. First and second
functions were primarily determined by the variables duration of type 2 syllable (standardised
canonical coefficient, 1.039) and inter-pulse interval of type 1 syllable (standardised canonical
coefficient, 0.932). In sum, the stimuli carried individual specific signatures and were thus
suitable for the playback experiments.
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S_SP2

U_UNK

W_SP1

V_NOV

V_hab6

V_hab5

V_hab4

V_hab3

V_hab2

V_hab1

stimulus

Dur 1 [ms]
22.20
(18.8022.70)
21.47
(20.7021.91)
21.66
(21.5821.75)
22.32
(21.8023.11)
21.24
(20.4021.41)
19.81
(19.6719.94)
20.72
(20.2821.08)
22.34
(21.6022.55)
23.57
(22.2525.51)
19.83
(19.6320.36)

Dur 2 [ms]
2.56
(2.473.68)
3.29
(2.983.34)
3.46
(3.383.53)
3.18
(3.093.54)
3.79
(3.323.79)
3.40
(3.373.44)
2.90
(2.843.31)
5.59
(4.735.93)
5.75
(3.717.04)
3.84
(3.244.04)

Dur 3 [ms]
1.06
(0.961.14)
1.07
(0.971.20)
1.09
1.081.10)
1.07
(1.041.12)
1.14
(1.131.20)
1.13
(1.121.14)
1.09
(1.081.15)
1.56
(1.451.80)
1.43
(1.171.47)
1.16
(0.991.24)

IPI 1 [ms] IPI 2 [ms]
10.50
14.45
(8.20(14.0913.38)
16.43)
10.81
15.81
(9.41(15.5812.18)
16.81)
10.73
14.53
(10.08(14.3811.37)
14.67)
11.38
15.81
(10.80(15.0714.28)
15.92)
9.25
16.51
(8.71(15.8510.63)
17.33)
13.09
16.33
12.44(16.0813.73)
16.58)
10.38
15.21
(9.78(14.8010.57)
15.58)
15.14
15.26
(13.62(13.5917.65)
16.83)
8.25
13.15
(7.68(12.098.71)
15.05)
8.27
14.53
(7.81(13.929.99)
14.99)

IPI 3 [ms]
19.15
(15.7120.49)
28.56
(26.7529.12)
26.58
(25.5027.67)
17.57
(17.2218.21)
19.67
(18.3531.97)
23.76
(21.6525.88)
20.94
(19.0623.21)
19.01
(18.2721.03)
19.12
(18.0819.91)
20.53
(19.4721.36)

PF 1 [kHz]
13.10
(13.1014.30)
16.35
(16.2016.55)
15.30
(15.3015.30)
14.80
(14.4015.05)
13.80
(13.4514.95)
13.90
(13.8513.95)
14.50
(13.9814.95)
14.25
(14.0014.73)
14.80
(14.5015.10)
16.50
(15.9016.85)

PF 2 [kHz]
18.25
(17.5518.70)
17.95
(17.2118.53)
17.95
(17.9317.98)
17.50
(17.5018.10)
17.10
(16.9318.00)
18.30
(18.1018.50)
17.35
(17.0917.58)
17.43
(16.9018.48)
18.25
(17.8818.70)
19.20
(19.0519.40)

PF 3 [kHz]
38.50
(38.0538.50)
38.30
(37.3539.56)
38.25
(38.0838.43)
36.20
(36.0036.25)
37.30
(36.7039.15)
39.13
(39.0439.21)
36.38
(35.0837.49)
35.70
(35.0036.10)
36.85
(36.4037.00)
38.50
(38.2038.90)

ICI [ms]
164.16
(146.52181.80)
189.11
(187.41192.62)
156.66
(156.66156.66)
154.22
(151.47156.96)
112.98
(88.83137.13)
191.13
(191.13191.13)
162.08
(147.13167.81)
156.43
(151.13158.85)
177.33
(161.48180.42)
136.04
(115.70138.45)

experiments; the first letter in the stimulus column indicates the individual. Habituation stimuli are marked as hab, test stimuli as NOV, SP1, UNK, SP2.

inter-pulse interval, syllable type 1 (PF 1), 2 (PF 2) and 3 (PF 3) peak frequency and inter-call interval (ICI) for the stimuli used in habituation-dishabituation

Table 1-1 Median values and inter-quartiles of parameters syllable type 1 (Dur 1), 2 (Dur 2) and 3 (Dur 3) duration, syllable type 1 (IPI 1), 2 (IPI 2) and 3 (IPI 3)
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Function 2

5.0
2.5
0.0
-2.5
,

-5.0
-5.0

UNK
Hab, NOV
SP2
SP1
group centroids

-2.5
0.0
2.5
Function 1

5.0

Fig. 2 Scatterplot resulting from a discriminant function analysis of 44 calls used in the habituationdishabituation experiments. Calls from different bats represented by diamonds, squares, circles and triangles
form distinct clusters. Please note that calls used for habituation (open diamonds) and dishabituation (filled
diamonds) originating from the same bat are distributed across the respective cluster.

Experimental setup
The experimental room (3.38 m x 2.31 m x 1.98 m) was equipped with a V-shaped (15 cm x
10 cm) perch positioned at a height of 1.80 m in the middle of the short side of the room, at a
distance of 0.20 m from the back wall. Each bat of group M was trained singly to hang at the
tip of the perch and considered to be familiar with the room if it flew directly to the perch
when released. This position guaranteed an optimal orientation of the bat to the video camera
and loudspeaker.
An LED was installed behind the perch to indicate when a stimulus was played. The
loudspeaker (quadral ribbon tweeter 923108, frequency response linearly (± 3 dB) decreasing
by 12 dB between 9 and 90 kHz) was positioned at the height of the bat’s ears at a distance of
1 m to the left, or right, of the perch. A video camera (Sony DCR-HC90E) was installed at a
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distance of 2 m opposite to, and at the same height as, the perch. The camera was used to
record the bat, the LED and the loudspeaker. We used the night shot function during
recording. Under the video camera, an infrared illuminator (Abus Ecoline TV 6700) pointing
towards the perch provided extra light. The experimenter sat on the floor behind this
illuminator to supervise the video recording and the control laptop (Toshiba Satellite A60).
Custom made software (M. Großbach) controlled stimulus output, which was fed via a
soundcard (NI DAQCard-6062E, DAC resolution 12 bit) and a custom made amplifier to the
loudspeaker.

Spontaneous presentation experiments
We completed three spontaneous presentation experiments with seven bats of group M.
Experiments were separated by at least six nights. In each experiment, the experimental bat
was presented with two stimuli, respectively. One stimulus always originated from a bat with
which the experimental bat performed body-contacts (body-contact dyad). The other stimulus
was from a second body-contact dyad, from a no body-contact dyad or an unknown bat of
group T. This experimental design was chosen to minimise the number of stimuli presented in
an experiment and ensured a spontaneous reaction, while providing a control for the affective
state and motivation of the experimental bat on different days. Stimuli presented within an
experiment were matching with respect to number of calls and duration of the call series. The
order of experiments and the presentation order of the two stimuli within an experiment were
randomized, no stimulus was played back twice to an experimental bat. In each experiment,
the first stimulus was presented approximately ten minutes after releasing a bat into the
experimental room, the second stimulus after a gap of five to ten minutes.
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Habituation-dishabituation experiments
A habituation-dishabituation paradigm (see Eimas et al. 1971) was used to determine to what
extent bats discriminate between contact call series from different social partners,
discriminate between a social partner and an unknown individual, and categorise new contact
call series of a given bat as belonging to that individual. Using habituation stimuli from a
social partner, we conducted four experiments, which differed in the test stimuli consisting of
either a novel call series from the same bat used for habituation (experiment novelty, test
stimulus NOV), call series from two social partners (group M; experiments social partner, test
stimulus SP1, or SP2), or a call series from an unknown bat (group T; experiment unknown,
test stimulus UNK).
The first habituation stimulus was presented about five minutes after releasing the bat into the
experimental room, if the bat hung at the perch and directly faced the video camera.
Habituation stimuli were randomly selected and presented until the bat showed no reaction to
two consecutive playbacks. Then, we played the test stimulus, followed by a re-habituation
stimulus, randomly selected from the pool of habituation stimuli, which served as a control
for habituation level (see Rendall et al. 1996). A stimulus was presented every 20 s. Finally,
one of 14 mouse distress calls (for definition see Ehret 2013) from a database (Institute of
Zoology, University of Veterinary Medicine Hannover Foundation) was played as a
motivation control. Mouse calls are highly attractive acoustic stimuli, since mice are part of
the natural prey spectrum of M. lyra. Experiments were separated by at least four nights to
prevent an over-habituation to the experimental procedure. The order of experiments was
randomised for every bat.
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Video analysis and statistical analysis
All experiments were videotaped and videos were analysed while muted, thus the
experimenter was blind to which stimuli the bat heard, but could visually determine periods of
stimulus presentation via a synchronised LED signal. The behaviour of the experimental bat
was measured using the turning reaction of the bat’s body towards the loudspeaker (from 0°
while facing the camera to 90° while facing the loudspeaker) and analysed using a frame-byframe analysis (Interact 8.0, Noldus, 25 frames/s). We recorded the latency of the response
onset, the duration of the first turn, the number of turns, the turning angle of the first turn to
the loudspeaker, and the occurrence of flights to the loudspeaker. For statistical analyses, we
focused on the turning angle of the first turn, which proved to be a reliable response parameter
highly correlated with the other parameters, and flights to the loudspeaker. We differentiated
between six response categories namely no turn, quarter turn (¼ turn), half turn (½ turn), three
quarter turn (¾ turn), full turn and full turn followed by a flight to the loudspeaker.
Unless otherwise stated, statistical analysis and figures were done in Statistica (Version 6,
StatSoft Inc.). Medians and interquartiles are given for descriptive statistics. Global
significance level was 5% for all tests. For the spontaneous presentation experiments, we
performed a Friedman Anova. For each habituation-dishabituation experiment, we used
Fisher permutation tests (see Siegel 1985, p. 85, implemented in GNU Octave Version 3.2.4,
Eaton et al. 2008) to test whether the bats were habituated at the end of the habituation
process (first versus second to last, and last, habituation stimulus) and whether they showed a
dishabituation response to the test stimulus; moreover, we tested for the habituation status
after test stimulus presentation. Furthermore, we compared reactions to the four test stimuli
across experiments with a Friedman Anova, followed by pair-wise comparisons with Fisher
permutation tests. To account for multiple comparisons, the binomial transgression
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probability was calculated (Bortz et al. 2000, implemented in GNU Octave Version 3.2.4,
Eaton et al. 2008).

Model
To explore to which extent the response behaviour of the bats in the habituationdishabituation experiments can be explained by similarity in the physical structure of the
stimuli, we developed a model based on parameters which have been shown to be used
independently in contact call classification by M. lyra, namely syllable type peak frequencies
and inter-call intervals (Janßen and Schmidt 2009). Peak frequency and call onset are simple
parameters, relatively robust with respect to reverberation and background noise and may thus
convey identity cues at a distance. Additionally, we took syllable type durations into account,
which had been kept constant in Janßen and Schmidt (2009).
To characterise the similarity between the stimuli, we compared all habituation stimuli and
the four test stimuli with the median of all habituation stimuli using root mean squares as a
distance measure. In addition, we compared the test stimuli with each habituation stimulus.
The first comparison assumes that a bat forms a single template, or prototype, representing an
average of all habituation calls, which may be perceived as category ‘individual’ and predicts
that a novel stimulus within the intra-individual variability is not detected in a habituationdishabituation paradigm. The second comparison assumes that a bat uses each habituation
stimulus as a memory template, which permits a discrimination of individuals, but also a
detection of novel stimuli of the same individual sufficiently dissimilar from at least one
habituation stimulus.
First, we normalised the values for seven call parameters, namely median peak frequency of
the first, second and third syllable type, duration of the first, second and third syllable type,
and inter-call interval, according to
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pni =

( pi − pmin )

( pmax − pmin )

with pni normalised parameter value, pi raw parameter value, pmin/ pmax minimum/ maximum
value of the respective parameter across the data set.
Then, for the above parameters, we calculated dissimilarity measures (dissparamall, dissparamstim)
per stimulus, with nc number of calls in a stimulus, as

∑ (p
nc

diss paramall / stim =

j =1

ni

− pmedhaball / stim )
nc

2

,

referring to the median of all habituation calls (pmedhaball), and the median of the calls of each
of the six habituation stimuli (pmedhabstim), respectively.
In the next step, for each habituation stimulus (dissparamstim), and the median of all habituation
stimuli (dissparamall), we combined dissimilarity measures for peak frequencies of the three
syllable types as syllable frequency dissimilarity, and for durations of the three syllable types
as syllable duration dissimilarity, by calculating root mean squares. Then we represented the
stimuli as a function of syllable frequency dissimilarity, syllable duration dissimilarity and
inter-call interval dissimilarity. Finally, the response behaviour of the bats was plotted as a
function of parameter dissimilarity.

Results
Spontaneous presentation experiments
The seven bats tested reacted with a latency of less than 200 ms to the presented stimuli by a
turn to the loudspeaker, or by flying towards it (Fig. 3). Median reactions to stimuli from
body-contact dyads, no body-contact dyads, and an unknown bat, were strong and equal in all
three experiments (Friedman Anova, N = 7, df = 5, chi2 = 1.008, p = 0.96). Thus contact calls
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in general evoked a strong spontaneous reaction, irrespective of the identity of the caller. In
particular, bats did not show a spontaneous preference for body-contact partners.

b No body contact

c

Unknown

full

25%-75%

3/4
1/2
1/4
Median

Turning reaction

+ flight a Body contact
to sp

Non- o utlier r ange

N=7 bats

no
bc

bc

bc

nobc

bc

unk

Fig. 3 Spontaneous turning reactions (no, ¼, ½, ¾, full), and a full turn followed by a flight to the loudspeaker (+
flight to sp), to playbacks of two contact call series in three experiments, body-contact (a), no body-contact (b),
and unknown (c) are given for seven bats (median, inter-quartiles and non-outlier range). For each bat, these
experiments were performed on separate days. Per experiment, a stimulus from a body-contact dyad (bc) was
paired with a stimulus from a second body-contact dyad, a no body-contact dyad (no bc), or an unknown bat
(unk). The body-contact stimulus acts as a control for overall motivation on different days. Please note that
motivation across days and reactions to different stimulus categories were similar.

Habituation-dishabituation experiments
Eight individuals completed the four habituation-dishabituation experiments. The response of
all bats decreased significantly during habituation, and no reaction was detectable to the last
habituation stimulus (Fig. 4, Table 1-2). The number of stimulus presentations needed for this
complete habituation varied between 3 and 74, and differed significantly across experiments
(Friedman Anova, N = 8 bats, df = 3, chi2 = 16.6, p < 0.001) with successively decreasing
medians of 38.5, 10.5, 8.5, and 7 from the first to the last experiment, indicating a long-term
habituation effect.
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N=8 bats
a

Novelty

b

c

Social partner 1

d

Unknown
Non- o utlier r ange

Turning reaction

full

3/4

1/2

1/4

25%-75%

no

Social partner 2

3/4

Median

Turning reaction

/

full

1/2

1/4

no
1st

2ndlst lst
hab

1st

rehab
test

mouse

2ndlst lst
hab

rehab
test

mouse

Fig. 4 Habituation-dishabituation experiments. Turning reactions (no, ¼, ½, ¾, full) of eight bats (median, interquartiles and non-outlier range) to first (1st), second to last (2nd lst) and last (lst) habituation stimulus, test, rehabituation (rehab) stimulus and mouse distress call (mouse) in experiment novelty (a), unknown (b), social
partner 1 (c) and social partner 2 (d). As no bat showed a full turn followed by a flight to the loudspeaker to any
of the stimuli displayed in this figure, the response scale does not include this response. In total, bats showed the
flight response in only about 2% of all stimulus presentations in the habituation-dishabituation experiments. In
all experiments, bats showed significantly different reactions to the first habituation and second to last, as well as
last, habituation stimuli and between the last habituation and test stimuli. However, the responses to test stimuli
from social partners and an unknown individual were more pronounced than to a novel stimulus from the bat
used for habituation. Also note that, in median, bats reacted only to the re-habituation stimuli in experiments
social partner 1 and social partner 2.

