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GENERAL INTRODUCTION

GENERAL INTRODUCTION
“Their speech is the only gateway to their minds,
and through it we must pass if we would learn
their secret thoughts and measure the distance
from mind to mind.”
Richard Garner (1892)

Major concepts of communication
The use of sounds for vocal communication is widespread among vertebrates and
ranges from mating calls in frogs to speech in humans. In both, humans and animals, acoustic
signals used for communication can convey very explicit or rather vague messages (Simmons
2003). For instance, communication sounds may transmit broader messages, such as species
identity or narrower messages, such as individual identity or information about the affective
state of a caller. Acoustic signals serve a number of functions and are often integral
components of social behaviour. For example, vocalisations may attract mates (Ryan & Kim
2003) or repel territorial intruders (Catchpole & Slater 1995). They may regulate conflict
situations (e.g. Aureli & Smucny 2000), or coordinate group movements (e.g. Boinski &
Garber 2000; Braune et al. 2005; Rasoloharijaona et al. 2006) and parental behaviour (e.g.
Ehret 2005; Scheumann et al. 2007; Smith & Montgomerie 1992). In addition, vocalisations
may provide listeners with information about attributes of the caller, like its sex (e.g. Rendall
et al. 2004), age (e.g. Fischer et al. 2002), size (e.g. Fitch 1997), or hormonal (e.g. Semple &
McComb 2000) and/or affective state (e.g. Rendall 2003; Scheumann et al. 2007;
Zimmermann in press). One of the key goals in research on acoustic communication is to
explore the wide range of information conveyed in vocal signals.
The several models and theoretical statements on the evolution and design of
communication systems were often influenced by the prevailing trend in research (e.g.
sociobiology, behavioural ecology, sensory ecology, neuropsychology, cognitive psychology,
linguistics) and almost every author who has worked on the topic of communication has
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provided an operational definition of it (e.g. Bradbury & Vehrencamp 1998; Dusenbery 1992;
Green & Marler 1979; Hailmann 1977; Hauser 1996; Krebs & Davies 1993; Owings &
Morton 1998; Owren & Rendall 1997; Wilson 1975; Zahavi 1975). In the late 1940s to early
1950s, ethology emerged as a powerful new discipline. During this time, models about
communication dealt primarily with the evolutionary origins of signals, their ontogeny, and
their informational content (Smith 1977). Most of the theories about communication focused
on the veridical transmission of information from sender to receiver. Accordingly,
communication was supposed to be a process of information exchange, in which signals were
designed to transmit unambiguous information from sender to receiver. One variant of this
information-related perspective borrowed in particular from the “Shannon-Weaver
information theory” (Shannon & Weaver 1949). According to this theory communication
occurs if a receiver’s uncertainty about an event is reduced by the information transmitted in
the sender’s signal.
Later on, sociobiology emerged as major behavioural research discipline.
Accompanied with the concept of sociobiology the information-related perspective was
challenged by theoretical frameworks of Zahavi (1975) and Dawkins and Krebs (1978), both
emphasizing individual-selection thinking and fitness-maximizing strategies. Dawkins and
Krebs argued that the veridical signalling system is vulnerable to a sender, who might, for
personal fitness gains, lie and exaggerate. Accordingly, for signallers the adaptive function of
communication is to manipulate the behaviour of receivers. Receivers, in turn, will be
selected for their capacities to distinguish between honest and dishonest signals. The theory
therefore predicts that selection resulting from receiver scepticism would eliminate the
potential benefits of dishonest signalling. Thus, the only evolutionary stable communication
systems are those in which honesty is ensured (Fitch & Hauser 2003).
Zahavi (1975) proposed the best known mechanism by which honesty in
communication could be ensured. He argued that receivers would be selected to ignore signals
that were not honest and respond only to signals that provide accurate information. For
Zahavi, signals provide honest information about the signaller, if, and only if, the signals are
costly to produce and maintain, relative to the current condition of the sender. Zahavi’s
handicap principle describes a conflict between the pressures of natural selection and sexual
selection: Natural selection operates, with regard to survival, against the exaggerated traits,
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whereas sexual selection, by means of female choice, operates in favour of them. According
to the handicap principle, costliness is essential to the evolution of honesty. Although some
empirical studies support Zahavi’s model of communication (e.g. stotting in gazelles:
FitzGibbon & Fanshawe 1988; tail ornaments in swallows: Møller 1988), it is also shown that
costly signals are not often likely to be the basis for honest communication. Gouzoules and
Gouzoules (2002) emphasised in a review article on primate communication, that honesty in
signalling can also emerge in the absence of significant costs, for example in contexts wherein
communication occurs among related animals or when sender and receiver both benefit from
coordinated interactions. Additionally, inexpensive signalling can evolve when individuals
interact repeatedly and can use past experiences to assess the honesty of signals and modify
future response to them. Moreover, Fitch and Hauser (2003) argued that mechanisms allowing
honest communication without a handicap should be evolutionary favoured over handicap
signals, which can impose an arbitrarily high cost on their signaller. Indeed, several studies on
vocal communication revealed a relationship between body size of the caller and acoustic
features of signals (e.g. Ey et al. 2007; Fitch 1997; Hammerschmidt et al. 2000; Rendall et al.
2005), indicating that global physical limits may constrain vocal production due to body size.
The physical constraint of body size anchors honesty without any additional investment from
the caller and thus, in the absence of significant costs.
There are many more models and general concepts of communication systems,
particularly for acoustic communication and cognitive mechanisms underlying both the
production and perception of communicative signals (e.g. Hauser et al. 2002; Seyfarth &
Cheney 2003). I based my studies upon a fundamental definition of communication. This
definition focuses on the central element: “the transfer of information (a message) between a
sender and a receiver” (Simmons 2003). Thereby, the transfer of information in animal
communication systems is not restricted to an interaction among members of the same
species. Additionally, it occurs between different species. Besides, information transfer may
be an intended or unintended consequence of communication.
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Topics and aims of the thesis
From broad to narrow messages
Vocal signals show an enormous variation in spectral-temporal structure. This acoustic
variation is not only conspicuous in context-homologous vocalisations (vocalisations
produced in a similar behavioural situation) of different species or in different call types
within the same species. Besides, the acoustic structure may even vary within the same call
type between different individuals and also within an individual. The spectral-temporal
structure of vocal signals can be examined by multiparametric acoustic analyses. To explore
the information content, which may range from rather broad to narrow messages, the first step
is to link the acoustic analyses of vocal signals to the quantification of sound-related
behaviours of sender and receiver and/or to specific characteristics of caller and recipient.
The aim of this thesis is to explore the transmission of broad and narrow messages in
communication calls of tree shrews. Tree shrews are small, diurnal mammals, living in dense
vegetation in the tropical forest of Southeast Asia. They have an elaborate vocal repertoire
consisting of at least 8 different call types (Binz & Zimmermann 1989). Recent molecular
studies have revealed that tree shrews pose a link between primates and non-primate
mammals (Janečka et al. 2007). To date, little is known about the information conveyed by
inter- and/or intraspecific acoustic variation in communication calls of tree shrews. Therefore,
this thesis addressed questions concerning potential species-specific acoustic variation in
context-homologous vocalisations of tree shrews as well as concerning potential inter- and
intra-individual acoustic variation within vocalisations of the same type.

Interspecific variation of vocalisations
Acoustic differences between species
In chapter 1, I focused on the transmission of the broad message of species-specificity.
I compared the conspicuous spectral-temporal variability of a context-homologous call type
among three species of tree shrews. The characterisation of context-homologous vocalisations
may represent an important taxonomic supplement to traditional morphological and recent
molecular methods for species diagnosis and discrimination (e.g. Ambrose 2003; Snowdon et
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al. 1986; Zimmermann et al. 2000). The habitus of several different species within the genus
Tupaia is often quite similar. Using only morphology to differentiate between these so called
cryptic species is often difficult, both when the animals are in zoos or laboratory
environments and when they are in their natural habitat in the tropical forest of Southeast
Asia. Consequently, the taxonomic classification of species within the genus Tupaia is still
controversial and debated. I explored the potential usage of vocalisations as a non-invasive
tool for species diagnosis and discrimination in the cryptic species complex of this diurnal
mammalian group by performing a comparative acoustic analysis of a context-homologous
call type of three cryptic species of tree shrews (Tupaia glis, T. belangeri, T. chinensis).

Intraspecific variation of vocalisations
Acoustic differences between and within individuals
In chapter 2 and 3, I concentrated on the transmission of narrower messages in
communication calls of tree shrews (Tupaia belangeri), specifically acoustic features
conveying attributes of callers. I studied the intra- and inter-individual acoustic variation in
two types of communication calls with regard to the vocal expression of arousal, and the
acoustical conveyance of identity and sex.
In all communicative modalities, signal structure and the kind of information
conveyed is affected and constrained by sender morphology and physiology as well as the
biotic and abiotic environment (Alberts 1992; Endler 1992; Fitch 1997; Otte 1974).
Comparative, production-based research on animal vocalisations can yield to wider
knowledge about continuity in vocal communication processes across mammalian species and
may contribute to the development of general frameworks relating commonalities in acoustic
features to specific attributes of callers (e.g. Fitch 2006; Hauser 2000; Scherer 2003). Chapter
2 and 3 of my thesis will examine acoustic features to arousal and indexical attributes
(= intrinsic, physical characteristics of an individual, see e.g. Vehrencamp 2000) of callers in
two communication calls of tree shrews.
Chapter 2 provides data about the vocal expression of arousal in conflict situations in
tree shrews. The effect of arousal on communication sound production during social
interactions is a rarely analysed topic in non-primate mammals (for an exception see Bastian
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& Schmidt 2008). To explore to what extent findings in primates can be generalised across
mammalian lineages, in chapter 2 I investigated the potential effect of arousal on the acoustic
structure of conflict calls in tree shrews. I analysed the spectral-temporal variation in
vocalisations, uttered in two different arousal states of the same individual, using a
multiparametric sound analysis. To induce communication calls, I applied a social encounter
paradigm, in which pair-bonded female tree shrews, unwilling to mate, were exposed to
unfamiliar, sexually interested males. To signal their unwillingness to mate, females show a
defensive threat display towards unfamiliar males paralleled by acoustically variable calls
named squeaks (Binz & Zimmermann 1989). Thus, communication calls were experimentally
induced in female tree shrews within a standardised behavioural context. In order to analyse
how information about the arousal state is encoded in the acoustic structure of vocalisations, it
is essential to carefully characterise the arousal state of a sender. I used a sophisticated
behavioural analysis to determine the arousal state of the caller (high vs. low). Following
McNaughton and Corr (2004), I assumed that the perceived degree of social threat, and
thereby the arousal state of a female can be operationalised either by the distance between
male and female or the approach-withdrawal behaviour of the male towards the female.
Chapter 3 provides data about the vocal expression of arousal, and the acoustic
conveyance of identity and sex in disturbance situations in tree shrews. In accordance with a
similar production mechanism of airborne vocalisations across mammalian species,
comparable sender-related morphological and physiological constraints may lead to
commonalities in acoustic features conveying arousal and indexical attributes of callers. To
explore this hypothesis I examined potential intra- and inter-individual acoustic variation in
disturbance calls of tree shrews. Again, I used a standardised ethological protocol to link the
state of arousal to its acoustic expression. To check for individuality- and sex-specific features
I did a comparative inter-individual, multiparametric sound analysis. As in the study before,
communication calls were induced experimentally within a standardised behavioural context.
I used a disturbance paradigm, in which the subject was removed from its home cage and
placed in a new environment for a fixed duration of time. In their natural habitat, tree shrews
utter disturbance calls named chatter, when confronted with predators or new environmental
stimuli (Emmons 2000). Accordingly, the new environment reliably evoked chatter calls in
the animals. The determination of the arousal state of a caller (high vs. low) was based on
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calling context and arousal-related behavioural indicators. The arousal state of a subject was
operationalised by the habituation of the subject to the new environment and by the
assessment of behavioural indicators of stress in tree shrews (tail- position and piloerection)
(von Holst 1969, 1977).
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CHAPTER 1
SPECIES-SPECIFICITY IN COMMUNICATION CALLS OF TREE SHREWS
(TUPAIA: SCANDENTIA)
Published as: Esser, D., Schehka, S. & Zimmermann, E. 2008. Species-specificity in
communication calls of tree shrews (Tupaia: Scandentia). Journal of Mammalogy, 89, 1456–
1463. DOI 10.1644/07-MAMM-A-360.1
Data collection: Binz, Zimmermann, Schehka
Analysis: Schehka, Esser
Manuscript: Schehka, Zimmermann
Supervision: Zimmermann

Abstract
Tree shrews are small mammals living in the tropical forest of Southeast Asia. The
habitus of species within the genus Tupaia is often quite similar, so that it is difficult to
differentiate the species based on their morphology. We applied comparative bioacoustics, a
tool successfully used to discriminate cryptic species of nocturnal mammals, to investigate
whether species in the diurnal genus Tupaia can be recognized noninvasively on the basis of a
conspicuous loud call, the chatter. We studied to what extent the chatter call of two tree shrew
species, Tupaia glis and T. belangeri, differed in acoustic structure. We also acoustically
analysed the chatter call of T. chinensis, a subspecies or closely related parapatric species of
T. belangeri. Analysed acoustic features allowed assigning chatter calls with a probability of
more than 73% to the species that produced them. Bioacoustical differences are in line with
subtle morphological differences, supporting species status for all three studied tree shrew
species and corroborating immunodiffusion and genetic data that differentiate T. glis and T.
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belangeri. Loud calls may offer a reliable noninvasive tool for species diagnosis and
discrimination in cryptic species of this diurnal mammalian group.
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Introduction
Species- or sub-specific differences in vocalisations used for intraspecific
communication have been identified as an important taxonomic supplement to traditional
morphological and more recent molecular systematic data sets for species diagnosis and
discrimination (e.g. nocturnal primates: Ambrose 2003; Anderson et al. 2000; Braune et al.
2005; Olivieri et al. 2007; Zimmermann et al. 2000; diurnal primates: Hodun et al. 1981;
Macedonia & Taylor 1985; Oates et al. 2000; Snowdon et al. 1986; mole rats: Nevo et al.
1987; fur seals: Page et al. 2002; song sparrows: Patten et al. 2004; túngara frogs: Pröhl et al.
2006). Furthermore, comparative bioacoustical analyses according to the methods of
phylogenetic systematics helped to assess phylogenetic affinities among different species of a
genus (e.g. orangutans: Davila Ross & Geissmann 2007; sportive lemurs: Méndez-Cardenas
et al. 2008; felids: Peters & Tonkin-Leyhausen 1998; bushbabies: Zimmermann 1990).
Tree shrews belong to the order Scandentia and are grouped within the Euarchonta
combing Scandentia, Primates, and Dermoptera (Janečka et al. 2007; Murphy et al. 2001;
Nishihara et al. 2002). These diurnal, small-bodied mammals inhabit tropical forest areas of
southern and southeastern Asia. Because of the similar habitus of the species within the genus
and the difficulty to differentiate species based on their morphology, tree shrews are
considered a cryptic species complex (e.g. Mandahl 1976). In the last 90 years, the number of
species included in the genus Tupaia has decreased because of taxonomic revision from 32
(Lyon 1913) to 11 (e.g. Corbet & Hill 1992; Martin 2001). Since the first species of tree
shrew was described in 1820, 120 species or subspecies have been proposed within the
Scandentia (Olson et al. 2005).
Tupaia glis and T. belangeri are distributed in the Indomalayan region and seem to be
separated geographically by the Isthmus of Kra in southern Thailand (Corbet & Hill 1992;
Endo et al. 2000a; Lyon 1913). However, there is also evidence that both species occur
sympatrically between the Isthmus of Kra and the Hai Yai District, south of the Isthmus of
Kra (Endo et al. 2000b; Helgen 2005; Hirai et al. 2002). Tupaia chinensis is distributed in
southern China, Laos, northern Thailand, and Vietnam as well as in eastern Burma (Lyon
1913) and occurs allopatrically to T. glis and T. belangeri. Tupaia chinensis differs from both
of the latter species being about 30% smaller (Toder et al. 1992), having a smaller skull as
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well as a shorter rostrum (Lyon 1913). Morphologic, immunodiffusion, and genetic data
suggest a clear separation of T. glis from T. chinensis and T. belangeri, whereas the status of
T. chinensis is still unanswered. Often T. chinensis is treated as a sub- (Dene et al. 1980; Lyon
1913) or closely related parapatric species of T. belangeri (Helgen 2005).
Tree shrews show a high auditory sensitivity (Heffner et al. 1969; Zimmermann 1993),
are vocal, and use different vocalisations during social interactions (Kaufmann 1965; Martin
1968). The vocal repertoire was described in detail for T. belangeri (Binz & Zimmermann
1989). It consists of eight acoustically distinct call types, which were associated with specific
contact, aggression, defence, and alarm situations. Moreover Schehka et al. (2007) showed for
T. belangeri that the arousal state of females is expressed acoustically during defensive threat
displays towards males. No comparable information is available yet for T. glis or T. chinensis.
Based on listening to tree shrews in Borneo, Emmons (2000) postulated that each species can
be identified by its distinctive loud call, which is uttered during alarm situations as well as in
the context of disturbance. Toder et al. (1992) also mentioned differences in vocalisations of
T. glis, T. belangeri, and T. chinesis. However, to date no comparative quantitative analysis
has been carried out to test these assumptions.
We explored to what extent comparative bioacoustics can help in diagnosing cryptic
species in this diurnal, non-primate mammalian group and may provide insight into
taxonomic questions. We tested the hypothesis of Emmons (2000) that the loud call in tree
shrews, uttered when disturbed, can be used as a vocal fingerprint for non-invasive diagnosis
and discrimination of species. We induced the loud call in individuals of three tree shrew
species, T. glis, T. belangeri, and T. chinensis. We then quantified the acoustic structure of
this context-homologous call for each species by multiparametric sound analysis and
compared it between species by multiparametric statistics. We postulated that differences in
acoustic structure are more distinct between different species (T. glis and T. belangeri), than
between sub- or closely related parapatric species (T. belangeri and T. chinesis).
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Methods
Subjects
Tupaia glis and T. chinensis were kept in the animal facility of the Department of
Animal Physiology, University of Bayreuth, and T. belangeri in the animal facility of the
Institute for Zoology, University of Veterinary Medicine, Hannover, Germany. Animals were
maintained under standardised conditions as described by von Holst (1969) and Hertenstein et
al. (1987). All studied individuals were born in captivity. Founders of T. glis came from
Kuala Lumpur (Malaysia), T. chinensis from Kumming (Republic of China), and T. belangeri
from the Bangkok area and Bang Saphan (Thailand). Founders of tree shrews used in this
study were genetically characterized by Toder et al. (1992).
Animals were housed singly in wire mesh cages from 0.25 m3 to 1.8 m3, provided with
at least two nest boxes and a variety of branches and several wooden resting-shelves. Up to
eight animals of one species were maintained together in one room, in which they had
acoustic and olfactory contact with each other, but no tactile contact. Under these conditions
individuals of all three species uttered a specific loud call, named chatter (Binz &
Zimmermann 1989), as soon as the experimenter, an individual not known to the tree shrews,
entered the animal room.

Data collection
Over a period of 10 minutes all calls of one focal animal were recorded. Four to 10
calls per individual uttered during silence of the other animals present and with best acoustic
quality, were selected for further acoustic analyses. Calls of T. glis and T. chinensis were
recorded in Bayreuth either with an Uher report monitor 4200 tape recorder (Assmann, Bad
Homburg, Germany) and a Sennheiser microphone (Sennheiser Electronic, Wedemark,
Germany), type MKH 816 (40 Hz to 20 kHz) or with a Nagra IV-SJ tape recorder (Nagra
Kudelski, Cheseaux, Switzerland) and Bruel and Kjaer B&K microphone (Bruel and Kjaer,
Svendborg, Denmark), type 4133 (20 Hz to 40 kHz). Tape recordings of chatter calls with
best acoustic quality were digitized with BatSound Pro software (Pettersson Elektronik AB,
Uppsala, Sweden, version 3.31; A/D-card: sampling rate 44100 Hz, 16 bits, mono). Tupaia
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belangeri chatter calls were recorded in Hannover with a Sennheiser microphone (Sennheiser
Electronic, Wedemark, Germany), type ME 64 (40 Hz to 20 kHz), amplified by a M-Audio
DMP3 pre-amplifier (Avid Technology, Öhringen, Germany), digitized at a sampling
frequency of 100 kHz using the software NIDisk (Engineering Design, Belmont,
Massachusetts; A/D converter: National Instruments, Austin, Texas, DAQCard-6062E) and
stored as uncompressed audio files on a lap-top (Toshiba Satellite A10-s100, Irvine,
California). The experiments are licensed by the Bezirksregierung Hannover, Germany
(reference number: 509.6-42502-03/660) and comply with the guidelines of the American
Society of Mammalogists (Gannon et al. 2007).

Acoustic analysis
We analysed the acoustic structure of chatter calls from six adult individuals of T. glis
(n = 60 calls), seven of T. chinensis (n = 66 calls) and six of T. belangeri (n = 24 calls) by
oscillograms and power spectra using BatSound Pro 3.31 (Petterson Elektronik AB, Uppsala,
Schweden). In all three species a chatter call consisted of a variable number of short,
frequency-modulated harmonic units called syllables. We determined the middle point of each
analysed chatter call by dividing the duration (time between onset of the first syllable and
offset of the last syllable) by two and chose two syllables next to this point for further detailed
acoustic analyses. We analysed a total of 292 syllables by characterizing three acoustic
parameters: peak frequency (kHz), syllable duration (ms), and intersyllable interval (ms). The
two temporal parameters were measured by oscillograms, and peak frequency by power
spectra over the first 10 ms of a syllable (Fig. 1-1). We selected this time interval at call onset
to exclude potential echo effects.