In each experiment the bats reacted significantly to the test stimulus (Fig. 4, Table 1-2). This
shows that bats detected every novel stimulus, regardless of whether it originated from a
different individual (SP1, SP2 and UNK), or from the same individual (NOV). Median
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latencies amounted to 560 (480 - 1840) ms for SP1, 200 (110 – 1070) ms for SP2, 300 (190 –
440) ms for UNK, and 440 (310 – 500) ms for NOV. The bats showed a graded response to
the test stimuli, with a considerably weaker turning reaction for stimulus NOV than for the
other test stimuli. The comparison between responses to the four test stimuli revealed
significant differences in turning reactions (Friedman Anova, N = 8, df = 3, chi2 = 7.96, p =
0.046) with significant response differences (transgression probability p = 0.03) for test
stimuli NOV and SP2 (Fisher permutation test, N = 8, p = 0.008) as well as NOV and UNK
(Fisher permutation test, N = 8, p = 0.02) and a trend for response differences for NOV and
SP1 (Fisher permutation test, N = 8, p = 0.06). Thus the present results provide evidence for
class discrimination based on ‘novel stimulus’, and ‘individual’, as classes.
The responses to the re-habituation stimuli revealed a partial release from habituation by the
test stimulus (Fig. 4, Table 1-2), which, however, was only significant after playbacks of
stimuli from social partners SP1 and SP2. This may indicate a special interest for social
partners. The full turning reaction of the bats to the mouse distress calls in all experiments
(Fig. 4) shows that the bats were still fully motivated at the end of the respective experiment.

Table 1-2 Pair-wise comparisons of turning reactions to first versus second to last habituation stimulus, first
versus last habituation stimulus, last habituation versus test stimulus, and last habituation versus re-habituation
stimulus for experiments novelty, social partner 1, social partner 2 and unknown. The significance levels of
Fisher permutation tests are displayed.
1st vs. 2nd 1st vs. last last hab vs. last hab vs.
to last hab
hab
test
re-hab
0.004
0.004
0.03
0.06

Novelty
Social partner
0.004
1
Social partner
0.008
2
Unknown
0.008

0.004

0.03

0.02

0.004

0.008

0.004

0.004

0.02

0.14
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Model
In the model space spanned by syllable frequency dissimilarity, syllable duration dissimilarity
and inter-call interval dissimilarity, the habituation stimuli and test stimulus NOV differ less
than the other test stimuli from the median of all habituation calls (see Fig. 5a). Stimulus
NOV was positioned within the distribution of the habituation stimuli. An additional
comparison of the test stimuli to each habituation stimulus (Table 1-3) also resulted in a
higher dissimilarity for SP1, SP2 and UNK than for NOV. Dissimilarity between test stimuli
of different individuals was based on syllable frequencies and inter-call interval for SP2, and
syllable durations for UNK and SP1, referring to either the median of all habituation calls or a
single habituation stimulus.
The turning reaction of the bats plotted as a function of syllable duration dissimilarity and
syllable frequency dissimilarity from the median of all habituation stimuli (Fig. 5b) showed
that a strong turning reaction may be explained by a dissimilarity difference in separate
dimensions, namely syllable durations for SP1 and syllable peak frequencies for UNK and
SP2. The above findings suggest that M. lyra uses the parameters syllable type peak
frequencies, syllable type durations and inter-call intervals independently from each other for
discrimination.
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Fig. 5a Habituation (open diamonds) and test stimuli, i.e. a novel stimulus from the bat used for habituation
(NOV, filled diamond), stimuli from social partners (SP1, filled circle, and SP2, filled triangle) and an unknown
individual (UNK, filled square) are represented as a function of dissimilarity in syllable frequencies, syllable
durations and inter-call intervals to the median of all habituation stimuli. Here, median dissimilarity measures are
plotted; for standard deviations see Online Resource 3. A dissimilarity of zero for all parameter dimensions
represents the median of the habituation stimuli.
Please note that the NOV stimulus has similar properties as the habituation stimuli, whereas stimuli SP1 and
UNK differ considerably in syllable type durations, and SP2 in syllable type frequencies and inter-call intervals
from the habituation stimuli. b Median performance of 8 bats for the test stimuli is plotted as a function of their
syllable duration dissimilarity and syllable frequency dissimilarity from the median of all habituation stimuli.
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Please note that the turning reaction corresponds well to the dissimilarity of the respective test stimulus to the
habituation stimuli.

Table 1-3 Syllable frequency dissimilarity (syl freq diss), syllable duration dissimilarity (syl dur diss) and intercall interval dissimilarity (ICI diss) for the test stimuli (NOV, SP1, SP2, UNK) to each habituation stimulus (Hab
1- Hab 6) and the median of all habituation calls (Hab all). Highest dissimilarity values are highlighted in bold.
SP1 and UNK differ from the habituation stimuli mainly in syllable type durations, whereas SP2 and NOV differ
in syllable type frequencies or inter-call intervals, respectively. Please note that the sum of maximum
dissimilarity values to the median of each habituation call is lowest for the stimulus NOV, originating from the
bat used for habituation, i.e. NOV is closer to the Hab stimuli than the other test stimuli.
Test
stimulus

Parameter

Hab 1 Hab 2 Hab 3 Hab 4 Hab 5 Hab 6 Hab all

NOV

syl freq diss
syl dur diss
ICI diss

0.31
0.10
0.15

0.31
0.09
0.27

0.26
0.09
0.14

0.18
0.09
0.14

0.21
0.09
0.28

0.31
0.09
0.28

0.24
0.09
0.15

syl freq diss

0.33

0.34

0.28

0.18

0.24

0.32

0.25

syl dur diss
ICI diss
syl freq diss
syl dur diss
ICI diss
syl freq diss
syl dur diss

0.37
0.07
0.35
0.15
0.38
0.25
0.38

0.34
0.22
0.26
0.12
0.51
0.24
0.36

0.33
0.05
0.29
0.12
0.34
0.19
0.35

0.35
0.05
0.42
0.13
0.33
0.16
0.36

0.31
0.27
0.46
0.11
0.23
0.23
0.33

0.33
0.23
0.31
0.11
0.52
0.24
0.36

0.33
0.06
0.33
0.12
0.20
0.17
0.35

ICI diss

0.10

0.15

0.13

0.14

0.37

0.16

0.11

SP1

SP2

UNK

Discussion
The present experiments addressed different cognitive abilities, identity recognition and class
discrimination, including identity discrimination, for categorising individuals by voice in a bat
model. A habituation-dishabituation experiment revealed a general class discrimination which
comprised an implicit discrimination of individuals and was accounted for by individual
specific differences in call parameters. However, ‘individual’ was not the only spontaneously
adopted class in our experiment. As far as identity recognition is concerned, the bats did not
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show a clear preference to spontaneous presentations of calls from their body-contact partners
that would directly corroborate identity recognition by voice. However, in the habituationdishabituation experiments, the bats showed a different reaction to the re-habituation stimuli
from an unknown bat and social partners, indicating a special interest in social partners. This
may reflect an evaluation based on the recognition of individual voices.

The following discussion aims to examine to what extent the above results are typical for
other bats and mammals. We shall first focus on identity discrimination as a special case of
class discrimination and address effects of the experimental design and the acoustic properties
of the stimuli on discrimination behaviour. Moreover, we discuss how individual voices may
be represented in memory. Finally we consider to what extent differing reactions to voices of
familiar versus unknown conspecifics may be based on identity recognition.

Identity discrimination as a special case of class discrimination in mammalian vocal
communication
Identity discrimination by voice is a bottom-up process (Miller and Bee 2012) based on an
extraction of acoustic parameters and their comparison with an acquired template, or set of
templates (Sidtis and Kreiman 2012), characterising an individual. In this process, acoustic
parameters are sufficient to predict discrimination behaviour, i.e., the similarity between
stimuli, rather than the source of the stimulus, is decisive for discrimination. Thus, a listener
discriminates between two callers independent of whether caller identity is known or
unknown. In fact, voice discrimination performance before, and after, learning the identity of
the callers is indistinguishable in human subjects (Latinus et al. 2011). The present results
fulfil the above criteria for identity discrimination by voice: the acoustic dissimilarity of the
presented stimuli with learned templates in time and frequency parameters explained the
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discrimination performance of the bats. Moreover, the bats discriminated equally between
voices of known individuals, and a known and an unknown individual. Similarly, stimulus
structure has been used to account for echolocation call discrimination (Yovel et al. 2009),
and has been correlated with pup isolation call discrimination by bats (Bohn et al. 2007). Bats
are the first mammals for which this close functional relationship between stimulus structure
and discrimination behaviour has been established. Such a relationship may be relevant for
mammals in general.

The bats in the present study did not only discriminate spontaneously between individuals, but
also between previously presented stimuli and a novel stimulus from the same bat, suggesting
that they performed a general class discrimination with ‘individual’, and ‘novel stimulus’, as
classes. These results may be a consequence of the experimental design as well as of the
acoustic properties of the stimuli presented during template formation and for discrimination.
Both factors vary widely across studies on individual discrimination in mammals and may
account for diverging results, e.g. whether a novel stimulus from the same subject is detected
(e.g. Sproul et al. 2006) as in this study, or not (e.g. Blumstein and Daniel 2004; Hare 1998).

In many cases, experiments designed to study the discrimination between individuals do not
test whether the animals may also adopt a different class than ‘individual’ for discrimination.
First, the discrimination of a novel stimulus from the same subject may be discouraged, e.g.
by using only novel stimuli from a given individual for habituation in a habituationdishabituation paradigm (e.g. Carter et al. 2008; Rendall et al. 1996) or for training in a
forced-choice paradigm (e.g. Bohn et al. 2007; Yovel et al. 2009). Alternatively, a novel
stimulus from the same individual may not have been included as a control in habituationdishabituation experiments (e.g. Charlton et al. 2011). Furthermore, the design can be
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ambiguous with respect to the class used for discrimination. For example, an experiment is
not critical with respect to the question whether the subject may have based its decision on the
class ‘individual’, or ‘group’, if it includes only stimuli from individuals originating from
different groups (e.g. Frommolt et al. 2003; Lemasson et al. 2009; Voigt-Heucke et al. 2010).

Depending on its acoustic properties, each test stimulus has a defined position relative to the
template, or set of templates, in dissimilarity space. The stimulus pattern formed by these
positions determines the discrimination behaviour in several respects.
First, stimuli adjacent in dissimilarity space are perceived as equal if they are close to, or fall
below, the difference limen of the listener. In fact, bats of a species using screech calls
carrying group-specific, but not individual-specific signatures (Boughman 1997), were unable
to detect a novel group mate, but detected conspecifics from other groups (Boughman and
Wilkinson 1998). In general, functional constraints which determine call structure, e.g. in
echolocation (see Neuweiler 1990; Schnitzler et al. 2003) may prevent a detection of novelty,
particularly when the frequency-time structure of the stimuli is simple and their intraindividual variability is low. From this perspective, it is not surprising that big brown bats did
not answer to a novel echolocation call from the same individual (Kazial et al. 2008), whereas
the bats in the present study detected a novel social call stimulus. Compared to the singlesyllable, downward frequency modulated echolocation calls of big brown bats, contact calls
of M. lyra are much more complex. They consist of three different syllable types with distinct
frequency-time contours arranged in a specific fashion (Janßen and Schmidt 2009; Schmidt
2013); thus they allow for a higher intra-individual variability which may concern the
frequency-time contour of the syllables, as well as their composition. This favours the
detection of a novel stimulus.
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Second, stimuli in dissimilarity space may not be evenly distributed but clustered, which,
then, permits a categorical perception of different classes (Ehret 1990). In the present study,
stimuli originating from other individuals differed more from the template, or set of
templates, than a novel stimulus from the same individual. Correspondingly, we find a graded
response with a weaker reaction to the novel stimulus from the same individual and a
distinctly stronger reaction to stimuli from different individuals, similar to the results in
cottontop tamarins (Sproul et al. 2006). In contrast, test stimuli from new bats of the same
group and a bat of a different group had similar distances to the habituation calls and the
median habituation call, and the test stimuli from two bats of different groups were adjacent
in the present study (see Fig. 5a). These stimuli were typical for the respective populations as,
indeed, a comparison of contact calls of 13 bats from Madurai and Tirunelveli revealed
individual specific signatures, however no distinct group signatures (unpublished data in
preparation). This fits well to the fact that we did not find discrimination on group level. Still,
if inter-group dissimilarities were distinctly higher than intra-group dissimilarities,
hierarchically organised clusters may arise with the consequence that a stronger response to
individuals from different groups is expected. A stronger response to non-group mates than
group mates (e.g. Lemasson et al. 2009), or to strangers than to known individuals (e.g.
Tripovich et al. 2008; Voigt-Heucke et al. 2010) has been reported in literature. However,
these results have not been related to the acoustic properties of the presented stimuli. On the
other hand, even if social calls of group mates were more similar than those of non-group
mates, this did not necessarily affect discrimination performance (e.g. pup isolation calls,
Bohn et al. 2007; Townsend et al. 2010). In this respect, it is still not clear to what extent
mammals perceive acoustic stimuli as hierarchically organised.
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Finally, the set of stimuli which is presented to provide a basis for template formation may
critically determine the memory representation. We used a set of six stimuli with a total of 20
contact calls for habituation. The fact that the bats detected a novel stimulus from the same
bat although it clustered well with the habituation stimuli (see Fig. 5a), suggests that the bats
memorised these stimuli as templates in the present experiments. The high intra-individual
variability and the relatively low number of contact calls used for habituation may have
supported the formation of a set of templates. A use of multiple templates has been shown
before in this species for echolocation call classification according to their broadband spectral
similarity (Krumbholz and Schmidt 1999). However, the present experiment is not critical
with respect to the question whether the animals based their discrimination between
individuals on the set of templates, or a derived prototype. Yovel et al. (2009) postulated a
prototype stimulus to explain identity discrimination by greater mouse-eared bats based on
echolocation calls. The low variability of echolocation calls in comparison to social calls
(Fenton 1994; Siemers and Kerth 2006) and the use of up to 500 different training stimuli
render it likely that the bats formed a prototype representing the centre of gravity of these
training stimuli. Alternatively, the bats in Yovel’s study (Yovel et al. 2009) may also have
memorised a limited set of call stimuli covering the dissimilarity space for an individual and
used this set of memory templates to discriminate between stimuli from different individuals.
Further experiments are needed to differentiate between a set of memory templates, versus a
prototype, as internal representation of individual voices.