21

CHAPTER 1

SPECIES-SPECIFICITY IN COMMUNICATION CALLS

Figure 1-1: Acoustic measurement by (a, b) oscillogram and (c) power spectrum of a chatter call of T.
belangeri. Peak frequency was measured from a power spectrum over the first 10 ms of a syllable.

Statistical analyses
Statistical analyses were performed with SPSS 12.01 for Windows (2003) (SPSS Inc.,
Chicago, Illinois) and Statistica 6.1 for Windows (StatSoft, Tulsa, Oklahoma). Using
univariate statistics, we calculated the median for each measured acoustic parameter per
subject. Using these medians, we applied the nonparametric Kruskal-Wallis test for each
parameter to test whether there were any significant differences among the three species. To
analyse the extent to which pairs of species differ acoustically from each other, we applied
nonparametric 2-tailed Mann-Whitney U-tests and adjusted afterwards the P-value according
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to the Bonferroni correction. To analyse whether the three tree shrew species can be
discriminated by acoustic characteristics of the chatter call, we performed a permutationbased discriminant function analysis (pDFA) for a nested design as described in Mundry and
Sommer (2007). To balance the effect of individuals, we used four randomly selected chatter
calls per subject. We repeated the random selection 100 times and performed a DFA with
each of the resulting data sets. We then calculated the average numbers of correctly classified
selected calls and cross-classified calls and used them as the overall results. We then
performed a pDFA with 1000 permutations. Within each randomized data set, we again
randomly selected four chatter calls per subject to be included in the calculation of the
discriminant functions. The pDFA were done using a script written by R. Mundry, MPI for
Evolutionary Anthropology, Leipzig, Germany. This script runs in R (R Development Core
Team 2007) and requires the library MASS (Venables & Ripley 2002) to be loaded. For all
tests, P < 0.05 was chosen as the level of significance. Because our data were generally not
normally distributed, results are reported as medians and interquartile ranges (IR).
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Results
Chatter calls of all three species were uttered as series composed of multiple syllables.
Their measured peak frequency corresponded to the fundamental frequency in all three
species. However, there were remarkable species-specific differences in acoustic structure
(Fig. 1-2).

Figure 1-2: Sonagrams of a representative chatter call (left side) and enlarged sonagrams of a syllable
(right side) of (a) T. glis, (b) T. belangeri, and (c) T. chinensis.

Acoustic characteristics of chatter calls in the three tree shrew species
A distinct feature of the chatter call in T. glis is that syllables are generally fused with
each other at the beginning of the call. A syllable has a median peak frequency of 0.84 kHz
(IR 0.14) and a median duration of 45.13 ms (IR 8.08). The median duration of the
intersyllable interval is 31.90 ms (IR 10.21).
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A characteristic feature of the chatter call in T. belangeri is that the syllable interval is
always longer than the syllable duration. Therefore, the median interval with 225.25 ms (IR
73.38) is more than four times longer than the median duration with 51.70 ms (IR 7.75). The
median peak frequency lies at 1.26 kHz (IR 0.23).
The chatter call of T. chinensis shows a similar acoustic design as that of T. belangeri;
however, it differs in rhythm. Thus, syllable duration is the longest of all three species with a
median of 100.75 (IR 20.00) ms. This duration is nearly as long as the calculated median
intersyllable interval of 105.00 (IR 20.88) ms. The median peak frequency is 1.16 (IR 0.15)
kHz.

Comparison of chatter calls between the three species
A significant effect of species on the acoustics of the chatter call was revealed for all
measured acoustic parameters (Kruskal-Wallis test, duration: H = 13.87, P = 0.001; interval
length: H = 16.01, P < 0.001; peak frequency: H = 12.79, P = 0.002).
Between T. glis and T. belangeri, significant differences were found in intersyllable
interval (Mann-Whitney U-test with followed Bonferroni correction, Z = -2.88, P = 0.007)
and peak frequency (Z = -2.88, P = 0.007), but not in duration (Z = -1.76, P = 0.28). Between
T. chinensis and T. belangeri, significant differences were revealed in duration (Z = 3, P =
0.004) and intersyllable interval (Z = -3, P = 0.004), but not in peak frequency (Z = -1.50, P =
0.413). Furthermore, significant differences between T. glis and T. chinensis appeared in all
measured acoustic variables (duration: Z = -3.0, P = 0.004; intersyllable interval: Z = -3.0, P
= 0.004; peak frequency: Z = -3.0, P = 0.004). In all statistical analyses, the temporal
parameter intersyllable interval differed significantly among the three species. Consequently,
this parameter seems to be the most important acoustic parameter for discriminating the
different tree shrew species.
The DFA yielded an average rate of correctly classified selected calls of 75.72% and
an average rate of correctly cross-classified calls of 73.41%. Figure 1-3 visualizes the
conspicuous separation of analysed chatter calls according to the three species.
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Figure 1-3: Scatterplot of the canonical variates based on the discriminant analysis of the acoustic
parameters of the chatter calls of three species of tree shrews (T. glis, T. belangeri, and T. chinensis). Each
point represents the median value of an analysed chatter call; different symbols represent the respective
species. Squares indicate the group centroids.

The pDFA supported our revealed clear assignment of calls to the respective species
and showed a highly significant ability to discriminate among the acoustic characteristics of
chatter calls of the three tree shrew species (originally included chatter calls: P = 0.001; crossclassified chatter calls: P = 0.001). This result showed that the measured acoustic parameters
provided reliable information for identifying and discriminating the three species.
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Discussion
Our results revealed that cryptic species of tree shrews can be recognized reliably not
only by listening, but also on the basis of the acoustic structure of a context-homologous loud
call, the chatter. Differences were found in frequency- and/or temporal related acoustic
features among all three species and allowed assigning chatter calls with a probability of
>73% to the species that produced them.
The chatter call of T. glis and T. belangeri differed significantly in intersyllable
interval and peak frequency, acoustic features that are related to the temporal as well as
frequency

domain.

The

extent

of

acoustic

variation

supports

cytogenetic

and

immunodiffusion findings and reflects species-specificity. Differences in the structure of the
chatter call between T. belangeri and T. chinensis were only found in temporal-related
acoustic features, intersyllable interval, and syllable duration. This result corroborated our
hypothesis that the variation in acoustic structure was more distinct between different species
than between sub- or closely-related parapatric species.
The conspicuous differences in the acoustic contour of the chatter call among all three
species are on a level on which species status is suggested for members in other mammalian
groups, such as nocturnal and diurnal primates, birds, or frogs (e.g. Ambrose 2003; Anderson
et al. 2000; Braune et al. 2005; Hodun et al. 1981; Macedonia &Taylor 1985; Nevo et al.
1987; Oates et al. 2000; Olivieri et al. 2007; Page et al. 2002; Patten et al. 2004; Pröhl et al.
2006; Snowdon et al. 1986; Zimmermann et al. 1988, 2000). Since in mammals dialectal
acoustic differences are subtle variations of the same acoustic contour, not easily detectable
by listening (see e.g. Hafen et al. (1998) for this situation in nocturnal lemurs), this
phenomenon does not seem to explain our results. The chatter call of two colonies of T.
belangeri (German Primate Centre in Göttingen: J. Kirchof, pers. comm., and Institute for
Zoology in Stuttgart-Hohenheim: Binz & Zimmermann 1989) corresponds in acoustic contour
to the chatter call described for this species in the present study. Thus, acoustic differences
detected between species were not likely related to colony-specificity, which has been
reported in mammals as subtle changes of the same general frequency contour (Zimmermann
& Hafen 2001). Our bioacoustical results strongly suggest that all three species differed on
species-specific levels. Our findings support not only cytogenetic and immunodiffusion
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differences found between T. belangeri and T. glis, but also morphological differences
between T. belangeri and T. chinensis.
All three species of tree shrews most probably live in different habitats with differing
sound-producing communities and differing habitat acoustics. The acoustic adaptation
hypothesis (Hansen 1979; Morton 1975; Rothstein & Fleischer 1987) may therefore help to
explain the evolution of differences in chatter calls. To what extent this hypothesis may
explain the acoustic differences in the chatter call between the three species of tree shrews, is,
however, not yet known and has to be explored by further studies including the habitat
acoustics and socioecology of the respective species in sympatry and allopatry.
Differences in acoustic structure may be caused by vocal learning as revealed for
example for songbirds (Catchpole & Slater 1995). There are, however, theoretical reasons and
empirical evidence arguing against vocal learning in our case and favouring the assumption
that these differences are inherited. Mammals are not known for having extensive abilities for
vocal production learning (Egnor & Hauser 2004; Janik & Slater 2000). Furthermore, the
“absentee” maternal care system in tree shrews (Martin 1968), in which the mother returns to
her infants every second day to suckle them for about five minutes until they leave their nest
at four weeks, does not predispose infants for vocal production learning. Indeed, infant tree
shrews of at least one species already exhibit chatter calls with an almost adult-like structure
(Tupaia belangeri: Benson et al. 1992). Thus, vocal production learning in tree shrews seems
to be fairly implausible for explaining the revealed species-specific acoustic differences.
Instead, these differences may be caused by genetic divergence between the species.
Genetic divergence may lead to changes in the vocal production and most likely
perception system. Divergences in the size and mass of laryngeal structures (often related to
body size), in the rate at which vocal cords open and close as well as in the control of muscles
for breathing and vocal production (Fitch & Hauser 2003; Lieberman & Blumstein 1988;
MacLarnon & Hewitt 2004) may explain acoustic differences according to the source filter
theory of speech production. They may partly account for species-specific differences in the
median peak frequency (equivalent in our measurements to fundamental frequency) and the
rhythm of syllables of the chatter call in tree shrews. Regarding the effect of body size on
fundamental frequency, we found that T. glis with the largest body size of all three studied
species of Tupaia (Lyon 1913; Toder et al.1992) has indeed the lowest median peak
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frequency. However, T. belangeri with a medium body size has a higher median peak
frequency than T. chinensis with the smallest body size. Thus, fundamental frequency cannot
fully be predicted by differences in body size. The same is also true for the measured
temporal characteristics. There is no relation between body size differences of the species and
species-specific divergences in syllable duration or intersyllable interval. It is likely that the
revealed species-specific acoustic differences of the chatter call of tree shrews are linked to
specific differences in the vocalisation-related neural network, as found for squirrel monkeys
(Hage & Jürgens 2006).
The process of allopatric speciation with the evolution of specific communication calls
may be initiated by geographic events that induce the separation of the gene pool of a species
(e.g., Campbell & Reece 2006). Specific species assemblages of plants (Ridder-Numan 1998),
insects (Corbet 1941), amphibians and reptiles (Inger & Voris 2001), and mammals, including
tree shrews (Corbet & Hill 1992), were found at either side of the Isthmus of Kra separating
Sundaic and Inochinese biotas. It was suggested that this distribution pattern of species is
explained by fluctuations of sea level. According to Woodruff (2003), Neogene marine
transgressions flooded the Thai-Malay Peninsula around the Isthmus of Kra in two areas.
During the early/middle Miocene- (24-13 Ma) and again during the early Pliocene (5.5-4.5
Mya) sea levels were about 100 m above the present-day level. This phylogeographic scenario
might have favoured allopatric speciation in tree shrews. Paralleled by specific acoustic
adaptation to the environment, it may have accounted for the emergence of species-specificity
in the loud call chatter of T. glis and T. belangeri. A similar scenario may explain the acoustic
distinctiveness of the chatter call in T. chinensis. In addition to adaptation, genetic drift and
founder effects may be responsible for changes in call structure as suggested for other
mammalian radiations (Blumstein 2007, Daniel & Blumstein 1998; Nikolsky 1981).
Moreover, further selection factors such as predator pressure (Marler 1955), social complexity
(Blumstein & Armitage 1997a) or abundance (Fotheringham et al. 1997; Sorjonen 1986;
Tubaro & Segura 1994), may have played a role in the evolution of species-specificity in
chatter calls of tree shrews.
All in all, our results confirmed that cryptic species of tree shrews show specific and
conspicuous acoustic differences in a context-homologous loud call, the chatter. Thus,
acoustic fingerprinting may be used as a non-invasive tool for species diagnosis and
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discrimination in the order Scandentia. Moreover, our results suggest that comparative
bioacoustics provides an insight into taxonomic questions of cryptic diurnal mammalian
groups. Acoustic fingerprinting offers an easy and inexpensive way to determine species in
the field and in the laboratory. It provides a practical means for monitoring the biodiversity of
this secretive mammalian group in nature. Furthermore, vocal fingerprinting can be used for
species diagnosis in laboratories, in which tree shrews are used as models for biomedical
research, as well as in zoos.

30

CHAPTER 1

SPECIES-SPECIFICITY IN COMMUNICATION CALLS

Acknowledgment
We wish to thank D. v. Holst for the opportunity as well as H. de Vries for her help in
recording tree shrew calls in the facility at the Department of Animal Physiology, University
of Bayreuth, Germany. We also wish to thank P. Braune for her helpful comments, R.
Brüning for providing technical support, and R. Mundry for statistical instructions. This study
was partially supported by the German Research Foundation and profited from discussion
within the DFG research group FOR 499.

31

CHAPTER 2

ACOUSTICAL EXPRESSION OF AROUSAL

CHAPTER 2
ACOUSTICAL EXPRESSION OF AROUSAL IN CONFLICT SITUATIONS IN
TREE SHREWS (TUPAIA BELANGERI)

Published as: Schehka, S., Esser, K. H. & Zimmermann, E. 2007. Acoustical expression of
arousal in conflict situations in tree shrews (Tupaia belangeri). Journal of Comparative
Physiology A - Neuroethology Sensory Neural and Behavioral Physiology, 193, 845-852. DOI
10.1007/s00359-007-0236-8
Data collection: Schehka
Analysis: Schehka
Manuscript: Schehka, Zimmermann, Esser
Supervision: Zimmermann

Abstract
Empirical research on human and non-human primates suggests that communication
sounds express the intensity of an emotional state of a signaller. In the present study, we have
examined communication sounds during induced social interactions of a monogamous
mammal, the tree shrew. To signal their unwillingness to mate, female tree shrews show
defensive threat displays towards unfamiliar males paralleled by acoustically variable
squeaks. We assumed that the distance between interacting partners as well as the behaviour
of the male towards the female indicates the intensity of perceived social threat and thereby
the arousal state of a female. To explore this hypothesis we analysed dynamic changes in
communication sounds uttered during induced social interactions between a female and an
unfamiliar male. Detailed videographic and sound analyses revealed that the arousal state
predicted variations in communication sound structure reliably. Both, a decrease of distance
and a male approaching the female led to an increase in fundamental frequency and repetition
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rate of syllables. These findings support comparable results in human and non-human
primates and suggest that common coding rules in communication sounds govern acoustic
conflict regulation in mammals.
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Introduction
Communication sounds are an integral part of conflict resolution in mammals. In order
to avoid costly physical aggressive confrontations, communication partners should reliably
express their emotional states during social interactions (e.g. Aureli & Smucny 2000). Since
Darwin (1872), it is assumed that communication sounds in animals and man convey the
emotional state of a sender. Morton’s (1977) motivation-structural rules, based on qualitative
comparisons of sonagrams of 28 species of birds and mammals, predicted a relationship
between the acoustic structure of communication sounds and the social contexts of sound
production. Experimental studies on nonhuman primates support the view that different types
of communication sounds are associated with different context-specific emotional states of
the sender (e.g. Jürgens 1979; Kalin et al. 1992; Scheumann et al. 2007). Furthermore Ehret
(2006), based on a literature review of communication sounds in nonhuman mammals,
hypothesised that the arousal dimension of an emotion -the so called affective intensity (e.g.
Rendall 2003)- influences the acoustic parameters of context-specific communication sounds
predictably.
Empirical studies on nonhuman primates suggested arousal-related differences within
the same sound type during social interactions (e.g. grunts uttered during group movements
and mother-infant interactions in baboons (Rendall 2003), food-associated calls in rhesus
macaques (Hauser & Marler 1993)). Likewise, studies on the expression of emotions in man
suggested that physiological arousal influenced the acoustic structure of a vocal expression
reliably (Bachorowski 1999; Bänziger & Scherer 2005). Across studies of human and nonhuman primates, arousal was found to be expressed by a set of distinct acoustic parameters in
the frequency and time domain (fundamental frequency (F0), F0 range and F0 contour, sound
intensity, and tempo), most probably related to arousal-based physiological activation of the
nervous system.
To date, however, there is a lack of information concerning the effect of arousal on
communication sound production during social interactions in non-primate mammals. Hence
it is unclear to what extent findings in primates can be generalised across further mammalian
lineages. Tree shrews are a suitable model to gain first insight into the situation for a
mammalian radiation, genetically closely related to primates (Sargis 2004). To study the
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effect of arousal on communication sound production we analysed dynamic changes in the
acoustic structure during induced social interactions.
Tree shrews are highly vocal and live as monogamous pairs in dense vegetation of
tropical forest areas of Southeast Asia (Emmons 2000). Breeding of tree shrews is often
difficult (von Holst 1986). In about 80% of all arbitrarily formed pairs, the female
aggressively rejects approaches of the male (von Holst 1986) by displaying a male-directed
defensive threat display (Binz & Zimmermann 1989), i.d. an open-mouth bared-teeth stare
combined with loud and acoustically highly variable communication sounds, termed squeaks.
The male usually responds by withdrawal from the female.
In the present study we used a standardised social encounter paradigm, in which pairbonded females, unwilling to mate, were exposed to unfamiliar, sexually interested males. We
thus experimentally induced communication sounds within a standardised behavioural
context. We supposed that variations in the acoustic expression of squeaks given during
defensive threat displays of females can be predicted by changes in the perceived degree of
social threat or aversivness of the sender. Following Mc Naughton and Corr (2004) we
assumed that the perceived degree of social threat, and thereby the male-induced arousal state
of a female, can be operationalised either by the distance between male and female or by the
approach-withdrawal behaviour of the male towards the female. If the perceived degree of
social threat induces variations in the arousal state of a female which are expressed by
corresponding changes in the acoustic expression of squeaks, we would expect predictable
and comparable acoustic variations related to both, the distance between male and female and
the type of behaviour the male directed towards the female.
We examined the variation in the acoustic design of these spontaneously uttered
communication sounds in relation to the perceived degree of social threat and thereby the
arousal state of the sender by applying a multiparametric sound analysis as well as a frameby-frame video analysis. Our results will be compared to data on other mammals.
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Methods
Subjects
Tree shrews (Tupaia belangeri) were housed in wire mesh cages (size 150 cm x 150
cm x 80 cm) from EBECO, Castrop-Rauxel, Germany, each provided with at least two nest
boxes, a variety of branches, and several wooden resting shelves. Diet consisted of Tupaia
pellets (Altromin, Lage, Germany), fresh fruits and as rewards some mealworms or locusts.
Animals were fed once a day early in the morning. They had ad libitum access to water. For
further details on animal maintenance see Hertenstein et al. (1987). Experimental subjects
were six captive-born females, aged from one to seven years, which had already formed a
harmonic pair bond (von Holst 1986) with their mate. In addition, six males, unfamiliar to the
females, aged from one to six years were involved in the experiments.

Data collection
Design of the social encounter experiment and experimental set-up
To induce a comparable emotional state in all of the six females, we performed one
social encounter experiment between each of the pair-bonded females and a sexually
interested unfamiliar male.
Social encounter experiments were conducted in a wire-mesh encounter cage (size 100
cm x 100 cm x 75 cm) from EBECO in a sound-attenuating room. The cage consists of two
compartments linked through a connecting door. Tree shrews were individually habituated to
this new environment prior to testing.
For an encounter experiment, each interaction partner was removed from its respective
home cage in its nest box and put into one compartment of the encounter cage. As soon as
both animals left their nest boxes, we opened the connecting door and the encounter
experiment started. One encounter experiment lasted 15 - 30 min.
During an encounter experiment communication sounds were recorded by two
microphones (Sennheiser, Wedemark, Germany, K6/ME62 and ME64), fed into a preamplifier (Avid Technology, Öhringen, Germany, M-Audio DMP3), digitized at a sampling
frequency of 100 kHz (A/D converter: National Instruments, Austin, TX, USA, DAQCard-
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6062E; software: Engineering Design, Belmont, MA, USA, NIDisk),

and stored as

uncompressed audio files on a laptop (Toshiba, Irvine, CA, USA, Satellite A10-s100). The
behaviour of the interaction partners was synchronously videotaped by two video cameras
(Sony, Tokyo, Japan, DCR-HC 30 E and HC 85 E). One was arranged in front of, the other on
r
top of the encounter cage. To determine the shortest distance ( x ) between male and female
in each sound-correlated defensive threat display during an encounter experiment, we
measured the distance between the animals in three dimensions. Therefore we attached two
dm scales to the front of the encounter cage to measure the distance between the animals in
the width ( x1 ) and the height ( x2 ) and one dm scale to the top to measure the distance in the
depth ( x3 ). We used these values ( x1 , x2 , x3 ) to calculate the length of the vector
r
2
2
2
( x = x1 + x2 + x3 ), corresponding to the absolute distance between the animals. The

distortion error of the absolute distance between the two animals, determined by video
analysis, can be calculated by using the Gaussian error propagation (Eq. 1) of the error of
each dimension (width x1, height x2 and depth x3). The distortion error in each dimension is
dependent on the distance between the animal and the different scales. Since the decimetre
scales were attached on top and at the front of the encounter cage and the cameras were
located relatively close to the cage, the measure is further biased if the animal (of interest) is
far away from the scales. This distortion affects the measurement error of each dimension,
which we estimated to be on average σ = 0.5 cm, by a factor of < 1.3 (height), < 1.4 (width)
and < 1.67 (depth). Therefore, the deviation of the absolute distance measure averages by

(

)

σ tot = 2 ∗ σ h 2 + σ w 2 + σ d 2 = 2.55 cm, (1)
with σ h = 0.5 cm * 1.3, σ w = 0.5 cm *1.4 and σ d = 0.5 cm * 1.67.
For one part of further analysis we were interested in the two defensive threat displays
during an encounter experiment in which (1) the shortest distance between the respective
interacting pair was at its maximum value (called maximum distance) and (2) in which the
shortest distance was at its minimum value (called minimum distance).
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Experimental paradigm to define the arousal state of a female during a social encounter
experiment
Most of the social interactions between a male and male-bonded female could be
described as follows: The sexually interested male tried to approach the female. The female
rejected this contact approach by turning to the male and displaying a defensive threat display
towards him, e.g. open-mouth bared-teeth display (= aggressive stare, Binz & Zimmermann
1989) paralleled by squeaks. During such a display the female remained at a given site. In
most cases, the male then responded by withdrawal from the female. Soon afterwards he tried
to contact her again. We assumed that both a withdrawal of the male and a maximum distance
between male and female operationalises a low social threat for the female and induce a lowarousal state. Accordingly, an approach of the male towards the female as well as a minimum
distance between male and female operationalises a high social threat for the female and
evokes a high-arousal state. By these inferred low- and high-arousal conditions we could
explore arousal-related variations of communication sounds during a partner evoked
emotional response, the defensive threat display.