Identity recognition by voice
Identity recognition is a top-down process (see Miller and Bee 2012) based on distinctive and
idiosyncratic features which are typically integrated across different sensory channels and
associated with a particular individual (Belin et al. 2004). It is still a matter of debate, whether
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this multimodal integration may be mediated by direct crosstalk between different sensory
channels (e.g. Gainotti 2011), or obligatorily requires a higher level cortical processing (see
review in Belin et al. 2011). In contrast to identity discrimination, identity recognition
presupposes prior familiarity with the individual. Once this familiarity is established, a few
distinctive features provided via a single sensory modality can be sufficient to evoke the
association with this individual.
The voice is an excellent modality to convey recognition in humans (see review in Sidtis and
Kreiman 2012). Identity recognition by voice has been demonstrated by experiments, in
which subjects had to attribute a face, or name, to the respective voice (e.g. Neuner and
Schweinberger 2000; Van Lancker et al. 1988), thus making use of a cross-modal integration
or a higher level cortical processing, respectively. In addition, an evidence for identity
recognition by voice has been derived from changes in behavioural and physiological
parameters shown by foetuses and infants in response to the mother (for review see Kreiman
and Sidtis 2011, pp 160-164). In animals, identity recognition by voice is also assumed to be
an elementary process (see e.g. Sidtis and Kreiman 2012). Indeed, identity recognition by
voice has been shown in some mammals either by referring to cross-modal experiments (e.g.
horses: Lampe and Andre 2012; Proops et al. 2009; rhesus monkeys: Sliwa et al. 2011), a
physically impossible scenario (e.g. Townsend et al. 2012), or to third-party interactions (e.g.
Cheney and Seyfarth 1980, 1982).
It is often problematic, however, to decide whether an animal performs an identity
recognition, or discrimination, in an experimental situation. Identity discrimination can only
be excluded if neither habituation to a voice, nor differences in the acoustic parameters alone,
are sufficient to account for the behaviour. For identity recognition, in addition, the behaviour
must reflect an independent evaluation process. This can be postulated in cases in which a
subject shows a stronger behavioural response to spontaneous presentations of familiar than
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of unfamiliar acoustic stimuli of comparable physical structure. Such exclusive responses
occur in mother-offspring interactions, which provide typical examples of identity recognition
by voice in primates (Rendall et al. 2009), carnivores (e.g. Charrier et al. 2002, 2003;
Holekamp et al. 1999; Insley 2001), cetaceans (e.g. Janik et al. 2006; Sayigh et al. 1998),
artiodactyls (e.g. Searby and Jouventin 2003; Terrazas et al. 2003), and bats (e.g. Balcombe
1990; De Fanis and Jones 1995; Knörnschild and von Helversen 2008; Thomson et al. 1985).
The recognition of offspring by voice may be facilitated by a high context-specificity (Rendall
1996) and the fact that the number of offspring to be recognised is usually limited. Similarly,
evidence for identity recognition between adult mammals has been based on distinct
responses to playbacks from specific individuals, e.g. in elephants, dolphins and pygmy
marmosets (McComb et al. 2000; Sayigh et al. 1998; Snowdon and Cleveland 1980). In the
present study, we did not find a selective preference for body-contact partners, or known
individuals in general, in the spontaneous presentation experiments. As responses to all
stimuli were strong and included flights to the loudspeaker, this result may be due to a high
attractiveness of all contact calls to temporarily isolated M. lyra, masking a potential identity
recognition. This may reflect a high survival value of group formation at night roosts for
individuals of the species. Nevertheless, we found a hint for identity recognition in the
habituation-dishabituation experiment. Although the test stimuli from social partners and an
unknown individual had comparable distances to the habituation stimuli in acoustic parameter
space, and were equally discriminated by the subjects as expected for identity discrimination,
the reactions to re-habituation stimuli differed depending on the source of the test stimulus.
For an unknown individual, the bats transferred habituation to the re-habituation stimulus. For
social partners, the bats reacted to the re-habituation stimulus. This behaviour cannot be
accounted for by the similarity between the test stimuli which was higher between the
stimulus from an unknown bat (UNK) and one of the social partners (SP1) than between the
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two social partners (SP1 and SP2; see relative positions of stimuli in Fig. 5a). This suggests
an independent evaluation process indicating identity recognition by voice. The formation of
stable, long-term groups at night roosts may be the driving force for this evaluation of contact
call stimuli. A similar evaluation effect has been discussed in red deer (Reby and Charlton
2012), where the harsh roar test stimulus disrupted habituation to common roars and
counteracted the habituation transfer normally expected in the habituation-dishabituation
paradigm. The authors explained the disruption by an attention grabbing function of the harsh
roar which, again, is a stimulus of high ecological relevance.

Conclusion
In sum, the present results suggest that bats may recognise conspecifics by voice, and provide
evidence for identity discrimination based on voice dissimilarity. The close functional
relationship between the acoustic structure of the stimuli and the response behaviour which
was disclosed in the present study may apply to mammals in general and may thus constitute
a point of departure for future comparative studies.

Acknowledgments
The present research was cleared for implementation by the Internal Research and Review
Board, Ethical Clearance, Biosafety and Animal Welfare Committee of Madurai Kamaraj
University, Madurai, and complies with the current laws of India. The authors declare that
they have no interest of conflict. We thank Michael Großbach for programming the stimulus
presentation software, as well as statistics modules calculating the Fisher permutation test and
transgression probability, and Sönke von den Berg for technical support with the figures. We
thank Elke Zimmermann and Sharon Kessler for critically reading a earlier version of this

56

Perception of individuality in bat vocal communication

manuscript. This study was supported by a grant from the Deutsche Forschungsgemeinschaft
SCHM 879/6-3 to S. Schmidt.

57

Perception of individuality in bat vocal communication

References
•

Arnold BD, Wilkinson GS (2011) Individual specific contact calls of pallid bats (Antrozous pallidus)
attract conspecifics at roosting sites. Behav Ecol Sociobiol 65:1581-1593

•

Balcombe JP (1990) Vocal recognition of pups by mother Mexican free-tailed bats, Tadarida
brasiliensis mexicana. Anim Behav 39:960-966

•

Belin P, Fecteau S, Bédard C (2004) Thinking the voice: neural correlates of voice perception. Trends
Cogn Sci 8:129-135

•

Belin P, Bestelmeyer PEG, Latinus M, Watson R (2011) Understanding voice perception. Br J Psych
102:711-725

•

Blumstein DT, Daniel JC (2004) Yellow-bellied marmots discriminate between the alarm calls of
individuals and are more responsive to calls from juveniles. Anim Behav 68:1257-1265

•

Bohn KM, Wilkinson GS, Moss CF (2007) Discrimination of infant isolation calls by female greater
spear-nosed bats, Phyllostomus hastatus. Anim Behav 73:423-432

•

Bortz J, Lienert GA, Boehnke K (2000) Verteilungsfreie Methoden in der Biostatistik. Springer,
Heidelberg, p 50

•

Boughman JW (1997) Greater spear-nosed bats give group-distinctive calls. Behav Ecol Sociobiol
40:61-70

•

Boughman JW, Wilkinson GS (1998) Greater spear-nosed bats discriminate group mates by
vocalizations. Anim Behav 55:1717-1732

•

Carter GG, Skowronski MD, Faure PA, Fenton B (2008) Antiphonal calling allows individual
discrimination in white-winged vampire bats. Anim Behav 76:1343-1355

•

Charlton BD, Ellis WAH, McKinnon AJ, Brumm J, Nilsson K, Fitch WT (2011) Perception of male
caller identity in koalas (Phascolarctos cinereus): Acoustic analysis and playback experiments. PLoS
ONE 6:e20329. doi: 10.1371/journal.pone.0020329

•

Charrier I, Mathevon N, Jouventin P (2002) How does a fur seal mother recognize the voice of her pup?
An experimental study of Arctocephalus tropicalis. J Exp Biol 205:603-612

•

Charrier I, Mathevon N, Jouventin P (2003) Fur seal mothers memorize subsequent versions of
developing pups’ calls: adaptation to long-term recognition or evolutionary by-product? Biol J Linn Soc
80:305-312

58

Perception of individuality in bat vocal communication

•

Cheney DL, Seyfarth RM (1980) Vocal recognition in free-ranging vervet monkeys. Anim Behav
28:362-367

•

Cheney DL, Seyfarth RM (1982) Recognition of individuals within and between groups of free-ranging
vervet monkeys. Amer Zool 22:519-529

•

Cheney DL, Seyfarth, RM (1988) Assessment of meaning and the detection of unreliable signals by
vervet monkeys. Anim Behav 36:477-486

•

Cheney DL, Seyfarth, RM (1999) Recognition of other individuals´ social relationships by female
baboons. Anim Behav 58:67-75

•

De Fanis E, Jones G (1995) The role of odour in the discrimination of conspecifics by pipistrelle bats.
Anim Behav 49:835-839

•

Dörrie M, Schmidt S, Suba M, Sripathi K (2001) Contact calls of the bat Megaderma lyra: a
comparison between an Indian and a Sri Lankan Population. Diploma thesis, University of Veterinary
Medicine Hannover Foundation

•

Eaton JW, Bateman D, Hauberg S (2008) GNU Octave Manual Version 3. Network Theory Limited

•

Ehret G (1990) Categorical perception of sound signals: facts and hypotheses from animal studies. In:
Harnad S (ed) Categorical perception. The groundwork of cognition. Cambridge University Press,
Cambridge, pp 301-331

•

Ehret G (2013) Sound communication in house mice: emotions in their voices and ears? In Altenmüller
E, Schmidt S, Zimmermann E (eds) Evolution of emotional communication. From sounds in nonhuman
mammals to speech and music in man. Oxford University Press, Oxford, pp 63-74

•

Eimas PD, Siqueland ER, Jusczyk P, Vigorito J (1971) Speech perception in infants. Science 171:303306

•

Esser K-H, Schmidt U (1989) Mother-Infant Communication in the Lesser Spear-nosed Bat
Phyllostomus discolor (Chiroptera, Phyllostomidae) - Evidence for Acoustic Learning. Ethology
82:156-168

•

Fenton MB (1994) Assessing signal variability and reliability: ‘to thine ownself be true’. Anim Behav
47:757-764

•

Fitch WT (2006) Production of vocalizations in mammals. In Brown K (ed) Encyclopedia of language
and linguistics, vol 10, 2nd edn. Elsevier, Oxford, pp 115–121

59

Perception of individuality in bat vocal communication

•

Fitch WT (2010) The Evolution of Language. Cambridge University Press, Cambridge, pp 315-324

•

Frommolt K-H, Goltsman ME, Macdonald DW (2003) Barking foxes, Alopex lagopus: field
experiments in individual recognition in a territorial mammal. Anim Behav 65:509-518

•

Gainotti G (2011) What the study of voice recognition in normal subjects and brain-damaged patients
tells us about models of familiar people recognition. Neuropsychol 49:2273-2282

•

Goymann W, Leippert D, Hofer H (2000) Sexual segregation, roosting, and social behaviour in a freeranging colony of Indian false vampires (Megaderma lyra). Z Säugetierk 65:138-148

•

Hare JF (1998) Juvenile Richardson's ground squirrels, Spermophilus richardsonii, discriminate among
individual alarm callers. Anim Behav 55:451-460

•

Holekamp KE, Boydston EE, Szykman M, Graham I, Nutt KJ, Birch S, Piskiel A, Singh M (1999)
Vocal recognition in the spotted hyena and its possible implications regarding the evolution of
intelligence. Anim Behav 58:383-395

•

Insley SJ (2001) Mother-offspring vocal recognition in northern fur seals is mutual but asymmetrical.
Anim Behav 61:129-137

•

Janik VM, Sayigh LS, Wells RS (2006) Signature whistle shape conveys identity information to
bottlenose dolphins. Proc Natl Acad Sci 103:8293-8297

•

Janßen S, Schmidt S (2009) Evidence for a perception of prosodic cues in bat communication: contact
call classification by Megaderma lyra. J Comp Physiol A 195:663-672

•

Kazial KA, Kenny TL, Burnett SC (2008) Little brown bats (Myotis lucifugus) recognize individual
identity of conspecifics using sonar calls. Ethology 114:469-478

•

Knörnschild M, von Helversen O (2008) Nonmutual vocal mother-pup recognition in the greater sacwinged bat. Anim Behav 76:1001-1009

•

Kreiman J, Sidtis D (2011) Foundations of voice studies. An interdisciplinary approach to voice
production and perception. Wiley-Blackwell, Boston

•

Krumbholz K, Schmidt S (1999) Perception of complex tones and its analogy to echo spectral analysis
in the bat, Megaderma lyra. J Acoust Soc Am 105:898-911

•

Kulzer E (2005) Chiroptera. In: Fischer MS, Schliemann H (eds) Handbuch der Zoologie, Vol. 3:
Biologie. W de Gruyter, Berlin, pp 175-176

60

Perception of individuality in bat vocal communication

•

Lampe JF, Andre J (2012) Cross-modal recognition of human individuals in domestic horses (Equus
caballus). Anim Cogn 15:623-630

•

Latinus M, Crabbe F, Belin P (2011) Learning-induced changes in the cerebral processing of voice
identity. Cereb Cortex 21:2820-2828

•

Lemasson A, Boutin A, Boivin S, Blois-Heulin C, Hausberger M (2009) Horse (Equus caballus)
whinnies: a source of social information. Anim Cogn 12:693-704

•

McComb K, Moss C, Sayialel S, Baker L (2000) Unusually extensive networks of vocal recognition in
African elephants. Anim Behav 59:1103-1109

•

McCulloch S, Boness DJ (2000) Mother-pup vocal recognition in the grey seal (Halichoerus grypus) of
Sable Island, Nova Scotia, Canada. J Zool 251:449-455

•

Miller CT, Bee MA (2012) Receiver psychology turns 20: is it time for a broader approach? Anim
Behav 83:331-343

•

Müller CA, Manser MB (2008) Mutual recognition of pups and providers in the cooperatively breeding
banded mongoose. Anim Behav 75:1683-1692

•

Neuner F, Schweinberger SR (2000) Neuropsychological impairments in the recognition of faces,
voices, and personal names. Brain Cogn 44:342-366

•

Neuweiler G (1990) Auditory adaptations for prey capture in echolocating bats. Physiol Rev 70:615641

•

Neuweiler G (2000) The biology of bats. Oxford University Press, Oxford, pp 192-206

•

Petkov CI, Kayser C, Steudel T, Whittingstall K, Augath M, Lohothetis NK (2008) A voice region in
the monkey brain. Nat Neurosci 11:367-374

•

Pitcher BJ, Harcourt RG, Charrier I (2010) The memory remains: long-term vocal recognition in
Australian sea lions. Anim Cogn 13:771-776

•

Proops L, McComb K, Reby D (2009) Cross-modal individual recognition in domestic horses (Equus
caballus). Proc Natl Acad Sci USA 106:947-951

•

Reby D, Charlton BD (2012) Attention grabbing in red deer sexual calls. Anim Cogn 15:265-270

•

Rendall D, Rodman PS, Emond RE (1996) Vocal recognition of individuals and kin in free-ranging
rhesus monkeys. Anim Behav 51:1007-1015

61

Perception of individuality in bat vocal communication

•

Rendall D, Notman H, Owren MJ (2009) Asymmetries in the individual distinctiveness and maternal
recognition of infant contact calls and distress screams in baboons. J Acoust Soc Am 125:1792-1805

•

Sayigh LS, Tyack PL, Wells RS, Solow AR, Scott MD, Irvine AB (1998) Individual recognition in wild
bottlenose dolphins: a field test using playback experiments. Anim Behav 57:41-50