Videographic analysis of sound-correlated behaviour
From the videotaped social encounter experiments we selected sound-correlated
defensive threat responses of the female towards the male. Using the software Interact 7.2.5
(Mangold, Arnstorf, Germany), these selected interactions were analysed frame-by-frame.
Two different analyses were performed to explore arousal-related variations of
communication sounds recorded during the defensive threat display of a female: (1) an
analysis of female response to male behaviour (AFRMB). Here, those sound-correlated
defensive threat displays of the female were selected, in which an approach of the male was
followed by a withdrawal. (2) An analysis of female response to male proximity (AFRMP).
Here, two sound-correlated defensive threat displays per pair were selected, i.e. the interaction
in which the distance between the interacting male and female was maximum and the one in
which the distance was minimum. In all respective interactions, no body contact occurred
between the animals.
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Female communication sounds were analysed in the following way: (1) In the
AFRMB, we divided each male-induced sound-correlated behavioural response of a female
into two parts, the approach and the withdrawal phase of the male. In subsequent acoustical
analyses we compared syllables from the approach phase with syllables from the withdrawal
phase (Fig. 2-1a). Altogether, we considered 16 male-induced sound-correlated behavioural
responses of females (mean per animal: 2.7; range: 1-4) and analysed 151 syllables. The
variable number of analysed responses of each female depends on the occurrence of defensive
threat displays, in which an approach of the male was followed by a withdrawal. (2) In the
AFRMP, we focussed on two points in time during each encounter experiment: (1) the soundcorrelated defensive threat display at which the maximum distance between the interacting
male and female occurred and (2) the sound-correlated defensive threat display at which the
shortest distance during an encounter experiment occurred. Two syllables associated with
these two time points were then used for further acoustic analysis (Fig. 2-1b and c). We
therefore considered 12 male-induced sound-correlated defensive threat displays of females
and analysed 24 syllables.
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Figure 2-1: (a) Sonagram of a female squeak recorded during a male-induced defensive threat display.
The sound was divided into two parts, syllables uttered during the approach phase and those uttered
during withdrawal. Syllables from both phases were analysed and compared. (b) Sonagram of a female
squeak uttered during a male-induced defensive threat display when the shortest distance between the
interaction partners was at its maximum. The arrow indicates the point in time of maximum distance
between male and female during this threat display. Two syllables associated with that point in time were
analysed. (c) Sonagram of female squeak obtained during a male-induced defensive threat display when
the shortest distance between the interaction partners was at its minimum. The arrow indicates the point
in time of minimum distance between male and female during this threat display. Two syllables associated
with that point in time were analysed.
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Acoustic analysis
Multiparametric analyses of communication sounds were carried out with SIGNALTM
software (Engineering Design, version 4.02.04) by conducting a 1024-point Fast Fourier
Transformation (FFT) with a time resolution of 10.2 ms and a frequency resolution of 97.7
Hz. The temporal measurements were done in oscillograms using BatSound Pro software
(Pettersson Elektronik AB, Uppsala, Sweden, version 3.31).
A squeak (Fig. 2-1a) consisted of a sequence of short, broadband frequencymodulated, harmonic units, called syllables. Whereas the general frequency contour of these
syllables remained relatively stable throughout the whole sound, repetition rate and F0 varied
considerably. To explore whether this acoustic variation may be predicted either by the
behaviour of the male or the proximity of the male to the female, we characterized squeaks
and squeak syllables by nine different acoustic variables, three in the temporal and six in the
spectral domain (Fig. 2-2 and Table 2-1).

Table 2-1: Definition of sound parameters

Sound parameter

Definition

Number of syllables per sound b
Duration (ms) of a syllable c
Intersyllable interval (ms)
Peak frequency (kHz) a
F0-Peak (kHz)

a

Time between onset and offset of a syllable
Time between two successive syllables
Maximun acoustic energy of a whole syllable
Maximum acoustic energy of the F0 of a whole syllable

F0-Peak-onset (kHz)

a

F0-Peak-middle (kHz)
F0-Peak-end (kHz)

b

a

F0-Maximum (kHz) b

Maximum acoustic energy of the F0 at the start (first 5 ms) of a syllable
a

Maximum acoustic energy of the F0 in the middle (5 ms) of a syllable
Maximum acoustic energy of the F0 at the end (last 5 ms) of a syllable
Highest frequency of the F0 of a syllable

F0 = fundamental frequency; a = Measurements were made in power spectra; b = Measurements were made in
sonagrams; c = Measurements were made in oscillograms
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Figure 2-2: (a) Sonagram of the F0 of a squeak syllable and description of the measured spectral
parameters. a = time slice for measuring the F0-Peak-onset; b = time slice for measuring the F0-Peakmiddle; c = time slice for measuring the F0-Peak-end; d = F0-Maximum. (b) Power spectrum of the time
slice b. e = F0-Peak; f = Peak frequency.

Statistical analyses
Using univariate statistics we calculated the median for each measured acoustic
variable per subject. In total we analysed 151 syllables in the AFRMB and 24 syllables in the
AFRMP condition. To examine to what extent arousal will affect communication sounds in
tree shrews, we compared acoustic variables of squeak sounds between the low- and higharousal condition in the AFRMB and in the AFRMP by a nonparametric test for dependent
data, the Wilcoxon Signed Rank Test (Bortz 1993). To bring about a global decision about the
null hypothesis (the proximity of the interaction partners / the behaviour of the male related to
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the female has no predictable influence on the acoustic structure of the syllables of squeaks),
we used the Fisher’s Omnibus Test (Haccou & Meelis 1994). This test considered the
multiple P-values of the single Wilcoxon Signed Rank Tests to create an overall P-value. This
overall P-value resulted in an acceptance or refusal of the null hypothesis and hence put aside
α-adjustments for each variable which were necessary when testing the same null hypothesis
several times. All statistical tests were conducted with α set at 0.05. Fisher’s Omnibus Tests
were done manually. All other calculations were conducted with SPSS software (SPSS,
Chicago, IL, version 13.0).
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Results
Concerning the behaviour of the male towards the female we found a predictable
influence on the acoustic structure of squeak syllables (Fisher’s Omnibus Test: Chi = 33.30
DF = 16, P < 0.05). Syllables uttered by the female during the male-approach phase showed a
significantly higher F0-Peak, F0-Peak-onset, F0-Maximum and significantly shorter
intersyllable intervals than syllables uttered during a withdrawal of the male (Table 2-2).

Table 2-2: Acoustic differences in squeak sounds of females related to the approach-withdrawal behaviour
of the male towards the female (N = 6, Wilcoxon Signed Rank Test); significant results are shown in bold;
all spectral measurements refer to syllables.

Parameter
Duration (ms)
ISI (ms)
PF (kHz)
F0-Peak (kHz)
F0-Peak-onset (kHz)
F0-Peak-middle (kHz)
F0-Peak-end (kHz)
F0-Maximum (kHz)

Behavior

Median

IR

Withdrawal
Approach
Withdrawal
Approach
Withdrawal
Approach
Withdrawal
Approach
Withdrawal
Approach
Withdrawal
Approach
Withdrawal
Approach
Withdrawal
Approach

63.50
60.50
77.25
54.50
5.200
5.493
2.277
2.512
1.856
2.295
2.393
2.442
1.758
2.002
2.313
2.413

11.38
14.63
36.56
10.13
0.987
1.657
0.604
0.548
0.610
0.586
0.635
0.562
0.537
0.610
0.613
0.538

P-value
1.00
0.03
0.44
0.03
0.03
0.75
0.22
0.03

F0 = fundamental frequency, ISI = intersyllable interval, PF = peak frequency, IR = interquartile range

44

CHAPTER 2

ACOUSTICAL EXPRESSION OF AROUSAL

Furthermore the proximity of the interaction partners had a predictable influence on
the acoustic structure of squeak syllables (Fisher’s Omnibus Test: Chi = 33.93, DF = 18, P <
0.05). At the minimum distance between male and female (mean 8.5 (± 3.5) cm), syllables
showed a significantly higher F0-Peak-onset and significantly shorter intersyllable intervals
than at the maximum distance (mean 25.0 (±9.5) cm). Likewise, F0-Peak and the F0Maximum showed a clear tendency to be higher (Table 2-3).

Table 2-3: Acoustic differences in squeak sounds of females related to the distance between male and
female (N = 6, Wilcoxon Signed Rank Test); significant results are shown in bold; all spectral
measurements refer to syllables.

Parameter
Number of syllables per sound
Duration (ms)
ISI (ms)
PF (kHz)
F0-Peak (kHz)
F0-Peak-onset (kHz)
F0-Peak-middle (kHz)
F0-Peak-end (kHz)
F0-Maximum (kHz)

Distance

Median

IR

Maximum
Minimum
Maximum
Minimum
Maximum
Minimum
Maximum
Minimum
Maximum
Minimum
Maximum
Minimum
Maximum
Minimum
Maximum
Minimum
Maximum
Minimum

9.00
7.50
58.75
62.50
67.75
48.00
6.055
4.959
2.295
2.633
2.002
2.197
2.246
2.637
1.709
2.197
2.153
2.522

4.75
10.25
17.38
11.38
44.00
13.38
1.395
1.660
0.603
0.524
0.610
0.693
0.781
0.586
1.123
0.732
0.564
0.459

P-value
0.91
1.00
0.03
0.16
0.09
0.03
0.13
0.31
0.09

F0 = fundamental frequency, ISI = intersyllable interval, PF = peak frequency, IR = interquartile range
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A variation of the behaviour of the male towards the female and a variation of
proximity of male and female induced comparable changes in the acoustic structure of female
communication sounds within a defensive threat display. Thus, increasing arousal evoked by
increasing social threat is expressed in squeak syllables by an upward shift in F0-Peak-onset
and shorter intersyllable intervals (Fig. 2-3).

Figure 2-3: (a) F0-Peak-onset and (b) ISI duration of squeak syllables varying between high and low
arousal states of the females in relation to the behaviour of the male and the proximity of male and female.
Box plots were calculated using median values for each animal and display medians, quartiles and total
ranges. The stars and brackets indicate significant differences (P < 0.05) between the respective acoustic
parameters.
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Discussion
The acoustic structure of squeaks of female tree shrews varied predictably related to
the behaviour of the male and the proximity between both animals. This confirms our
hypothesis that the perceived social threat and thereby the arousal state is expressed
acoustically during dynamic social interactions.
Squeaks given during high-arousal situations were characterized by a higher syllable
repetition rate, indicated by shorter intersyllable intervals, as well as by an upward shift in the
F0-Peak-onset. Frequency shifts thereby ranged between 155 Hz and 275 Hz. Heffner et al.
(1969), using a conditioned suppression paradigm, showed that tree shrews were able to
discriminate frequency differences of 42 Hz at 2 kHz. Hence, the frequency changes observed
in the present study are perceivable for the animals and of potential behavioural relevance.
The duration of intersyllable intervals ranged between 51 ms and 75 ms. Studies concerning
repetition rate discrimination in tree shrews has not been done yet. However, as already
postulated by Ehret (2006), the repetition rate of syllables in sounds may be of potential
importance for the perception of the urgency of a response. Ongoing playback experiments
will explore to what extent tree shrews perceive these spectral or temporal changes as
meaningful.
All analysed squeaks of female tree shrews were expressed during defensive threat
displays, an aversive behaviour of the female toward the male. Female tree shrews are usually
lighter than males and thus physically in an inferior position (Fuchs 1999). We therefore
assume that the defensive threat display of females reflects anxiety or fear (compare LeDoux
2000; Kalin et al. 1998). Morton (1977) examined sounds of 28 species of birds and mammals
respectively and could demonstrate that vocalisations during friendly, appeasing or fearful
situations have a high F0 and a harmonic composition. Compared to other communication
sounds of tree shrews, squeaks are high-frequency (Binz & Zimmermann 1989) and therefore
coincide with this part of Morton’s motivation-structure rules.
Ehret (2006) hypothesised that sounds which evoke aversion in conspecifics, lie in the
best hearing range of the respective species. Tree shrews showed lowest auditory thresholds
in the range between 1.3 and 10 kHz, as measured by unconditioned behavioural responses
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(Zimmermann 1993). Therefore, squeak syllables with a mean PF of 5.3 (±1.1) kHz
corroborate this hypothesis.
Ehret (2006) furthermore stated that a changing arousal state of a sender should be
encoded acoustically. This assumption gained support by our results in tree shrews. Squeaks
given during social interactions in a high arousal situation showed shorter intersyllable
intervals and an upward shift in the F0-Peak-onset. Similar results were yielded for rhesus
macaques (Hauser & Marler 1993) and baboons (Rendall 2003). An increase of arousal
during social interactions was associated with shorter intersyllable intervals or higher syllable
repetition rates. In baboons even an increase of F0 was found. Corresponding changes in
articulation rate and F0 were also detected in humans (Bänziger & Scherer 2005). In a nonprimate mammal, the African elephant, fundamental frequency was not related to arousal.
Here subordinate females produced social sounds (rumbles) with lower cepstral coefficients,
suggesting low tonality and unstable pitch in the voice, in the presence of dominant females,
compared to rumbles produced in the absence of them. Studies on communication sounds
which were uttered in alarm or isolation situations corroborated the previously mentioned
findings of primates. In barbary macaques sounds given during a nocturnal disturbance of an
observer showed shorter durations, longer intersyllable intervals and a shift to lower
frequencies with increasing habituation to the situation (Fischer et al. 1995). A shift to higher
frequencies suggested to be related to an increase in arousal was also noted for electrically
induced aversive sounds in squirrel monkeys (Fichtel et al. 2001). Furthermore alarm sounds
uttered during changing predation risks within the same situation showed comparable results
for non-primate mammals. Suricates (Manser 2001) as well as yellow-bellied marmots
(Blumstein & Armitage 1997b) decreased intersyllable intervals of sounds with increasing
predation risk. Moreover distress sounds of isolated guinea pig pups (Monticelli et al. 2004)
showed a decrease in duration and an increase in mean frequency with an increasing time of
separation.
Altogether these findings support the view that universal coding rules in sound
communication regulate conflict situations across mammals. Thus, an upward shift in
frequency as well as an increase in syllable repetition rate seems to reflect changes in arousal
across quite different mammalian lineages (Carnivora, Rodentia, Scandentia, and Primates).
These changes in acoustic structure may be related to physiological constraints associated
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with a generalised activation of the nervous system. The rate at which the vocal cords open
and close during vocal production determines the period and, hence, the F0 of the glottal air
flow (e.g. Scherer 1979; Lieberman & Blumstein 1988). The rate in turn is determined by the
tension of the extrinsic and intrinsic laryngeal muscles, the mass and shape of the moving
vocal cords and by the subglottal air pressure generated by the lungs. An upward shift in F0
can be explained by an increasing subglottal air pressure as well as by an increase in general
muscle tone of the vocal cords, both effects of sympathetic arousal. A faster breathing rate,
which is also an effect of sympathetic arousal, leads to higher repetition rates of speech
syllables (Scherer 1979; MacLarnon & Hewitt 2004). These physiological effects on the
source of sound production, the larynx, which displays gross similarities in anatomy across
different mammalian taxa (Tembrock 1977), represent comparable constraints across
mammals and may explain common coding rules in communication sound production during
conflict regulation in mammals.
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Abstract
Across mammalian species, comparable morphological and physiological constraints
in the production of airborne vocalisations are suggested to lead to commonalities in the vocal
conveyance of acoustic features to specific attributes of callers, such as arousal and individual
identity. To explore this hypothesis we examined intra- and interindividual acoustic variation
in chatter calls of tree shrews (Tupaia belangeri). The calls were induced experimentally by a
disturbance paradigm and related to two defined arousal states of a subject. The arousal state
of an animal was primarily operationalised by the habituation of the subject to a new
environment and additionally determined by behavioural indicators of stress in tree shrews
(tail- position and piloerection). We investigated whether the arousal state and indexical
features of the caller, namely individual identity and sex, are conveyed acoustically. Frameby-frame videographic and multiparametric sound analyses revealed that arousal and identity,
but not sex of a caller reliably predicted spectral-temporal variation in sound structure.
Furthermore, there was no effect of age or body weight on individual-specific acoustic
features. Similar results in another call type of tree shrews and comparable findings in other
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mammalian lineages provide evidence that comparable physiological and morphological
constraints in the production of airborne vocalisations across mammals lead to commonalities
in acoustic features conveying arousal and identity, respectively.
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Introduction
Human speech does not only convey linguistic, but also para-linguistic information,
such as speaker identity, age, sex, body size and affective state (e.g. Borden et al. 1994).
These paralinguistic prosodic features refer to specific characteristics in voice quality, vocal
pitch contour and rhythm (e.g. Bußmann 1993). Comparative studies on the acoustics of
affective prosody in human speech have shown remarkable cross-cultural similarities (e.g.
Banse & Scherer 1996; Beier & Zautra 1972; Bolinger et al. 1978; Johnstone & Scherer 2000;
Scherer et al. 2001). The fact that the same prelinguistic properties of human speech are
present across different cultures and languages, gives support for the hypothesis that the
communication of prosody may have originated from a prehuman basis and thus have very
deep-reaching phylogenetic roots.
Across mammalian species, comparable morphological (Fitch & Hauser 1995, 2003;
Hauser et al. 1996; Rendall et al. 2004) and physiological (Scherer 1979) constraints in the
production of airborne vocalisations are suggested to lead to commonalities in acoustic
features conveying specific attributes of callers, such as arousal and individual identity.
Mammalian vocal production is based on a rather conservative tetrapod vocal production
system composed of lungs, larynx and vocal tract (Fitch 2006). The lungs and attendant
respiratory musculature provide the pressure and air stream powering phonation. In general,
most airborne vocalisations are produced by an outward flowing air stream generated in the
lungs (Fitch & Hauser 1995; Reetz 1999). The source-filter theory (Fant 1960) describes
sound production in mammals as a two stage process. First, the source signal is generated by
the vibration of the vocal folds during the passage of air in the glottis, determining the
fundamental frequency (F0) and its associated harmonics of the sound. Second, the source
signal passes through the supra-laryngeal vocal tract, where various resonance chambers act
on the source signal in the manner of a filter, reinforcing certain harmonics relative to others.
Following Fant (1960) the structure of most mammal vocalisations results from the linear
combination of these two independent mechanisms. According to the functioning of the basic
mammalian vocal production system, sender-related physiological and morphological
constraints may reliably affect acoustic features of vocalisations and thus cause predictable
variation in communication calls (Fitch & Hauser 1995; Hauser 1996; Pfefferle & Fischer
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2006; Rendall et al. 2004). These sender-related constraints may in turn be invariably linked
to specific attributes of the caller, such as its affective state, individual identity, sex, age and
body weight (Fitch 1997; Fitch & Hauser 2003; Lieberman & Blumstein 1988; Rendall 2003;
Scherer 1979).
In humans, recent studies on affective prosody have shown that spectral-temporal
variation in speech is strongly associated with the caller’s psychophysiological level of
arousal- also called affect intensity (Bachorowski 1999; Bänziger & Scherer 2005; Russell et
al. 2003). Frequently cited acoustic features associated with changes in arousal are variations
in F0-related parameters including aspects of voice quality, and temporal- as well as
amplitude-related parameters (Bachorowski 1999; Bachorowski & Owren 1995; Bänziger &
Scherer 2005; Scherer 1986, 1995; Russell et al. 2003). In non-human mammals comparable
arousal-related acoustic features within call types do also exist in a broad variety of contexts.
Call contexts cover predation (Blumstein & Armitage 1997b; Coss et al. 2007; Fichtel &
Hammerschmidt 2002; Manser 2001), disturbance (Fischer et al. 1995) and several social
situations such as agonistic interactions (Bastian & Schmidt 2008), courtship (Zimmermann
in press) group movements (Braune et al. 2008; Rendall 2003), mother-infant interactions
(Jovanovic & Gouzoules 2001; Rendall 2003; Scheumann et al. 2007), dominantsubdominant encounters (Soltis et al. 2005) or foraging situations (Hauser & Marler 1993).
Within the same calling context and call type, an increase of arousal is often associated with
a higher number of calls and a higher repetition rate (Bastian & Schmidt 2008; Blumstein &
Armitage 1997b; Dietz 2006; Fischer et al. 1995; Hauser & Marler 1993; Jovanovic &
Gouzoules 2001; Manser 2001), an elevated pitch and amplitude (Fichtel & Hammerschmidt
2002; Fischer et al. 1995; Fischer et al. 2001; Rendall 2003; Taylor & Weary 2000), and less
tonality and unstable fundamental frequency (Coss et al. 2007; Fichtel et al. 2001; Rendall
2003; Soltis et al. 2005). Our own study on tree shrews (Tupaia belangeri) revealed intraindividual arousal-related acoustic variation in communication calls (squeaks) uttered during
social conflicts (Schehka et al. 2007). These findings suggest that sender-related constraints
might lead to commonalities across mammals in acoustic features conveying arousal.
In addition to intra-individual acoustic variation that is related to more transient
physiological changes of the caller, vocalisations may also vary among different individuals
or sexes. Inter-individual variation in the acoustic structure of communication calls is a pre-
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requisite for individual recognition, which is common in mammals (Frommolt et al. 2003;
Rendall et al. 1996) and can be found in a variety of taxa including human- and non-human
primates (Bachorowski & Owren 1999; Fischer et al. 2001; Hammerschmidt & Todt 1995;
Macedonia 1986), marine mammals (Insley 2001; McCowan & Reiss 2001), and carnivores
(Holekamp et al. 1999; McComb et al. 1993; Palacios et al. 2007). Also, sex differences in the
acoustic structure of communication calls, which are often traceable to differences in body
size between males and females, are common among mammals (for human- and nonhuman
primates: e.g. Bachorowski & Owren 1999; Ey et al. 2007; Fitch 1997; Fischer et al. 2002;
Hauser 1996; Rendall et al. 2004; for rodentia: Blumstein & Munos 2005; for artiodactyla:
Reby et al. 1999). Empirical studies across some mammalian taxa show that caller
characteristics such as sex or individual identity are commonly conveyed in communication
calls by temporal features such as syllable duration or intersyllable interval length, and by
acoustic parameters related to the F0 and the distribution of energy among the spectrum (e.g.
for humans: Bachorowski & Owren 1999; for bats: Bastian & Schmidt 2008; for fur seals:
Charrier et al. 2003; for chacma baboons: Fischer et al. 2001; for common marmosets:
Norcross & Newman 1993; for roe deer: Reby et al. 1999; for timber wolves: Tooze &
Harrington 1990). According to Fant’s source-filter theory (1960), these findings suggest that
a set of comparable acoustic features may convey indexical attributes of callers.
To explore potential commonalities across mammals in acoustic features to arousal
and indexical attributes it is important to study various mammalian taxa with distinct degrees
of sociality and to cover different call types and calling contexts. Tree shrews are an
interesting study model as they pose a link between primates and non-primate mammals
(Janečka et al. 2007). Recent molecular studies have revealed that tree shrews, order
Scandentia, are a sister group of primates and flying lemurs, which together form the clade
Euarchonta (Kriegs et al. 2007). Following Janečka et al. (2007) the origin of Scandentia is
estimated at ~86.2 My ago. Tree shrews live in dense vegetation in the tropical forest of
Southeast Asia. They have an elaborate vocal repertoire, which consists of at least 8 different
call types (Binz & Zimmermann 1989). Laboratory and field studies suggest that they usually
live in monogamous pairs and mates have overlapping territories (Emmons 2000; von Holst
1972, 1977; Kawamichi & Kawamichi 1979). Each sex defends a common territory against
same-sex conspecifics. Tree shrews are a well-established model for stress and depression-
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linked research (Fuchs et al. 1996; von Holst 1969, 1977, 1986). They are known to respond
to specific stress stimuli with a high inter-individual variation (Kohlhause 2008). The general
physiological activation of the nervous system leads in tree shrews to defined changes in
behavioural displays. When a tree shrew is stressed, it raises its tail/ruffles its tail hair (von
Holst 1969, 1977) and may utter disturbance calls named chatter (Binz & Zimmermann
1989). These calls were also observed in their natural habitat when tree shrews are confronted
with predators or new environmental stimuli (Emmons 2000).
Chatter calls were induced experimentally within a standardised behavioural context. I
used a disturbance paradigm, in which a subject was removed from its home cage and placed
in a new environment for a fixed duration of time. The arousal state of a subject was
operationalised by the habituation of the animal to the new environment and thus by the
duration the subject was exposed to it. Additionally, we used behavioural indicators of stress
in tree shrews (tail- position and piloerection) to determine the degree of arousal in each
subject. We expected predictable acoustic variation in the spectral-temporal structure of
chatter calls in relation to the arousal state of the caller. Furthermore, we hypothesised that
tree shrews convey identity and sex acoustically.
We examined acoustic features to arousal and indexical attributes in disturbance calls
with a multiparametric sound analysis combined with a frame-by-frame video analysis. Our
results will be discusses with regard to similar data on communication calls (squeaks) of tree
shrews uttered during social conflicts (Schehka et al. 2007, reanalysed). Furthermore, findings
on tree shrews will be compared to data on other mammals to explore to which extent
common acoustic features to arousal and specific caller characteristics can be found across
different call types and calling contexts and to which degree these acoustic features may be
caused by similar morphological and physiological constraints in vocal production.
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Methods
Subjects
Experimental subjects were 14 adult, captive-born tree shrews, six females and eight
males, aged from one to six years (Table 3-5). Tree shrews (Tupaia belangeri) were housed in
the breeding colony at the Institute for Zoology, University of Veterinary Medicine Hannover,
Germany. All animals were used to being handled by the experimenter. They were housed
solitary in wire mesh cages (size 150 cm x 150 cm x 80 cm) from EBECO, Castrop-Rauxel,
Germany. Each cage was equipped with at least two nest boxes, a variety of branches, and
several wooden resting shelves. During the time of the experiments the diet consisted of
Tupaia pellets (Altromin, Lage, Germany), fresh fruits and mealworms or locusts. The
subjects were fed once a day early in the morning and had ad libitum access to water. Animals
were maintained at a temperature of 25 ± 2°C, and a relative humidity of 40%. The light/dark
cycles were set at 14:10 with the light period beginning at 6:00 am and ending at 8:00 pm.