•

Schmidt S (2013) Beyond echolocation: emotional acoustic communication in bats. In Altenmüller E,
Schmidt S, Zimmermann E (eds) Evolution of emotional communication. From sounds in nonhuman
mammals to speech and music in man. Oxford University Press, Oxford, pp 92-104

•

Schnitzler HU, Moss CF, Denzinger A (2003) From spatial orientation to food acquisition in
echolocating bats. Trends Ecol Evol 18:386-394

•

Searby A, Jouventin P (2003) Mother-lamb acoustic recognition in sheep: a frequency coding. Proc R
Soc Lond B 270:1765-1771

•

Sidtis D, Kreiman J (2012) In the beginning was the familiar voice: personally familiar voices in the
evolutionary and contemporary biology of communication. Integr Psychol Behav 46:146-159

•

Siegel S (1985) Nichtparametrische statistische Methoden. Fachbuchhandlung für Psychologie
Verlagsabteilung, Eschborn bei Frankfurt am Main, 2nd edn, p 85

•

Siemers BM, Kerth G (2006) Do echolocation calls of wild colony-living Bechstein’s bats (Myotis
bechsteinii) provide individual-specific signatures? Behav Ecol Sociobiol 59:443-454

•

Sliwa J, Duhamel JR, Pascalis O, Wirth S (2011) Spontaneous voice-face identity matching by rhesus
monkeys for familiar conspecifics and humans. Proc Natl Acad Sci USA 108:1735-1740

•

Snowdon CT, Cleveland J (1980) Individual recognition of contact calls by Pygmy marmosets. Anim
Behav 28:717-727

•

Sproul C, Palleroni A, Hauser MD (2006) Cottontop tamarin, Saguinus oedipus, alarm calls contain
sufficient information for recognition of individual identity. Anim Behav 72:1379-1385

•

Terrazas A, Serafin N, Hernández H, Nowak R, Poindron P (2003) Early recognition of newborn goat
kids by their mother: II. Auditory recognition and evidence of an individual acoustic signature in the
neonate. Dev Psychobiol 43:311-320

•

Thomson DE, Fenton MB, Barclay RMR (1985) The role of infant isolation calls in mother-infant
reunions in the little brown bat, Myotis lucifugus (Chiroptera: Vespertilionidae). Canad J Zool 63:19821988

62

Perception of individuality in bat vocal communication

•

Tibbetts EA, Dale J (2007) Individual recognition: it is good to be different. Trends Ecol Evol 22:529537

•

Townsend SW, Allen C, Manser MB (2012) A simple test of vocal individual recognition in wild
meerkats. Biol Lett 8:179-182

•

Townsend SW, Hollén LI, Manser MB (2010) Meerkat close calls encode group-specific signatures, but
receivers fail to discriminate. Anim Behav 80:133-138

•

Tripovich JS, Charrier I, Rogers TL, Canfield R, Arnould JPY (2008) Acoustic features involved in the
neighbour-stranger vocal recognition process in male Australian fur seals. Behav Process 79:74-80

•

Van Lancker DR, Canter GJ (1982) Impairment of voice and face recognition in patients with
hemispheric damage. Brain Cogn 1:185-195

•

Van Lancker DR, Kreiman J (1987) Voice discrimination and recognition are separate abilities.
Neuropsych 25:829-834

•

Van Lancker DR, Cummings JL, Kreiman J, Dobkin BH (1988) Phonagnosia: A dissociation between
familiar and unfamiliar voices. Cortex 24:195-209

•

Voigt-Heucke SL, Taborsky M, Dechmann DKN (2010) A dual function of echolocation: bats use
echolocation calls to identify familiar and unfamiliar individuals. Anim Behav 80:59-67

•

Yovel Y, Melcon ML, Franz MO et al. (2009) The voice of bats: how greater mouse-eared bats
recognize individuals based on their echolocation calls. PLoS Comput Biol 5,e1000400

63

Perception of individuality in bat vocal communication
Appendix
Online Resource 1 Sound files (ESM1_NOV.mp3, ESM1_SP1.mp3, ESM1_SP2.mp3, ESM1_UNK.mp3) of
time-expanded (10 x) versions of the test stimuli used in habituation-dishabituation experiments originating from
four different individuals (NOV, SP1, SP2 and UNK). Please note the intra-individual variability within call
series of individuals, and the clearly audible higher pitch of calls in stimulus SP2.
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Online Resource 3 Habituation (open diamonds) and test stimuli, i.e. a novel stimulus from the bat used for
habituation (NOV, filled diamond), stimuli from social partners (SP1, filled circle, and SP2, filled triangle) and
an unknown individual (UNK, filled square) are represented as a function of dissimilarity in syllable frequencies,
syllable durations and inter-call intervals to the median of all habituation stimuli. For stimuli NOV, SP1, SP2
and UNK, we give standard deviations for syllable frequency dissimilarity in red, syllable duration dissimilarity
in blue, and inter-call interval dissimilarity in green, to characterise the variation of calls within stimuli NOV,
SP1, SP2 and UNK.
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Abstract
Background
Immediate responses towards emotional utterances in humans are determined by the acoustic
structure and perceived relevance, i.e. salience, of the stimuli, and are controlled via a central
feedback taking into account acoustic pre-experience. The present study explores whether the
evaluation of stimulus salience in the acoustic communication of emotions is specifically
human or has precursors in mammals. We created different pre-experiences by habituating
bats (Megaderma lyra) to stimuli based on aggression, and response, calls from high or low
intensity level agonistic interactions, respectively. Then we presented a test stimulus of
opposite affect intensity of the same call type. We compared the modulation of response
behaviour by affect intensity between the reciprocal experiments.
Results
For aggression call stimuli, the bats did not build up a sustained habituation, independent of
affect intensity, emphasising the attention-grabbing function of this call type. For response
call stimuli, the bats showed an asymmetry in response behaviour in reciprocal experiments
by responding to a high affect intensity test stimulus after experiencing stimuli of low affect
intensity, but by transferring habituation to a low affect intensity test stimulus after
experiencing stimuli of high affect intensity. This transfer of habituation was not due to overhabituation as the bats responded to a frequency-shifted test stimulus of high affect intensity.
Conclusions
Thus, the present study provides not only evidence for a discrimination of affect intensity, but
also for an evaluation of stimulus salience, suggesting that basic assessment mechanisms
involved in the perception of emotion are an ancestral trait in mammals.
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Keywords
Bats, acoustic communication of emotions, affect intensity, social call perception,
habituation-dishabituation paradigm

Background
The acoustic communication of emotions may reach back beyond the evolution of human
language [1, 2] and constitute an ancestral mammalian trait (e.g. [3]). First, emotions are
vocally expressed across mammals (for review see e.g. [4, 5]) via a similar vocal apparatus
and comparable physiological mechanisms governing call production (e.g. [6, 7]). Second, to
perceive, and to show immediate responses to, the emotions expressed in vocalisations
accompanying the behaviour of a conspecific may be adaptive for both interaction partners,
i.e. increase their fitness, particularly from the perspective of influencing-others scenarios of
communication (e.g. [8-13]). The present paper aims at establishing evidence for adaptive
behavioural responses to vocally conveyed emotions by bats, a taxon which split early from
other lineages of mammals [14-16] and is of particular interest for comparative
communication research (e.g. [17]).

In influencing-others scenarios, vocalisations expressing different emotions differ in their
potential to disrupt the ongoing behaviour of a conspecific, and to re-direct its attention to
assess the sound source. Thus, these distraction effects may serve as indicators of induced
emotion, validated by the behavioural display and changes in its intensity [18], in playback
experiments. Graded distraction effects can be expected for vocalisations expressing different
intensities of emotion within a behavioural context. In various mammalian taxa, spontaneous
playbacks of vocal stimuli from behaviourally validated situations of high, versus low, affect
intensity evoked strong, versus weak, distraction effects, respectively, as indicated by e.g. the
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duration of interruption of the previously shown behaviour (carnivores [19], primates [20],
rodents [21, 22]), or the duration of attention towards the vocal stimulus (artiodactyls [23],
primates [24], rodents [25, 26]). As stimulus structure and affect intensity are necessarily
linked in situation-specific vocalisations, however, the above experiments cannot differentiate
to what extent the behavioural response to a stimulus is directly shaped by its acoustic
structure, or is modulated by assessment mechanisms of the brain that are dependent on preexperience, i.e. reflects the induced emotion (for definition see [18]).
In humans, studies modulating auditory pre-experience within the experiment provided
evidence for a pre-attentive evaluation of emotional speech (e.g. [27]), as well as non-speech
stimuli (e.g. [28-31]) independent of direct effects of stimulus structure. Stimuli of identical
acoustic structure evoked larger event-related potentials, if they were associated with an
emotional, versus a neutral, connotation [28], or if the previously experienced standard stimuli
were neutral, rather than emotional (e.g. [31]). In both experiments, the perceived relevance,
or salience, of the stimulus rather than its acoustic structure created response asymmetries.
To study effects of stimulus salience behaviourally, habituation-dishabituation experiments
(e.g. [32]) are a promising approach, because this paradigm creates a specific acoustic preexperience during habituation and makes use of distraction effects to indicate the perception
of a novel stimulus class. Indeed, habituation-dishabituation experiments have revealed that
non-human mammals may categorise stimuli of graded acoustic structure as separate classes
(e.g. [33, 34) and that stimuli reflecting an increase in affect intensity may be perceived as
novel class [35]. A reciprocal habituation-dishabituation design in which the stimulus class
presented for habituation in one experiment is used for dishabituation in the second
experiment, and vice versa, permits to compare effects of emotional pre-experience to high,
and low, affect intensity stimuli. Reciprocal designs have been occasionally applied to reveal
differences in the perceived relevance of infant-directed versus adult-directed speech in

72

Auditory evaluation of affect intensity by bats

human infants [36], and of different call types in non-human mammals [37-39). However, a
reciprocal design has not yet been used to assess whether mammals evaluate the affect
intensity in vocal stimuli. The present paper uses this design to explore whether prior
exposure to acoustic stimuli of high, or low, affect intensity, respectively, is able to modulate
stimulus classification in a bat model.

The Indian False Vampire bat, Megaderma lyra, is ideally suited to address this question.
First, social interactions in this species are typically accompanied by multi-syllabic,
hierarchically composed calls which are specific for the behavioural situation, but also show a
considerable variability within a given call type [17]. Second, this variability reflects the
emotional state of the bat. In agonistic interactions about common perch use, M. lyra reliably
expressed affect intensity in the acoustic parameters of the accompanying aggression, and
response, calls [40]. Third, the species has been shown to discriminate differences in acoustic
structure within a call type [41-42]. Finally, M. lyra frequently uses a sit-and-wait strategy for
foraging, starting from a perch to glean prey from surfaces [43-44].

In the present study, we exploited this foraging strategy and trained the bats to wait at a perch
and focus their attention on a feeder, opening at irregular intervals. Between two food
uptakes, we performed playback experiments to investigate the distraction by acoustic stimuli.
Based on aggression, and response, calls of validated affect intensity [40], habituation with
stimuli typical for high, or low, affect intensity (Fig. 1) served to create a different emotional
pre-experience. We expected (I) that the bats were able to classify stimuli of a given call type
according to affect intensity. If stimulus classification was independent of emotional preexperience, we would expect (II) that the response behaviour depended only on the difference
in acoustic structure between habituation stimuli and the test stimulus, resulting in symmetric
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response behaviour in the reciprocal experiments. On the contrary, if stimulus classification
depended on emotional pre-experience, i.e. the evaluation of stimulus salience, we would
predict (III) an asymmetry in response behaviour. Specifically, we expected a release from
habituation to the test stimulus of high affect intensity after experiencing stimuli of low affect
intensity during habituation (experiment “weak to strong”), in contrast to the expected transfer
of habituation in the reciprocal experiment (“strong to weak”). A transfer of habituation may
indicate that the pre-experience with stimuli of high affect intensity resulted in a general overhabituation to the respective call type. In this case, we would predict (IV) a comparable
transfer of habituation in a control experiment (“strong to low frequency”), in which bats were
habituated with stimuli of high affect intensity, and tested with a control stimulus differing in
syllable peak frequencies, mimicking a call from a different individual.
The present paper provides evidence for effects of emotional pre-experience and stimulus
structure on auditory classification. We apply a model originally addressing auditory
processing in humans which integrates the effects of vocalisation structure and auditory preexperience to account for the response behaviour of the bats. Our results suggest an evaluation
of the emotional salience of communication calls by a non-human mammal.
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Fig. 1 Spectrograms representing examples for aggression (A, B), and response (C, D), call stimuli of different
affect intensity. Calls of high affect intensity are termed strong, while calls of low affect intensity are termed
weak. Exemplars in A, B, C, and D were used as test stimuli in reciprocal experiments. E represents an original
recording of a strong response call; please note interfering echolocation calls from the interaction partner (for
examples see arrows), disturbing echoes and a recording artefact at about 92 kHz. F shows the spectrogram of
the control stimulus of low frequency.

Results
Twelve bats completed the five playback experiments. During habituation, the number of bats
reacting decreased significantly from the first stimulus to the second to last, and last,
habituation stimulus in all experiments (aggression call stimuli: experiment “weak to strong”,
Cochran’s Q test, N = 12, Q = 14.36, df = 2, p = 0.0008, Fig. 2A; experiment “strong to
weak”, N = 12, Q = 15.0, df = 2, p = 0.0006, Fig. 2B; response call stimuli: experiment “weak
to strong”, Cochran’s Q test, N = 12, Q = 17.64, df = 2, p = 0.000015, Fig. 2C; experiment
“strong to weak”, N = 12, Q = 20.67, df = 2, p = 0.000033, Fig. 2D; experiment “strong to
low frequency”, N = 12, Q = 17.64, df = 2, p = 0.00015, Fig. 2E). The number of stimuli
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needed for habituation differed between experiments (Friedman Anova, N = 12, df = 4, chi2 =
15.78, p = 0.0033) with significantly higher numbers for aggression calls (grand median =
9.25 (8.25 - 11.25)) than for response calls (grand median = 5 (3 – 6); Fisher permutation test,
N = 12, p = 0.00024).

Fig. 2 Number of bats reacting to stimuli differing in affect intensity in the playback experiments. Responses for
reciprocal aggression (A, experiment “weak to strong”; B, experiment “strong to weak”) and response (C,
experiment “weak to strong”; D, experiment “strong to weak”) call experiments, and the control experiment (E,
experiment “strong to low frequency”) with a strong control stimulus of low frequency are given to the first
habituation stimulus (1st hab), the second to last habituation stimulus (2nd lst hab), the last habituation stimulus
(lst hab), the test stimulus (test, highlighted in grey) and re-habituation stimulus (rehab). Across the stimuli
marked by the horizontal bar, the numbers of bats reacting were compared to check for a classification according
to affect intensity. An asterisk indicates that the number of bats reacting to the respective stimulus differed
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significantly compared to the number of bats reacting to the other three stimuli according to a Cochran’s Q test,
followed by its subset comparison supplement [59], in a given experiment.