Experimental setup and data collection
We used the disturbance paradigm to induce vocalising in a standardised condition. A
subject was removed from its home cage in its nest box and put into an experimental cage
(wire-mesh cage, size 50 cm x 100 cm x 75 cm from EBECO) in a sound-attenuating room.
Each animal was used to being handled in its nest box. The entire environment was new for
each tree shrew and reliably evoked chatter calls. We performed one session per subject. The
duration of each session ranged between 30 to 60 min because of the highly individual
response of each subject to the new environment. As soon as the animal left its nest box and
entered the experimental cage, the session started. After ending of the session the animal was
returned to its home cage.
During a session, the behaviour of the tree shrews was continuously video taped by a
camcorder (DCR-HC 85 E, Sony, Tokyo, Japan,). The chatter calls were recorded by a
microphone (Sennheiser, Wedemark, Germany, K6/ ME64), connected to a pre-amplifier
(Avid Technology, Öhringen, Germany, M-Audio DMP3), and digitized with a high-speed
A/D card (DAQCard-6062E, National Instruments, Austin, TX, USA) at a sampling
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frequency of 100 kHz. Recordings were made with NIDisk (Engineering Design, Belmont,
MA, USA,) and stored as uncompressed audio files on a laptop (Toshiba, Irvine, CA, USA,
Satellite A10-s100). An audio signal (beep) at the beginning of each session was
simultaneously recorded by the camcorder (audio track) and by the microphone, to
synchronize the behaviour with the audio recordings.

Video and sound analysis
Definition of arousal state and selection of chatter calls for sound analysis
To examine arousal-related acoustic variation in chatter calls, we defined two different
arousal states of the animals, high versus low. We assumed that tree shrews habituated to the
new environment over time. Thus, we defined tree shrews to be in a state of high arousal at
the beginning (State A) and in a state of low arousal (State B) at the end of a session. For each
subject we selected the first (State A) and last (State B) chatter call of the session. A chatter
call consisted of a sequence of 3-50 short units, called syllables (Binz & Zimmermann 1989).
A syllable is defined as a discrete call element surrounded by periods of silence (Kroodsma
1977; Ma et al. 2006). In the chatter call, each syllable shows a frequency-modulated contour
with harmonic structure masked by noise. Calls uttered during jumping or running, were not
selected because of possible interference due to a higher breathing rate of the subject.
Moreover, only calls consisting of at least three syllables were selected for further acoustical
analyses. If a call did not fit these criteria, the next (for State A) or previous (for State B)
chatter call was selected.
Because of the highly individual responses of subjects to the new environment and
thus the extent and duration of physiological arousal we had to determine if each subject did
indeed show a decrease in arousal over time. Therefore, we looked for tail position (upright
vs. horizontally) and piloerection (ruffled vs. flat) of the tail hair, both well known
behavioural indicators for physiological activation of the nervous system (von Holst 1969,
1977). Using a frame-by-frame video analysis with a resolution of 25 frames/s, (software
Interact 8.0.4; Mangold, Arnstorf, Germany), we analysed tail position and piloerection of
each subject at the beginning (State A) and at the end (State B) of a session. We then
determined an arousal-value for each animal and state, with 1 = highest arousal (100% of time
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during calling with tail position upright and tail hair ruffled) and 0 = lowest arousal (100% of
time during calling with tail position relaxed and tail hair flat). Only the chatter calls of
subjects who showed a decrease in their arousal-value of at least 50% from State A to State B
were used for further arousal-related statistical analyses (N = 9 subjects (eight males and one
female), n = 18 chatter calls).

Acoustic measurement
Multiparametric sound analyses of a total of 263 syllables of chatter calls from 14
individuals were conducted with the software SIGNALTM (Engineering Design, version
4.02.04) using a self written macro based on a 2048-point Fast Fourier Transformation (FFT)
with a frequency resolution of 9.77 Hz (Hanning window). We measured all spectral
parameters with the software SIGNALTM. The temporal measurements were done manually
using oscillograms produced by the software BatSound Pro (Pettersson Elektronik AB,
Uppsala, Sweden, version 3.31). In total, 17 acoustic parameters were measured, three in the
temporal and 14 in the spectral domains (Table 3-1).
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Table 3-1: Definition of sound parameters.