Discrimination of affect intensity in aggression call stimuli?
The number of aggression call stimuli needed for habituation did not depend on the
experiment (“weak to strong” 8.5 (6.75 – 11.5) stimuli, “strong to weak” 9.5 (7 – 12.25)
stimuli; Fisher permutation test, N = 12 bats, p = 0.22), or on experimental order (first
experiment 8.5 (7 – 11.5) stimuli, second experiment 9.5 (6.5 – 12.25) stimuli; Fisher
permutation test, N = 12, p = 0.52). The number of bats reacting in the reciprocal experiments
is given in Fig. 2 A, B. The video analysis revealed that some bats still reacted weakly to the
second to last, or last, habituation stimulus. The number of bats reacting to the second to last
habituation stimulus, the last habituation stimulus, the test stimulus and the re-habituation
stimulus differed significantly in experiment “weak to strong” (Cochran’s Q test, N = 12, Q =
8.67,df = 3, p = 0.034), and showed a trend in the reciprocal experiment (Cochran’s Q test, N
= 12, Q = 6.82, df = 3, p = 0.078). However, these differences were not due to a different
number of bats reacting to the test stimulus of high (N = 12, df = 1, Qdiff-test = 0, n.s.), or low
(N = 12, df = 1, Qdiff-test = 0.76, n.s.), affect intensity, respectively, and did thus not support
the assumption that aggression calls of high and low affect intensity are discriminated as
separate classes. Rather, the differences may be attributed to the low number of bats reacting
to the last habituation stimulus (N = 2 bats) in comparison to the number of bats responding to
the other three stimuli included in the statistical test for experiments “weak to strong” (N =
12, df = 1, Qdiff-last = 4, p < 0.05) and “strong to weak” (N = 12, df = 1, Qdiff-last = 6.82, p <
0.01). This suggests that the bats did not build up a sustained habituation to aggression call
stimuli.

77

Auditory evaluation of affect intensity by bats

Discrimination of affect intensity in response call stimuli?
The number of response call stimuli needed for habituation did not differ between
experiments (“weak to strong” 4.5 (3 – 7) stimuli, “strong to weak” 5 (3.75 – 6) stimuli, and
“strong to strong low frequency” 5 (4 – 6.25) stimuli; Friedman Anova, N = 12, df = 2, chi2 =
1.409, p = 0.49, n.s.), but varied significantly with the number of experiments performed (first
experiment 6.5 (5 – 10.5) stimuli, second experiment 4 (3 – 5.25) stimuli, third experiment
4.5 (4 – 5) stimuli; Friedman Anova, N = 12, df = 2, chi2 = 7.955, p = 0.019), indicating a
long-term memory effect to consecutive response call experiments. Fig. 2 shows the number
of bats reacting in the reciprocal experiments (C, D) and the control experiment (E). A
significant number of bats reacted to the test stimulus in experiment “weak to strong”
(Cochran’s Q test, N = 12, df = 3, Q = 8.81, p = 0.032, followed by a subset comparison, N =
12, df = 1, Qdiff-test = 5.45, p < 0.02). This shows that the bats categorised the response call
stimuli of low and high affect intensity in two different classes. In contrast, the bats
transferred the habituation to the test stimulus in the reciprocal experiment (Cochran’s Q test,
N = 12, df = 3, Q = 2.2, p = 0.53) resulting in a remarkable asymmetry in response behaviour.
This asymmetry (see Fig. 2C, D) cannot be attributed to an over-habituation by response call
stimuli of high affect intensity in general, since the bats discriminated the control stimulus in
experiment “strong to low frequency” (Fig. 2E; Cochran’s Q test, N = 12, df = 3, Q = 9.0, p =
0.029; subset comparison, N = 12, df = 1, Qdiff-test = 6.0, p < 0.02).
The analysis of the parameter looking time confirmed the above results for the three response
call experiments. Looking times decreased significantly from the first habituation stimulus to
the second to last, and last, habituation stimulus (Fisher permutation tests, N = 12, p < 0.01
for all experiments). In experiment “weak to strong”, the looking time to the test stimulus was
significantly longer than that to the last habituation stimulus (Fisher permutation test, N = 12,
p = 0.031; Fig. 3A). For the six individuals that responded to the test stimulus, the average
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looking time was 1.3 s to the first habituation stimulus, 0.0 s to the last habituation stimulus
and 0.8 s to the test stimulus, indicating discrimination. In the reciprocal experiment, the
average looking time to the first habituation stimulus amounted to 1.4 s, the looking times
(0.0 s) to the last habituation stimulus and the test stimulus did not differ significantly (Fisher
permutation test, N = 12, p = 0.5; Fig. 3B), i.e. habituation was transferred to the test
stimulus.
In experiment “strong to low frequency”, the bats reacted significantly longer to the control
stimulus (Fisher permutation test, N = 12, p = 0.016; Fig. 3C) than to the last habituation
stimulus. Here, the average looking time for the six individuals reacting to the control
stimulus amounted to 1.6 s to the first habituation stimulus, 0.01 s to the last habituation
stimulus and 1.5 s to the control stimulus. Thus, the bats discriminated the frequency-shifted
control stimulus from the habituation stimuli, although all stimuli were of high affect
intensity.
The looking times for the re-habituation stimuli did not differ significantly from those for the
last habituation stimuli in experiments “strong to weak” (Fisher permutation test, N = 12, p =
0.125, Fig. 3B) and “strong to low frequency” (Fisher permutation test, N = 12, p = 0.25; Fig.
3C), and revealed a release from habituation in experiment “weak to strong” (Fisher
permutation test, N = 12, p = 0.031; Fig. 3A).
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Fig. 3 Looking times of bats in response call experiments. Looking times [s] to response call stimuli of twelve
bats (medians, inter-quartiles and non-outlier range) to the first habituation stimulus (1st hab), the second to last
habituation stimulus (2nd lst hab), the last habituation stimulus (lst hab), the test stimulus (test, highlighted in
grey), the re-habituation stimulus (rehab), and the mouse distress call (mouse) in experiment “weak to strong”
(A), “strong to weak” (B) and “strong to low frequency” (C).

Discussion
The present habituation-dishabituation experiments exploring the effects of conspecific
vocalisations differing in affect intensity on auditory classification in a bat model provided
strikingly different results for the two call types tested, aggression, and response, calls. The
bats responded similarly to the first stimulus presentations irrespective of call type, and affect
intensity. However, habituation to a given call type and affect intensity created a specific
emotional pre-experience, which modulated response behaviour markedly. For aggression
calls, the bats needed more stimuli to habituate, and the order of the respective experiments
had no effect on the number of stimuli needed for habituation. Thus, the bats remained highly
susceptible to aggression call stimuli despite repeated pre-experience. In the reciprocal
experiments, we found no evidence for a discrimination of stimuli according to affect
intensity. For response calls, the bats needed fewer stimuli for habituation, yet the number of
stimuli needed for habituation decreased with the number of experiments performed
suggesting a long-term memory effect. In the reciprocal experiments, test stimuli elicited
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asymmetric response behaviour, providing evidence for stimulus classification according to
affect intensity, as well as for stimulus evaluation according to pre-experience. In view of the
different effects of aggression and response calls, we shall relate the above results to the
hypotheses proposed in the introduction, separately for each call type. Then, we shall discuss
how the perception of affect intensity can be accounted for by a common neural mechanism
across call types.

Perception of aggression calls
In contrast to our initial hypothesis (I), bats did not classify aggression calls according to
affect intensity, i.e. the test stimulus from the opposite affect intensity was not reliably
detected in the reciprocal experiments.
Yet, the aggression call experiments are revealing with respect to the perception of this
physically salient call type. A common functional hypothesis ascribes an adaptive value to
vocalisations containing clicks, noise, or non-linearities, in contexts of imminent threat: as
noisy stimuli are less predictable than tonal ones, it has been postulated that they are harder to
habituate to (e.g. [11, 12, 45, 46]). Indeed, single presentations of stimuli with noisy segments
elicited increased responsiveness compared to stimuli without noisy segments and this was
interpreted as an effect of higher unpredictability (e.g. [47, 48]). However, effects of stimulus
noisiness on habituation itself have barely been addressed; an exception are experiments on
tree shrews, for which only 45% of the subjects have been reported to habituate to noisy
chatter calls, in contrast to 85% habituating to tonal squeaks [35].
The present results confirm the above functional hypothesis, as the bats needed significantly
more stimuli to habituate to the aggression calls containing click trains than to the response
calls consisting of tonal syllables (for detailed call descriptions see [40]). In addition,
although the bats habituated significantly to repeatedly presented aggression call stimuli of a
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given affect intensity, it is questionable whether they habituated to the affect intensity of the
stimuli. Some bats responded to the novel test stimulus and the following re-habituation
stimulus, irrespective of affect intensity, suggesting that they had rather habituated to the
limited set of previously heard stimulus exemplars. Thus, in contrast to the study with tree
shrews, in which the subjects that had habituated to noisy chatter calls transferred this
habituation to a novel stimulus of the same affect intensity [35], any novel aggression call
stimulus was able to grab the bats’ attention again. This supports the notion that due to their
structure, aggression calls act by directly accessing low-level brain stem mechanisms [11]. In
sum, the perception of novel aggression calls proved to be robust with respect to preexperience in our experiments emphasising the high ecological relevance of this call type.

Perception of response calls
The behaviour of the bats in the response call experiments corresponded to our hypotheses as
follows. A test stimulus of high affect intensity presented after habituation to low affect
intensity stimuli was discriminated as belonging to a novel class, providing evidence for a
classification of stimuli differing in affect intensity and confirming hypothesis (I). In the
reciprocal experiment, the pre-experience with stimuli of high affect intensity masked novelty
detection for the test stimulus of low affect intensity. This demonstrated that emotional preexperience had an effect on stimulus classification by bats which contradicts hypothesis (II),
and confirms hypothesis (III). A control stimulus with a mere frequency shift relative to the
habituation stimuli was classified as novel in contrast to the prediction of hypothesis (IV).
Thus stimulus salience, reflecting both the affect intensity of the stimulus and acoustic preexperience, rather than the acoustic structure of the stimulus alone, determined the response
behaviour in the reciprocal experiments.
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To sum up, pre-experience was an essential factor determining the perception of response
calls. According to Owren and Rendall [11], tonal stimuli shaped by vocal tract properties,
such as the response calls, may modulate the behaviour of the listener via a learned affect.
This implies that the perception of tonal stimuli is more susceptible to pre-experience than
that of noisy stimuli which is in agreement with the present findings. In contrast to aggression
call perception, pre-experience was not only reflected in the habituation to series of repeatedly
presented stimulus exemplars, but also in long-term memory effects across successive
experiments and, crucially, in the asymmetric response behaviour to test stimuli in the
reciprocal experiments.
These pronounced effects of pre-experience shaping the auditory perception of affect intensity
corresponded to those reported for humans. In humans, perceived affect intensity for
affective, non-linguistic vocalisations was lower after adaptation to stimuli of the same affect
[49]. Likewise, humans showed a neural response asymmetry depending on the affect
intensity of the standard stimuli in an oddball paradigm experiment [31]. The present results
in bats provide evidence that this evaluation of emotional pre-experience is not specifically
human, but may in fact constitute a universal mammalian trait.

Mechanisms underlying perception of affect intensity in aggression and response calls
It is a central finding of the present study that bats perceive affect intensity in aggression and
response calls differently. To account for this difference, the following section focuses on
processing mechanisms controlling attention and their interaction with emotional acoustic
stimuli of distinct structure.
The neural processing directing attention to emotional acoustic stimuli has been extensively
addressed in humans. Neuro-imaging studies provide an increasingly congruent picture of the
interaction of distinct brain areas dealing with emotional prosody perception (for review, see
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[50]). The current multi-stage models (e.g. [51, 52]) propose that a first stage provides a
parallel extraction of basic acoustic features, i.e. a low-level, sensory processing. In the
second stage, these acoustic properties are integrated into an emotional percept, i.e. the
emotional salience of vocalisations is encoded. Finally, in the third stage, this emotional
percept is subject to evaluative judgements. Pre-experience creating a specific contextual and
individual significance may affect all three stages. The interplay of auditory stimulus
representations with central feedback at the different processing stages is reflected in eventrelated potentials (for review, see e.g. [53]) and may lead to a re-direction of attention
indicated by the distraction from the previous behaviour. According to Näätänen et al. [53],
both the neural representations of acoustic features (corresponding to the first stage) and the
percept present in the sensory memory (belonging to the second stage) created by repeated
stimulus presentations are able to evoke a conscious perception via a bottom-up “attention
call” (sensu Näätänen et al. [53]). The sensory-memory percept does not simply represent a
selection of acoustic features but reflects the result of a pre-attentive binding of stimulus
features [54], i.e. of derived qualities such as affect intensity. This bottom-up binding, i.e. the
formation of the sensory memory, presupposes a considerable homogeneity in stimulus
features and cannot be replaced by a top-down controlled focus on certain features [55]. In
contrast to sensory memory formation, the “attention calls” resulting from basic feature
extraction and the sensory memory are subject to top-down central feedback. This feedback
modulates the excitability of feature extraction mechanisms and the output of sensory
memory by directed attention, or by evaluative judgements, respectively. A consequence of
the feedback to sensory memory is that the “attention call” reflecting auditory change
detection in sensory memory need not necessarily re-direct attention to a deviant acoustic
stimulus. This may constitute the functional basis of experience-dependent response
asymmetries [56].

84

Auditory evaluation of affect intensity by bats

Below, we apply the above model integrating the effects of vocalisation structure and auditory
pre-experience to account for the response behaviour of the bats to stimuli differing in affect
intensity.
First, the Näätänen et al. [53] model predicts that a sensory-memory percept of affect intensity
is only formed if a pre-attentive binding of features characteristic for affect intensity takes
place. Without a sensory-memory percept of affect intensity, the acoustic features of the
stimulus are the only relevant factor acting as “attention call” for the behavioural response.
The present results suggest that habituation with aggression calls did not result in the
formation of a sensory-memory percept of affect intensity. Instead the acoustic features of
novel aggression calls were sufficient to elicit a response in the present study, corresponding
to the prediction of the model.
Second, the evaluation of the sensory-memory percept of affect intensity depends on the
specific pre-experience in the Näätänen et al. [53] model. The observed asymmetry in
response behaviour in the response call experiments is compatible with this model: the
discrimination of stimuli according to affect intensity suggests that the bats integrated
stimulus features into a sensory-memory percept of affect intensity during habituation, while
the fact that the bats responded to an increase, but not a decrease, of affect intensity may
reflect the evaluation of emotional salience. Consequently, the bats may judge emotional
percepts comparable to humans.
Third, the model predicts that the sensory-memory percept of affect intensity is only modified
by a novel stimulus, if its acoustic features are in the range characteristic for the sensory
memory of affect intensity. Deviant features outside this range, however, may directly elicit
the “attention call”, without involvement of the sensory memory of affect intensity. This
accounts for the discrimination of the control stimulus in the response call experiments. The
fundamental frequencies of the control stimulus were about 6 kHz lower than those of the
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habituation stimuli, a frequency shift in the inter-individual range of response calls. This shift
cannot be attributed to increased affect intensity of the control stimulus as the frequency
typically increases from low to high affect intensity with a intra-individual difference of only
0.8 (0.6 - 1.1) kHz (according to a re-analysis of original data of Bastian and Schmidt [40]).
Finally, the Näätänen et al. [53] model explains how the modification of the sensory-memory
percept affects the processing of a subsequent stimulus. For the expected response to the rehabituation stimulus in our paradigm, the model predicts a release from habituation only if the
sensory memory of affect intensity is involved in the “attention call”, and if, in addition, the
evaluation of the test stimulus has changed the sensory-memory percept. Indeed, the bats
responded to the re-habituation stimulus only in experiment “weak to strong”, but not in
experiment “strong to low frequency”, in which the response to the control stimulus could not
be based on its affect intensity. The evaluation of the test stimulus in experiment “weak to
strong” may have modified the sensory-memory percept established during habituation with
stimuli of low affect intensity, resulting in the release from habituation to these stimuli. This
explanation challenges the suitability of re-habituation stimuli in mammals to control for
habituation level (see [57]). If the increased emotional salience of the test stimulus modifies
the sensory-memory percept established by pre-experience, this change will create the
observed release from habituation, and the re-habituation stimulus is unsuitable to control for
habituation level. Indeed, animals responded to the re-habituation stimulus also in other
playback experiments with test stimuli from situations of increased emotional salience,
namely the gathering of the own social group [42], or the herding of females [34].

Conclusions
In sum, the present study revealed that call structure and auditory pre-experience determine
the response behaviour to acoustic stimuli of different affect intensity, and provided evidence
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for the evaluation of affect intensity in a non-human mammal. In contrast to the perception of
the physical salience of a stimulus determined by its acoustic features, the perception of the
emotional salience included an evaluative judgement. Thus, the results suggest that bats
assess acoustic stimuli by cognitive processes shared with humans, indicating that the
perception of emotions in the voice of conspecifics is a common mammalian trait present also
in a taxon evolutionarily remote from humans.

Methods
Animals and keeping conditions
Twelve adult bats (7 females and 5 males) originating from the Pannian Hill complex (N
9.97898 E 77.96205) near Madurai, South India, were kept in a flight room (3.1 m x 2.4 m x
2.2 m) at the campus of the Madurai Kamaraj University, Madurai, between the end of
November 2009 and the beginning of April 2010. Bats were labelled using collars that carried
capital letters for identification. The ceiling of the flight room was created by mosquito
netting suitable to perch and move around; an open cage (0.8 m x 0.8 m x 0.8 m) positioned
on a table gave the bats an opportunity to withdraw. We maintained a natural light-dark cycle.
The bats were fed daily after sunset during the experiments with dead frogs of different
common species of the genus Rana. Additionally, frogs and insects, mostly dragonflies, were
provided in the flight room after the experiments. The diet was enriched with vitamins
(Multibionta, Merck GmbH, Darmstadt, Germany) injected subcutaneously into dead frogs.
Water was provided ad libitum in the flight room. Each bat was released at the capture site as
soon as data acquisition was completed.
The present research was cleared for implementation by the Internal Research and Review
Board (IRB), Ethical Clearance (EC), Biosafety and Animal Welfare Committee of Madurai
Kamaraj University, Madurai (approval letter dated October 05 2009), and carried out in strict
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accordance with the current laws of India.

Playback stimuli
The playback stimuli used in the present experiments were based on sound recordings of
Bastian and Schmidt [40] made during approach situations resulting in agonistic interactions
of bat dyads. Below, we use the term weak, or strong, for calls recorded in situations validated
by Bastian and Schmidt [40] as low, or high, intensity level interactions, respectively.
Assuming that the median call parameters determined by Bastian and Schmidt [40] represent
prototypical calls of the respective affect intensity, we created the stimuli for the present
experiments comprising weak aggression calls, strong aggression calls, weak response calls,
strong response calls and a control stimulus differing in syllable peak frequencies from strong
response calls, as follows.
Weak, and strong, aggression calls from six bats were cut from the validated call recordings
and high-pass filtered at 10 kHz (2nd or 4th order Butterworth filter; recording artefacts
occasionally occurring at about 90 kHz were removed with an additional bandstop filter)
using BatSound Pro (Version 3.31, Pettersson Elektronik AB). The set of weak aggression
calls comprised 16 exemplars, the set of strong aggression calls comprised ten exemplars (see
examples in Fig. 1 A, B). The selected calls had durations within the typical inter-quartile
range for the respective affect intensity. Each call was embedded in its natural noise floor;
signal-to-noise ratios ranged between 30 dB and 55 dB. Stimuli were set to equal maximum
amplitudes. Median sound pressure levels determined with a measuring amplifier (Brüel &
Kjaer type 2209) amounted to 60.4 ± 1.5 dB SPL for weak aggression calls and 63.7 ± 1.7 dB
SPL for strong aggression calls at the bat’s position in the playback experiments.
As response calls are typically overlapping with multiple echoes from aggression calls, and
recordings frequently contain echolocation calls of other bats, it is problematic to directly use
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response calls from original recordings for playback. Moreover, in contrast to aggression
calls, the response calls carried distinct individual signatures [40] which may interfere with
affect discrimination behaviour. Therefore we created synthetic replicas based on the two
validated response calls in the sample of Bastian and Schmidt [40] best reflecting the median
call parameters for low, and high, affect intensity, respectively. Call syllables were created
with the graphic synthesizer of AviSoft-SASLab Pro (Avisoft Bioacoustics, Berlin) and were
combined to calls using BatSound Pro. The two synthetic calls (Fig. 1C, D) corresponded to
the respective natural exemplars (see for example Fig. 1E) in frequency-time contours of
syllables as well as in the typical frequency-time course and amplitude-time course across
syllables. In addition, these synthetic calls reflected the median parameter values for the
frequency position and harmonic composition of syllables, as well as for syllable numbers
given in Bastian and Schmidt [40]. Based on this median weak, and strong, response call, we
synthesised a set of eight additional response call stimuli, which represented the inter-quartile
variability of the validated response call sample of Bastian and Schmidt [40] in syllable
duration, inter-syllable interval and fundamental frequency (for a detailed stimulus description
see electronic supplement material 1). In addition, we created a control stimulus, identical to
the median strong response call except for syllable peak frequencies which were shifted
downwards by about 6 kHz, a difference within the range of inter-individual variability (Fig.
1F). Stimuli had equal maximum amplitudes resulting in median sound pressure levels of 58.6
± 0.2 dB SPL for weak response calls and 61.4 ± 0.2 dB SPL for strong response calls.
The duration of all stimuli amounted to 270 ms; call onsets occurred 10 ms after stimulus
onset. The stimuli corresponding best to the median calls, and the control stimulus, served as
test stimuli. All other stimuli were used for habituation.
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Experimental setup
In the experimental room (3.1 m x 2.4 m x 2.2 m), a V-shaped perch (0.15 m x 0.1 m) was
positioned at a height of 1.9 m in the middle of the short side of the room at a distance of 0.2
m from the back wall. A loudspeaker (quadral ribbon tweeter 923108, frequency response
linearly (± 3 dB) decreasing by 12 dB between 9 and 90 kHz) was positioned at a distance of
1 m to the left, or right, side of the perch at the height of the bat’s ears. A video camera (Sony
DCR-HC90E) facing the perch positioned at a distance of 2.0 m from, and at the same height
as, the perch, recorded the bat and an LED, which was mounted behind the perch to indicate
the presentation of a stimulus. We used the night shot function during recording. Below the
video camera, a feeder, which could be opened and closed with a thread, was installed at a
height of 0.60 m. An infrared illuminator (Abus Ecoline TV 6700) below the feeder pointed
towards the perch and provided extra light. The experimenter sitting on the floor behind the
feeder operated the video camera and the control laptop (Toshiba Satellite A60), which was
weakly illuminated by a red light bulb. A custom made software (M. Großbach) controlled
stimulus output which was fed via a soundcard (NI DAQCard-6062E, output rate 200 kHz,
DAC resolution 12 bit), and a custom made amplifier to the loudspeaker.

Training of bats and experimental procedure
Before playback experiments started, each bat was individually trained to hang at the tip of
the V-shaped perch, wait for the opening of the feeder, catch a frog and then return to the
perch for eating. Typically, a playback experiment started after the first food uptake when the
bat was looking directly towards the feeder and was thus optimally positioned to the
loudspeaker. Daily feeding sessions without playbacks were occasionally interspersed with
the playback experiments to avoid over-habituation to the experimental procedure;
experiments were separated by at least one night and conducted in random order.
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The playback experiments were performed using an adapted habituation-dishabituation
paradigm originally developed by Eimas et al. [32], in which subjects indicated a stimulus
categorisation by reacting to a stimulus of a given class after habituating to stimuli of another
class. In the present experiment, habituation stimuli of a given call type and affect intensity
were presented in random order until the experimenter observed no reaction to two
consecutive stimuli. Then, we presented the respective test stimulus of the other affect
intensity, or the frequency shifted control stimulus, followed by the re-habituation stimulus
from the pool of habituation stimuli, which has been proposed as a control for habituation
level (see [57]).
Stimuli were played back every 20 s. At the end of the experiment, we controlled for overall
motivation by playing back one of 14 mouse distress calls (for definition see [58]) from a
sound library (Institute of Zoology, University of Veterinary Medicine Hannover
Foundation). Since mice are part of the natural prey spectrum of M. lyra, these calls are highly
attractive acoustic stimuli. If a bat did not react to the first or second habituation stimulus, or
to the mouse call, the experiment was repeated on another day.

Video analysis and statistical analysis
All experiments were videotaped and videos were analysed while muted in order to keep the
rating person blind to the stimuli the bat heard. Periods of stimulus presentation were
indicated via the synchronised LED signal. The response behaviour of the bat consisted of a
turning of the body away from the feeder. We defined each rotation of the bat’s elbows
around the apical-caudal body axis as reaction.
In a first analysis with Windows Media Player (Windows XP Professional), two persons
conducted a blind rating using the categories “reaction” and “no reaction”. Rating resulted in
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90% agreement between observers, corresponding to a substantial inter-observer reliability (κ
= 0.8, [59, p. 450 ff]).
The number of stimuli needed for habituation was compared by a pair-wise comparison
(aggression call stimuli, Fisher permutation test, see [60, p. 85], implemented in GNU Octave
Version 3.2.4, [61]), or by a multiple comparison (response call stimuli, Friedman Anova). To
assess global effects of a repeated presentation of aggression call, and response call, stimuli,
we compared the number of stimuli needed for habituation as a function of experimental order
(first and second experiment with aggression call stimuli, Fisher permutation test; first,
second and third experiment with response call stimuli, Friedman Anova), respectively.
To test for habituation, we compared the number of bats reacting to the first habituation
stimulus, the second to last habituation stimulus, and the last habituation stimulus using
Cochran’s Q test. To test whether the test stimulus and the habituation stimuli were perceived
as different classes, we performed a Cochran’s Q test comparing the number of animals
reacting to the second to last habituation stimulus, the last habituation stimulus, the test
stimulus, and the re-habituation stimulus, followed by a subset comparison supplement of
Cochran’s Q test (test statistic Qdiff, see [59, p.171]). The latter differentiated between the
reaction to the test stimulus and the reactions to the second to last habituation, the last
habituation and the re-habituation stimuli (Qdiff-test), or between the last habituation stimulus
and the second to last habituation stimulus, the test and the re-habituation stimulus (Qdiff-last).
If a significant number of bats reacted to the test stimulus in at least one experiment with a
given call type, we conducted a frame-by-frame analysis (Interact 8.0, Noldus, 25 frames/ s)
for all experiments with the respective call type to obtain a quantitative measure of the bats’
behaviour. We measured the “looking time” which we defined as the duration from the onset
of the turning reaction to the end of the turning movement towards the feeder. We tested
whether the bats were habituated at the end of the habituation process (first versus second to
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last, and last, habituation stimulus), whether they showed a dishabituation response to the test
stimulus (last habituation versus test stimulus), and whether they were still habituated after
test stimulus presentation (last habituation versus re-habituation stimulus) using pair-wise
comparisons (Fisher permutation tests; see [60, p. 85], implemented in GNU Octave Version
3.2.4, [61]). Medians and inter-quartiles are given for descriptive statistics. Global
significance level was 5% for all tests. Unless otherwise stated, statistical analyses and figures
were made in Statistica (Version 6, StatSoft Inc.).

Competing interests
The authors declare that they have no conflict of interest.

Authors’ contributions
HBK participated in the design of the study and data acquisition, analysed the data and
participated in the interpretation of data and the drafting of the manuscript. AKVK and SK
participated in study design, data acquisition and revised the manuscript. SK and SS initiated
the study. SS financed and mentored the study and participated in its design, the interpretation
of the data and the drafting of the manuscript. All authors have read and approved of the final
manuscript.

Acknowledgments
We thank Ganapathi Marimuthu for providing housing for the bats and experimental facilities
in the Department of Animal Behaviour and Physiology, Madurai Kamaraj University,
Michael Großbach for programming the stimulus presentation software, as well as statistics
modules calculating the Fisher permutation test, and Sönke von den Berg for technical
support with the figures. Special thanks go to Elisabeth Engelke for the independent blind

93

Auditory evaluation of affect intensity by bats

rating of the bats’ behaviour. We would like to thank Sharon Kessler, Marina Scheumann,
Ulrike Taron and Elke Zimmermann for critically reading an earlier version of this
manuscript. This study was supported by a grant from the Deutsche Forschungsgemeinschaft
to S. Schmidt (SCHM 879/6-3).

94

Auditory evaluation of affect intensity by bats

References
1. Scherer KR: Vocal correlates of emotional arousal and affective disturbance. In Handbook of Social
Psychophysiology. Edited by Wagner H, Manstead A. Oxford: Wiley; 1989:165-197.
2. Scherer KR: Expression of emotion in voice and music. J Voice 1995, 9:235-235.
3. Altenmüller E, Schmidt S, Zimmermann E (2013) From sounds in non-human mammals to speech and music
in man. Oxford, UK: Oxford University Press
4. Briefer EF: Vocal expression of emotions in mammals: mechanisms of production and evidence. J Zool
2012, 288:1-20.
5. Zimmermann E, Leliveld L, Schehka S: Toward the evolutionary roots of affective prosody in human
acoustic communication. A comparative approach to mammalian voices. In Evolution of Emotional
Communication: From Sounds in Nonhuman Mammals to Speech and Music in Man. Edited by Altenmüller E,
Schmidt S, Zimmermann E. Oxford: Oxford University Press; 2013:116-132.
6. Fitch WT: Production of vocalizations in mammals. In Encyclopedia of Language and Linguistics. Volume
10. 2nd edition. Edited by Brown K. Oxford: Elsevier; 2006:115–121.
7. Fitch WT: The Evolution of Language. Cambridge: Cambridge University Press; 2010.
8. Dawkins R, Krebs JR: Animal signals: information or manipulation? In Behavioural Ecology: An
Evolutionary Approach. 1st edition. Edited by Krebs JR, Davies NB. Oxford: Blackwell Scientific Publication;
1978:282-309.
9. Owings DH, Morton ES: The role of information in communication: An assessment/management
approach. In Perspectives in ethology. Volume 12. Edited by Owings DH, Beecher MD, Thompson NS. New
York: Plenum Press; 1997:359-390.
10. Owings DH, Morton ES: Animal Vocal Communication: A New Approach. Cambridge: Cambridge
University Press; 1998.
11. Owren MJ, Rendall D: Sound on the rebound: bringing form and function back to the forefront in
understanding nonhuman primate vocal signaling. Evol Anthropol 2001, 10:58-71.
12. Rendall D, Owren MJ: Animal vocal communication: say what. In The Cognitive Animal. Empirical and
Theoretical Perspectives on Animal Cognition. Edited by Bekoff M, Allen C, Burghardt GM. Massachusetts:
Massachusetts Institute of Technology; 2002:307-314.
13. Rendall D, Owren MJ, Ryan MJ: What do animal signals mean? Anim Behav 2009, 78:233-240.

95

Auditory evaluation of affect intensity by bats

14. Eizirik E, Murphy WJ, O’Brien SJ: Molecular dating and biogeography of the early placental mammal
radiation. J Hered 2001, 92:212-219.
15. Koopman KF: Chiroptera: Systematics. In Handbook of Zoology. Volume 8 Mammalia. Edited by
Niethammer J, Schliemann H, Starck D. Berlin: Walter de Gruyter; 1994.
16. Meredith RW, Janecka JE, Gatesy J, Ryder OA, Fisher CA, Teeling EC, Goodbla A, Eizirik E, Simão TLL,
Stadler T, Rabosky DL, Honeycutt RL, Flynn JJ, Ingram CM, Steiner C, Williams TL, Robinson TJ, BurkHerrick A, Westermann M, Ayoub NA, Springer MS, Murphy WJ: Impacts of the cretaceous terrestrial
revolution and KPg extinction on mammal diversification. Science 2011, 334:521-524.
17. Schmidt S: Beyond echolocation: Emotional acoustic communication in bats. In Evolution of Emotional
Communication. From Sounds in Nonhuman Mammals to Speech and Music in Man. Edited by Altenmüller E,
Schmidt S, Zimmermann E. Oxford: Oxford University Press; 2013:92-104.
18. Altenmüller E, Schmidt S, Zimmermann E: A cross-taxa concept of emotion in acoustic communication:
An ethological perspective. In Evolution of Emotional Communication. From Sounds in Nonhuman Mammals
to Speech and Music in Man. Edited by Altenmüller E, Schmidt S, Zimmermann E. Oxford: Oxford University
Press; 2013:339-367.
19. Manser MB, Bell MB, Fletcher LB: The information that receivers extract from alarm calls in suricates.
Proc R Soc Lond B Biol Sci 2001, 268:2485-2491.
20. Fischer J, Hammerschmidt K, Todt D: Factors affecting acoustic variation in Barbary‐‐macaque (Macaca
sylvanus) Disturbance Calls. Ethology 1995, 101:51-66.
21. Randall JA, Rogovin KA: Variation in and meaning of alarm calls in a social desert rodent Rhombomys
opimus. Ethology 2002, 108:513-527.
22. Warkentin KJ, Keeley AT, Hare JF: Repetitive calls of juvenile Richardson's ground squirrels
(Spermophilus richardsonii) communicate response urgency. Can J Zool 2001, 79:569-573.
23. Weary DM, Lawson GL, Thompson BK: Sows show stronger responses to isolation calls of piglets
associated with greater levels of piglet need. Anim Behav 1996, 52:1247-1253.
24. Slocombe KE, Townsend, SW, Zuberbühler K: Wild chimpanzees (Pan troglodytes schweinfurthii)
distinguish between different scream types: evidence from a playback study. Anim Cogn 2009, 12:441-449.
25. Blumstein DT, Armitage KB: Does sociality drive the evolution of communicative complexity? A
comparative test with ground-dwelling sciurid alarm calls. Am Nat 1997, 150:179-200.

96

Auditory evaluation of affect intensity by bats

26. Le Roux A, Jackson TP, Cherry MI: The effect of changing call duration and calling bouts on vigilance
in Brants' whistling rat, Parotomys brantsii. Behaviour 2001, 138:1287-1302.
27. Ethofer T, Anders S, Wiethoff S, Erb M, Herbert C, Saur R, Grodd W, Wildgruber D: Effects of prosodic
emotional intensity on activation of associative auditory cortex. Neuroreport 2006, 17:249-253.
28. Bröckelmann AK, Steinberg C, Elling L, Zwanzger P, Pantev C, Junghöfer M: Emotion-associated tones
attract enhanced attention at early auditory processing: Magnetoencephalographic correlates. J Neurosci
2011, 31:7801-7810.
29. Domínguez‐Borràs J, Garcia‐Garcia M, Escera C: Emotional context enhances auditory novelty
processing: behavioural and electrophysiological evidence. Eur J Neurosci 2008, 28:1199-1206.
30. Goydke KN, Altenmüller E, Möller J, Münte TF: Changes in emotional tone and instrumental timbre are
reflected by the mismatch negativity. Brain Res Cogn Brain Res 2004, 21:351-359.
31. Schirmer A, Escoffier N: Emotional MMN: Anxiety and heart rate correlate with the ERP signature for
auditory change detection. Clin Neurophysiol 2010, 121:53-59.
32. Eimas PD, Siqueland ER, Jusczyk P, Vigorito J: Speech perception in infants. Science 1971, 171:303-306.
33. Fischer J, Metz M, Cheney DL, Seyfarth RM: Baboon responses to graded bark variants. Anim Behav
2001, 61:925-931.
34. Reby D, Charlton BD: Attention grabbing in red deer sexual calls. Anim Cogn 2012, 15:265-270.
35. Schehka S, Zimmermann E: Affect intensity in voice recognized by tree shrews (Tupaia belangeri).
Emotion 2012, 12:632-639.
36. Pegg JE, Werker JF, McLeod PJ: Preference for infant-directed over adult-directed speech: Evidence
from 7-week-old infants. Infant Behav Dev 1992, 15:325-345.
37. Gifford III GW, Hauser MD, Cohen YE: Discrimination of functionally referential calls by laboratoryhoused rhesus macaques: implications for neuroethological studies. Brain Behav Evol 2003, 61:213-224.
38. Hauser MD: Functional referents and acoustic similarity: field playback experiments with rhesus
monkeys. Anim Behav 1998, 55:1647-1658.
39. Konerding WS, Brunke J, Schehka S, Zimmermann E: Is acoustic evaluation in a non-primate mammal,
the tree shrew, affected by context? Anim Cogn 2011, 14:787-795.
40. Bastian A, Schmidt S: Affect cues in vocalizations of the bat, Megaderma lyra, during agonistic
interactions. J Acoust Soc Am 2008, 124:598-608.

97

Auditory evaluation of affect intensity by bats

41. Janßen S, Schmidt S: Evidence for a perception of prosodic cues in bat communication: contact call
classification by Megaderma lyra. J Comp Physiol A 2009, 195:663-672.
42. Kastein HB, Winter R, Vinoth Kumar AK, Sripathi K, Schmidt S: Perception of individuality in bat vocal
communication: discrimination between, or recognition of, interaction partners? Anim Cogn 2013, DOI
10.1007/s10071-013-0628-9.
43. Habersetzer J: Ethoökologische Untersuchungen an echoortenden Fledermäusen Südindiens. PhD
thesis. Goethe University Frankfurt, Departement of Biological Sciences; 1983.
44. Schmidt S, Yapa W, Grunwald JE: Echolocation behaviour of Megaderma lyra during typical orientation
situations and while hunting aerial prey: a field study. J Comp Physiol A 2011, 197:403-412.
45. Fitch WT, Neubauer J, Herzel H: Calls out of chaos: the adaptive significance of nonlinear phenomena
in mammalian vocal production. Anim Behav 2002, 63:407-418.
46. Owren MJ, Rendall D: An affect-conditioning model of nonhuman primate vocal signaling. In
Perspectives in Ethology. Volume 12. Edited by Owings DH, Beecher MD, Thompson NS. New York: Plenum
Press; 1997:299-346.
47. Blumstein DT, Récapet C: The sound of arousal: The addition of novel non‐‐linearities increases
responsiveness in marmot alarm calls. Ethology 2009, 115:1074-1081.
48. Townsend SW, Manser MB: The function of nonlinear phenomena in meerkat alarm calls. Biol Lett
2011, 7:47-49.
49. Bestelmeyer PE, Rouger J, DeBruine LM, Belin P: Auditory adaptation in vocal affect perception.
Cognition 2010, 117:217-223.
50. Witteman J, Van Heuven VJ, Schiller NO: Hearing feelings: A quantitative meta-analysis on the
neuroimaging literature of emotional prosody perception. Neuropsychologia 2012, 50:2752-2763.
51. Schirmer A, Kotz SA: Beyond the right hemisphere: brain mechanisms mediating vocal emotional
processing. Trends Cogn Sci 2006, 10:24-30.
52. Wildgruber D, Ethofer T, Grandjean D, Kreifelts B: A cerebral network model of speech prosody
comprehension. Int J Speech Lang Pathol 2009, 11:277-281.
53. Näätänen R, Kujala T, Winkler I: Auditory processing that leads to conscious perception: a unique
window to central auditory processing opened by the mismatch negativity and related responses.
Psychophysiology 2011, 48:4-22.

98

Auditory evaluation of affect intensity by bats

54. Winkler I, Czigler I, Sussman E, Horváth J, Balázs L: Preattentive binding of auditory and visual
stimulus features. J Cogn Neurosci 2005, 17:320-339.
55. Sadia G, Ritter W, Sussman E: Category effects: Is top-down control alone sufficient to elicit the
mismatch negativity (MMN) component? Biol Psychol 2013, 92:191-198.
56. Rinne T, Särkkä A, Degerman A, Schröger E, Alho K: Two separate mechanisms underlie auditory
change detection and involuntary control of attention. Brain Res 2006, 1077:135-143.
57. Rendall D, Rodman PS, Emond RE: Vocal recognition of individuals and kin in free-ranging rhesus
monkeys. Anim Behav 1996, 51:1007-1015.
58. Ehret G: Sound communication in house mice: emotions in their voices and ears? In Evolution of
Emotional Communication. From Sounds in Nonhuman Mammals to Speech and Music in Man. Edited by
Altenmüller E, Schmidt S, Zimmermann E. Oxford: Oxford University Press; 2013:63-74.
59. Bortz J, Lienert GA, Boehnke K: Verteilungsfreie Methoden in der Biostatistik. Heidelberg: Springer; 2008.
60. Siegel S: Nichtparametrische statistische Methoden. Eschborn bei Frankfurt am Main: Fachbuchhandlung
für Psychologie Verlagsabteilung 2; 1985.
61. Eaton JW, Bateman D, Hauberg S: GNU Octave Manual Version 3. Network Theory Limited; 2008.

99

Auditory evaluation of affect intensity by bats

Appendix
Electronic supplement material 1
Spectral and temporal parameter values of synthesised response call syllables.
In total, we synthesised nine weak response call stimuli comprising nine u-shaped syllables (usy) and ten strong
response call stimuli comprising 17 u-shaped syllables differing in peak frequency (peak freq [kHz]) of, duration
(dur [ms]) of, and inter-pulse intervals (IPI [ms]) among, u-shaped syllables. Stimulus composition was based on
the medians, and the lower and upper quartiles, of the parameter values given in Bastian and Schmidt [40].
Each stimulus (no. 1, 2, 3…) was composed by combining the parameter values of peak frequency (no. 1, 2,
3…), duration (no. 1, 2, 3…) and inter-pulse interval (no. 1, 2, 3…) of the respective column.
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

usy no.

stimulus
no.

8
9

3
4
5
6
7

1
2

usy no.

stimulus
no.

2.99
2.96
3.07

17.5
17.5
17.2

peak
freq
[kHz]
18
19.2
20
19.5
19.9
19.9
19.7
19.3
18.9
18.2
18.1
17.7
17.7
17.3
17.1
16.6
16.1

IPI
[ms]

6.23
6.23
6.29
6.25
6.23
6.29
6.25
6.27
6.25
6.21
6.25
6.24
6.3
6.25
6.27
6.2
-

2.67
3.4
3.73
3.75
3.25
3.48
3.26
3.9
3.01
3.75
3.81
4.29
4.01
4.05
3.75
3.06
3.45

1

7.71
7.68
-

dur
[ms]

1, 2, 3

3.74
2.57
2.71
2.99
3.4

18.2
19.1
19.3
18.9
18

1, 2, 3

7.71

4.05

7.71
7.71
7.6
7.68
7.67

IPI
[ms]

1

dur
[ms]

1, 2, 3

peak
freq
[kHz]
17.7

1, 2, 3

4.88
4.83
4.94
4.92
4.9
4.94
4.92
4.92
4.91
4.83
4.88
4.88
4.96
4.88
4.92
4.86
-

IPI
[ms]

2

6.47
6.43
-

6.47
6.5
6.4
6.44
6.45

6.46

IPI
[ms]

2

3.66
3.66
3.73
3.71
3.67
3.74
3.7
3.71
3.69
3.62
3.69
3.67
3.74
3.67
3.71
3.67
-

IPI
[ms]

3

4.89
4.84
-

5
5.01
4.89
4.96
4.84

4.98

IPI
[ms]

3

peak freq
[kHz]
18.5
19.8
21
20.2
20.4
20.8
20.6
19.9
19.7
19.1
18.7
18.2
18
17.6
17.7
17.2
16.9

3
2.98
3.1

3.73
2.58
2.71
3.02
3.44

4.03

dur [ms]

4, 5, 6

7.67
7.74
-

7.86
7.75
7.68
7.65
7.63

7.75

IPI
[ms]

4

6.45
6.52
-

6.64
6.53
6.47
6.42
6.41

6.55

IPI
[ms]

5

12
13.1
15
14.7
14.7
14.8
14
13.9
13.7
13
13.1
12.4
12
11.9
11.3
10.7
10.4

peak freq
[kHz]

10

2.66
3.4
3.73
3.77
3.28
3.47
3.25
3.92
3.01
3.73
3.83
4.29
4.04
4.05
3.76
3.06
3.48

dur
[ms]

4, 5,
6, 10

6.12
6.11
6.19
6.09
6.08
6.3
6.16
6.17
6.14
6.26
6.18
6.17
6.09
6.17
6.19
6.17
-

IPI
[ms]

4

strong response call stimuli
4, 5, 6

18
17.1
17.2

18.4
20.2
19.7
18.9
18.4

17.7

peak freq
[kHz]

4, 5, 6

weak response call stimuli

4.88
4.91
4.91
4.89
4.88
4.79
4.83
4.88
4.88
4.83
4.84
4.94
4.89
4.87
4.88
4.92
-

IPI
[ms]

5, 10

4.96
5.02
-

4.96
5.03
4.99
4.93
4.96

5

IPI
[ms]

6

3.64
3.64
3.71
3.59
3.63
3.81
3.67
3.69
3.65
3.77
3.71
3.65
3.61
3.69
3.69
3.67
-

IPI [ms]

6

17.7
17.5
17.3

19.1
20.6
20
19.3
18.6

18.2

peak freq
[kHz]

7, 8, 9

20.1
20.8
22
21.6
21.7
21.9
21.6
21
20.8
20.2
20.2
19.5
19.5
18.7
18.9
17.8
17.7

peak freq
[kHz]

7, 8, 9

3.02
2.96
3.1

3.73
2.56
2.69
2.99
3.42

4

dur [ms]

7, 8, 9

2.69
3.36
3.71
3.77
3.25
3.46
3.24
3.88
3.02
3.73
3.81
4.26
4.01
4.06
3.76
3.09
3.46

dur
[ms]

7, 8, 9

7.72
7.64
-

7.77
7.71
7.75
7.7
7.76

7.72

IPI
[ms]

7

6.15
6.16
6.08
6.18
6.2
6.13
6.13
6.2
6.14
6.21
6.18
6.13
6.12
6.22
6.17
6.16
-

IPI
[ms]

7

6.53
6.43
-

6.55
6.5
6.57
6.51
6.55

6.57

IPI
[ms]

8

4.89
4.89
4.8
4.88
4.93
4.87
4.87
4.94
4.89
4.95
4.92
4.86
4.84
4.92
4.88
4.86
-

IPI
[ms]

8

4.98
9.96
-

5.03
5
5.04
4.97
4.99

5.04

IPI
[ms]

9

3.65
3.67
3.6
3.62
3.71
3.64
3.62
3.71
3.64
3.71
3.67
3.6
3.62
3.73
3.69
3.65
-

IPI
[ms]

9
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GENERAL DISCUSSION
The present thesis presented two studies which explored the perception of prosodic cues in the
voice, namely identity, and affect intensity, by bats of the species Megaderma lyra.
The first study revealed that M. lyra responded to contact-call stimuli of different individuals,
but showed no clear preference for calls of group mates with whom they maintained bodycontact dyads compared to calls of no body-contact dyad partners, or unknown individuals.
However, the habituation-dishabituation experiment disclosed that bats are able to
discriminate between known, as well as known and unknown, conspecifics, respectively, on
the basis of the dissimilarity in acoustic parameters in contact calls. Furthermore, identity
recognition by voice was suggested by the response behaviour towards the re-habituation
stimulus differing after test stimulus presentations from either two social partners, or an
unknown bat and a social partner. Thus, the results provide evidence for identity
discrimination by voice and suggest identity recognition by voice.
The second study of this thesis focused on the perception of affect intensity in aggression, and
response, call stimuli. Interestingly, the behaviour of bats towards both call types may be
based on different processing mechanisms. On the one hand, aggression call stimuli may
affect low-level brain stem mechanisms directly, which is suggested by continuous responses
to every novel aggression call stimulus and the failure to habituate to affect intensity in
aggression call stimuli. On the other hand, the pre-experience due to habituation to response
call stimuli of a given affect intensity was able to modulate the response behaviour towards
the test stimuli, which resulted in the discrimination, and evaluation, of affect intensity in
response call stimuli. This result provided evidence that the bats perceived the emotional
salience, rather than the physical salience.
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In sum, the studies demonstrated that the bat M. lyra is able to perceive specific prosodic cues
to use them in order to discriminate between individuals, and eventually as a reference to
detect particular individuals, as well as to assess the intensity of an emotionally relevant
situation by acoustic cues. Thus, the results of both studies supported the assumption that the
perception of paralinguistic prosodic cues may reach far back in the mammalian phylogeny.
In the following sections, I will first refer to the function of contact calls with respect to the
question whether the contexts in which contact calls are emitted and the origin of contact calls
provide insight to identity recognition in bats. Second, I will briefly comment on the role of a
cross-modal perception of affect intensity in agonistic interactions, and finally address the
abilities of mammals, including humans, to assess identity and affect in hetero-specific
vocalisations.

The function of contact calls
To what extent the voice may be decisive for identity recognition in bats that heavily rely on
vocal communication could not be clarified in detail by the first study. This raises the
question whether bats in general, or specifically the species M. lyra, actually perform identity
recognition by voice, or whether they may rather use cross-modal perception of identity,
supported by sensory modalities, which work within close range, such as olfaction and, to a
lesser extent, vision. To pursue this question, it may be worth looking at situations in which
contact calls are regularly emitted, as well as at the origin of contact calls in M. lyra.
In adult bats, contact calls are emitted in the morning during departure of, and arrival at, day
roosts, while at night roosts contact calls are used when communicating isolation, or when
entering night roosts (e.g. Goymann 1995; Schmidt 2013). As a result of calling, bats are
often joined by a conspecific, which may be, but does not need to be, a group mate from
the own social group (e.g. Goymann 1995; Schmidt 2013; Schmidt, pers. communication).

104

General discussion

Specifically, reunions of bats after contact call emission may lead to body-contacts (Goymann
1995), which were taken as an evidence for an individualised relationship between the two
individuals as they were observed between specific group mates and not between others
(Goymann et al. 2000; Schmidt 2013). Instead of communicating isolation, the emission of
contact calls at night roosts may also attract potential mating partners (Schmidt 2013), since
contact calls are generally more frequently emitted during the mating season (October to
December, e.g. Schmidt 2005).
Under experimental conditions, adult M. lyra of either sex also spontaneously start vocalising
(e.g. Dörrie et al. 2001; Schmidt 2013; and own observations). Moreover, calling can also be
triggered by a potential threat, e.g. an approaching snake (own observation).
In any case, the emission of calls in these night roost situations may have been transferred
from the calling behaviour of isolated pups, which already use contact calls to reunite with
their mothers (e.g. Goymann 1995; Schmidt 2013). In the first few days after parturition, pups
may communicate with their mother in close distance and contact calls may change within
ontogeny as in many bat species (e.g. Esser and Schmidt 1989; Knörnschild et al. 2010),
which makes it difficult for mothers to recognise their pups on the basis of vocal signatures.
However, during these days, pups may already learn their mother’s vocal signature when
giving contact calls to conspecifics. Then, for somewhat older pups, which are parked by
mothers during foraging bouts, contact calling may help to reunite given that pups by that
time recognise their approaching mother’s contact calls, and respond by calling her (e.g.
Goymann 1995; Goymann et al. 1999; Schmidt 2005; Schmidt pers. communication).
Regarding the pervasive threat of infanticides in this species (e.g. Schmidt 2005; Yapa and
Ratnasooriya 2008), pups, unlike adults, should only vocalise when they expect their own
mother after recognising her individual voice. Consequently, identity recognition by voice is
possibly even more essential in pups than in adult bats. Taken together with the fact that the
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bats used in the first study of the present thesis responded similarly to contact calls of known
group mates, or unknown conspecifics, one may conclude that the necessity to be individually
recognised, and joined only, by group mates on the basis of contact calls is lower for adult M.
lyra than for pups. Thus, for bat pups, identity recognition of mothers by voice should be an
evolutionarily driven process (e.g. Knörnschild and von Helversen 2008), while between adult
bats, identity recognition by voice appears less important. Sporadically, behavioural patterns
which are related to the contact calling for the own mother in pups may, however, still be
associated with a close conspecific by the adult bat. In this context, the existence of
individualised relationships between adult group mates, and the use of contact calls between
these bats, is interesting regarding the fact that the mother-pup relationship is individualised
as well.
Within this context, there are more promising questions considering the relationship of the
origin of contact calling behaviour in Indian False Vampire bats and the use of night roosts.
Since night roost activity is yet barely studied in M. lyra (except for Schmidt 2013), further
studies are needed to address questions as (1) whether a mother which parks its pup at night
roosts assumes these places as generally safe, or whether the risk of infanticides is just
minimised at night roosts compared to day roosts (addressed by e.g. Schmidt 2005), (2)
whether members of small social groups that regularly gather at the same night roost are
generally regarded as “friendly” conspecifics with respect to infanticides by mothers, since
they may be known individuals, and (3) whether there is a high night-roost fidelity in mothers
despite potential infanticides.

106

General discussion

Cross-modal perception of affect intensity in agonistic interactions?
As mentioned in the second study, the correct perception of the intensity of a behavioural
situation ensures an advantage in communication and thus favours social interactions. This
ability may be essential for socially living animals to integrate into a social structure and to
keep a certain position. For example, responding strongly to weak aggression makes the
perceiving individual appear submissive, while responding weakly to strong aggression may
provoke even more aggression by the aggressor.
The Indian False Vampire bat is a highly social mammal, which maintains individualised
relationships (Goymann et al. 2000) with conspecifics from day, or night, roosts. Agonistic
interactions between conspecifics in these bats may occur at any place (e.g. Goymann 1995;
Schmidt 2005). Bastian and Schmidt (2008), who studied the vocal behaviour during
agonistic interactions about common perch use, provided evidence for an adapted response
behaviour towards aggressive displays, which involved the emission of response calls of high,
or low, affect intensity, dependent on the respective affect intensity encoded in the previous
aggression calls. However, this adaptive response behaviour could not be attributed to the
ability to categorise aggression calls by their affect intensity on the basis of acoustic cues
alone by the present study. This result indicates that the behavioural display, which is
associated with aggression calls in the respective situation, is substantially needed for the
perception of affect intensity of agonistic interactions.
In contrast, for response call stimuli, bats were able to categorise affect intensity by voice.
The interpretation given by the second study proposes that the different processing of the two
call types accounts for the different abilities. Nevertheless, M. lyra was shown to be able to
perceive intensity differences of agonistic interactions by vocal cues and may use those to
respond adaptively in such precarious situations.
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To what extent does our voice perception
system allow us to extract identity and
affective information from vocalisations
from other species […]?
Belin et al. 2004

Beyond intra-specific communication: The hetero-specific perception of prosodic cues
Darwin (1872) postulated an evolutionary continuity in affective expressions based on his
comparative studies on human and animal vocal expressions. Also Morton (1977) attracted
attention with his motivation-structural rules that described similar acoustic structures in
emotional vocalisations in birds and mammalian species, which may be intra-specifically
equally perceived. Consequently, the hetero-specific perception of paralinguistic prosodic
cues may be a consequence of the common mammalian heritage in the acoustic
communication of emotions (e.g. Belin et al. 2004; Belin et al. 2008; Pongrácz et al. 2006)
and identity (e.g. Belin et al. 2004). Thereby, the classification of certain acoustic signals to
specific emotions should occur spontaneously and without previous learning (e.g. Morton
1977; Molnár et al. 2010). In addition, providing previous acquaintance with a particular
individual, the assignment of vocalisations by its voice should function properly.
For domesticated animals, such as dogs, cats, or horses, owners usually state that they are able
to determine the affective state of their pet by voice, and, in case of several pets, to decide
which one is vocalising. Reversely, pet owners often act on the assumption of the
understanding of their own affective state by their pet, and are confident to be identified by
their voice implying that their pets are capable of these cognitive abilities. As shown by the
present studies, the perception of prosodic cues by voice cannot be simply assumed in intraspecific interactions and may be limited in hetero-specific communication, as well. In
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addition, the domestication may have had an influence on the perception abilities of humans
and domesticated animals.
Studies concerning the abilities of humans to determine the affective state of domesticated
animals revealed that humans were able to classify different emotions correctly from dog
barks, and to specify the context in which the barks were recorded (e.g. Pongrácz et al. 2005).
This was irrespective of their individual experience with dogs (e.g. Pongrácz et al. 2005), and
also independent of whether they had previous visual experience with canines at all (Molnár
et al. 2010). In fact, even 6-months old infants were able to associate aggressive, and nonaggressive, dog barks with respective facial expressions of dogs given as pictures (Flom et al.
2009). However, for cat “meows”, humans rated the emotional context barely above chance,
and performed rather modestly (Nicastro and Owren 2003).
The identity discrimination between dogs turned out to be highly context-dependent and was
thus not reliable in humans (e.g. Molnár et al. 2006). On the animal side, cats were able to
discriminate between their owners and unknown persons by voice (Saito and Shinozuka
2013), while dogs combined auditory and visual cues to recognise their owner in a “violating
expectancy” experiment (Adachi et al. 2007). When combinations of voices and visual
features were presented, horses recognised their owners and other known persons, but were
not able to associate another, unknown voice with the unknown last person present, based on
an exclusion principle (Proops and McComb 2012).
Thus both sides, humans and their domesticated animals, are to a limited extent able to assess
the emotional state of the interaction partner, to recognise their hetero-specific partner, or to
discriminate between this partner and a second individual. One might assume that the process
of domestication favoured the hetero-specific perception of prosodic cues, since it provided
the opportunity for humans and animals to adapt to each other, and to take advantage of each
other (e.g. Adachi et al. 2007) during a millennia-old co-existence. In this respect, the
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domestication may be a gradual and dynamic learning process (Serpell 2000) that lasted
longer in dogs (e.g. Dayan 1994) than in cats (e.g. Serpell 2000), and resulted in the fact that
the hetero-specific communication may be more developed in dogs. In this case, the
perception abilities of humans should be worse concerning farm animals or non-domesticated
animals.
When listening to vocalisations of domestic pigs, which were recorded in different emotional
contexts, humans categorised the context of vocalisations, as well as their affect intensity,
correctly, whereas the ability was just slightly modulated by experience with pigs (Tallet et al.
2010). Likewise, humans categorised macaque emotional vocalisations to drawings of human
emotional expressions; however, an age difference in this performance revealed the older
children and adults performing better than the younger children, paralleling age differences of
humans in the ability to categorise human emotional speech (Linnankoski et al. 1994).
Furthermore, humans were shown to be able to discriminate between different rhesus
monkeys on the basis of vocalisations, although the performance of humans was highly
dependent of the tonal proportions in the presented calls (Owren and Rendall 2003).
Reversely, rhesus monkeys (Sliwa et al. 2011), and squirrel monkeys (Adachi and Fujita
2007) assigned the voices of familiar humans to his, or her, respective face. However, squirrel
monkeys only performed correctly if there was extensive previous contact to the respective
care giver (Adachi and Fujita 2007). The fact that care givers provided monkeys with food,
supports the notion that the ability to recognise these humans by voice and face may be under
selection pressure.
Thus, not the domestication per se, but rather the urgency which requires the understanding,
and categorisation, of hetero-specific prosodic cues, may trigger different perception abilities.
Consequently, the reasons which required

basic mechanisms

communication may have been different for different species in general.
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On the neural level in humans, the hetero-specific perception of prosodic cues appears to be
established for many different mammalian species. Although human vocalisations elicited
bilaterally greater activated areas in the superior temporal sulcus compared to vocalisations of
different domesticated, or not domesticated, animals (Fecteau et al. 2004), or non-vocal
sounds (e.g. Belin et al. 2011; Fecteau et al. 2004), animal vocalisations in turn showed
greater activity areas than non-vocal sounds (Fecteau et al. 2004). Furthermore, vocalisations
with positive, or negative, affect resulted in increased activity in different brain areas,
irrespective of the familiarity with the source of vocalisation (human, cat, or rhesus monkey;
Belin et al. 2008). Thus, although there is a clear neural basis for the perception of animal
vocalisations in humans, the development of categorising abilities might only take place if
really required.
In wildlife, the context of imminent danger makes species rely on hetero-specific alarm calls.
In sifakas and redfronted lemurs that share a similar alarm call repertoire comprising aerial,
and general, alarm calls, it has been shown by playback experiments that both species
behaved to hetero-specific alarm calls just as they do to their own alarm calls, which revealed
that both species interpret the hetero-specific alarm calls correctly (Fichtel 2004). In addition,
there are cases of alarm recognition between sympatrically living mammals and birds (e.g.
Müller and Manser 2008; Schmidt et al. 2008).
Thus, in the same manner as for humans and their pets, the hetero-specific communication
between sympatric species in the wild may be basically provided, however underlie a certain
degree of urgency, which favours learning processes for calls, or similar call structures, of
hetero-specifics, and increases the fitness of individuals that are able to respond adaptively.

Conclusion
In this thesis, I explored the auditory perception of prosodic cues in the bat, Megaderma lyra.
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Using social calls originating from different social situations, I addressed the perception of
identity, and affect intensity, via the voice in two studies.
The first study revealed that M. lyra was able to discriminate between different individuals by
voice, and indicated that identity recognition by voice was likely in these bats. The second
study disclosed that the bats categorised, and evaluated, the affect intensity encoded in
response calls, whereas they did not categorise affect intensity in aggression calls. In both
studies, the behaviour of the bats reflected specific cognitive abilities to perceive identity, or
affect intensity, cues. These abilities resemble those found in humans and some other
mammalian taxa. Therefore, the present results support the notion that the auditory perception
of prosodic cues is highly consistent in mammals and may constitute an ancestral trait across
mammals.
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