Sound parameter

Definition

Number of syllables per call
Syllable duration (ms)

Time between onset and offset of a syllable

Intersyllable interval (ms)

Time between end and onset of two successive syllables

PF (kHz)

Maximum acoustic energy of a whole syllable

PF onset (kHz)

Maximum acoustic energy at the start (first 5 ms) of a syllable

PF middle (kHz)

Maximum acoustic energy of the middle (5 ms) of a syllable

PF end (kHz)

Maximum acoustic energy at the end (last 5 ms) of a syllable

F0-peak-frequency (kHz)

Maximum acoustic energy of the F0 of a whole syllable

F0-peak-frequency-onset (kHz)

Maximum acoustic energy of the F0 in the middle (5 ms) of a
syllable

F0-peak-frequency-middle (kHz)

Maximum acoustic energy of the F0 at the start (5 ms) of a syllable

F0-peak-frequency-end (kHz)

Maximum acoustic energy of the F0 at the end (5 ms) of a syllable

SC of a syllable
Maximum SC of a syllable
Minimum SC of a syllable
Range of SC of a syllable
First FLS peak frequency (kHz)
Maximum frequency of all FLS (kHz)

Median correlation coefficient from correlations of power spectra
of successive time segments (5 ms) of a syllable
Highest correlation coefficient of successive time segments (5 ms)
of a syllable
Lowest correlation coefficient of successive time segments (5 ms)
of a syllable
Range of the correlation coefficients of successive time segments
(5 ms) of a syllable
Maximum acoustic energy of the first dominant frequency band in
the middle (10 ms) of a syllable
Highest frequency of all dominant frequency bands in the middle
(10 ms) of a syllable

F0 = fundamental frequency, FLS = formant-like-structure, PF = peak frequency, SC = spectral consistency

Statistical analyses
Arousal-related variation in chatter calls
We first calculated the median for each acoustic parameter per subject and arousal
state. Then we compared each of these medians between low- and high-arousal (State A vs.
State B) by using a nonparametric test for dependent data, the Wilcoxon Signed Rank Test
(Bortz 1993). Only nine of the 14 animals showed a decrease in their arousal-value of at least
50% from State A to State B and were thus used for further arousal-related statistical
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analyses. In total 196 syllables (N = 9 subjects, n = 18 chatter calls) entered the statistic
procedure. As we tested the same null hypothesis several times, it was necessary to make a
global decision on the null hypothesis (the arousal state of a sender has no predictable
influence on the acoustic structure of the syllables of chatter calls). Therefore, we conducted
the Fisher’s Omnibus Test (Haccou & Meelis 1994). This test considered the multiple Pvalues of the seventeen Wilcoxon Signed Rank Tests to create an overall P-value. This
overall P-value resulted in an acceptance or rejection of the null hypothesis and hence put
aside α-adjustments for each parameter. Both statistical tests were carried out with α set at
0.05. Fisher’s Omnibus Tests were done manually. The Wilcoxon Signed Ranks Tests were
conducted with SPSS software (SPSS 15.0, Chicago, IL, USA).

Sex- and individual-specific variation in chatter calls
For further indexical-related statistical analyses we used all 14 animals, independently
of their arousal-value. To analyse potential sex-and individual-related acoustic differences in
chatter calls, we performed permutation-based discriminant function analyses (pDFAs) as
described in Mundry and Sommer (2007). In total 263 syllables (N = 14 subjects, n = 28
chatter calls) entered the statistic procedure. The pDFAs were done using a script written by
R. Mundry (MPI for Evolutionary Anthropology, Leipzig, Germany). This script runs in R (R
Development Core Team 2007) and requires the library MASS (Venables & Ripley 2002) to
be loaded. For all tests, P < 0.05 was chosen as level of significance. To look for acoustic
variation in chatter calls due to sex, we performed two pDFAs with a nested design using
subject as the control factor and sex as the test factor. We considered two separate pDFAs,
one for each arousal condition (high/low), to control for possible arousal-related effects on
chatter calls. To characterise individual-related acoustic differences we performed a pDFA
with a crossed design using arousal condition as the control factor and subject as the test
factor. Had the previously performed pDFAs revealed sex differences we would have had to
perform a pDFA on male and female calls separately to control for the effect of sex. For
procedure details of the performed pDFAs, see Table 3-2.
Some of the requirements of a DFA must be met for the pDFA as well. A DFA reacts
very sensitively to missing values and thus needs a complete data set (Deichsel & Trampisch
1985; Mundry & Sommer 2007). Accordingly, parameters with missing values must be
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removed from the analysis or the missing values have to be replaced by group means
(Deichsel & Trampisch 1985). Thus, we removed parameters with more than two missing
values per individual. This was the case for the two FLS (formant-like-structure)-related
parameters (first FLS peak frequency (kHz) and maximum frequency of all FLS (kHz)). Less
than two missing values per individual were replaced with means per subject within a given
arousal state. Moreover, a DFA requires that the number of parameters is smaller than the
number of objects in the smallest class of objects (Mundry & Sommer 2007). Following this
requirement, we reduced the number of parameters as a function of the smallest number of
analysed syllables per subject. As a first step we excluded clear arousal-related acoustic
parameters from the pDFA (spectral consistency (SC) of a syllable, maximum SC of a
syllable, minimum SC of a syllable, and range of SC of a syllable). These parameters are
traceable to disruptions in F0 control and are known to accompany changes in arousal state
(Protopapas & Lieberman 1997). In the next step we excluded the parameter ‘number of
syllables’, as this parameter applied to only one value per chatter call. Finally, we calculated
Pearson’s correlation coefficients and successively excluded the most highly correlated
parameters until an appropriate number of parameters was left (Table 3-2).
The pDFA only analyses how reliably classes of objects can be distinguished. To
analyse which acoustic parameter enabled the chatter calls to be accurately classified, we
afterwards conducted an independent discriminant function analysis (DFA). Subsequently, we
performed Spearman correlations to control for potential effects of age or weight of the callers
on the three acoustic parameters that best classified the calls. The Pearson’s correlations, the
DFA, and the Spearman correlations were conducted with SPSS software (SPSS 15.0,
Chicago, IL, USA).
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Table 3-2: Procedure details and selected parameters for the three performed pDFAs.

pDFA Sex
(high arousal)

pDFA Sex
(low arousal)

pDFA Identity
(both sexes)

N levels of test factor

2

2

14

N levels of control factor

14

14

2

N entered parameters

5

2

7

N syllables total

170

93

263

N permutations

1000

1000

1000

N random selections

100

100

100

Syllable duration (ms)

*

*

*

Intersyllable interval (ms)

*

PF onset (kHz)

*

PF middle (kHz)

*

*
*

PF end (kHz)

*

*

F0-peak-frequency (kHz)

*

F0-peak-frequency-onset (kHz)

*

F0-peak-frequency-end (kHz)

*

*

F0 = fundamental frequency, PF = peak frequency;
* = selected parameters

Because the pDFAs found significant results, we conducted an additional independent
discriminant function analysis to determine which acoustic parameters enabled the chatter
calls to be accurately classified. To verify if the three best acoustic parameters for classifying
by sex and individuality are affected by age or weight of the caller, we carried out Spearman
correlations between body weight or age and the respective highest correlated variable for the
first three discriminant functions. We therefore used the median value of the particular
acoustic parameter per subject within a given arousal state and the caller’s respective age and
weight at time of experiments (Table 3-5). To correct the results for multiple testing we used
the step-up sequential Bonferroni correction (Hochberg 1988). The step-up Bonferroni
corrections were done manually. The independent discriminant function analysis and the
Spearman correlations were conducted with SPSS software (SPSS 15.0, Chicago, IL, USA).

63

CHAPTER 3

ACOUSTIC FEATURES TO AROUSAL AND IDENTITY

Results
Acoustical comparison of chatter calls from two arousal states
The caller’s arousal state, determined by both the length of time the subject was in the
new environment and its tail position and piloerection, had a predictable influence on the
acoustic structure of chatter calls (Fisher’s Omnibus Test: χ36= 88.49, P < 0.001). Six of 14
spectral and all three temporal parameters changed significantly with arousal (Fig. 3-1, 3-2
and Table 3-3).

Figure 3-1: Sonagram of a chatter call given in a (a) low arousal and (b) high arousal state of the caller.
The enlargement of the second syllable of each chatter call shows the arousal-related differences in detail.

Chatter calls given in a state of high arousal (State A) were composed of significantly
more syllables with shorter intersyllable intervals than in a state of low arousal (State B).
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Syllables given during high arousal were significantly longer and showed a significant
upward shift in four frequency parameters (peak frequency middle, F0-peak-middle, first FLS
peak frequency, maximum frequency of all FLS). Also, the range of spectral consistency (SC)
was significantly higher for chatter calls given during a state of high arousal, whereas the
minimum SC was significantly lower. Higher ranges of SC with a simultaneously lower
minimum SC indicate that one or more parts of the call contain stronger structural changes.

Table 3-3: Acoustic differences in chatter calls related to the caller’s arousal state (N = 9, Wilcoxon Signed
Rank Test); significant results are shown in bold; all spectral measurements refer to syllables.

Parameter
Number of syllables per call
Syllable duration (ms)
Intersyllable interval (ms)
PF (kHz)
PF onset (kHz)
PF middle (kHz)
PF end (kHz)
F0-peak-frequency (kHz)
F0-peak-frequency-onset (kHz)
F0-peak-frequency-middle (kHz)
F0-peak-frequency-end (kHz)
SC of a syllable
Maximum SC of a syllable
Minimum SC of a syllable
Range of SC of a syllable
First FLS peak frequency (kHz)
Maximum frequency of all FLS (kHz)

Arousal state

Median

IR

high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low

10
6
43.00
39.86
208.00
227.00
1.963
1.631
1.123
1.118
2.480
1.738
2.349
1.455
1.670
1.377
1.123
1.133
1.641
1.455
1.494
1.338
0.925
0.930
0.950
0.950
0.885
0.905
0.070
0.050
1.895
1.509
2.959
2.412

8
9
5.93
8.65
44.50
61.00
0.883
0.713
0.127
0.098
0.820
0.522
0.825
1.479
0.352
0.303
0.127
0.098
0.225
0.342
0.107
0.200
0.010
0.005
0.000
0.005
0.015
0.020
0.03
0.01
0.884
0.557
3.544
0.522

Z

P-value

-1.96

0.05

-2.19

0.03

-2.07

0.04

-1.72

0.10

-0.18

0.91

-2.67

0.00

-1.36

0.20

-0.77

0.50

-0.18

0.84

-1.36

0.20

-2.07

0.04

-1.32

0.21

-0.27

0.88

-2.39

0.02

-2.31

0.02

-2.07

0.04

-2.67

0.00

F0 = fundamental frequency, FLS = formant-like-structure, IR = interquartile range, PF = peak frequency, SC =
spectral consistency
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Figure 3-2: Parameters of chatter calls that varied significantly between the high and low arousal states of
callers. Box plots were calculated using median values for each animal and display medians, quartiles and
total ranges. Outliers are not plotted.

Acoustical comparison of chatter calls from different sexes and individuals
We found no sex differences in the acoustic structure of chatter calls for both
performed pDFAs (State A: originally included syllables: P = 0.827; cross-classified
syllables: P = 0.643 / State B: originally included syllables: P = 0.627; cross-classified
syllables: P = 0.474). We thus concluded that the acoustic structure of chatter calls of the two
sexes did not differ significantly.
We then conducted one pDFA for all indivduals to look for individuality. The pDFA
showed a highly significant acoustic discrimination of the 14 individuals (originally included
syllables: P = 0.002; cross-classified syllables: P = 0.002). This result showed that the
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acoustic

parameters

provided reliable

information

for

identifying

and

discriminating the different individuals. The afterwards conducted independent discriminant
function analysis revealed which acoustic parameter enabled the chatter calls to be accurately
classified. Table 3-4 shows the variance explained by each of the seven functions and the
variable loadings on each function. The first three functions explained 84.6% of the variance.
Intersyllable interval separated individuals on the first function, F0-peak-frequency on the
second function, and syllable duration on the third function.

Table 3-4: Variance explained, and structure matrix for discriminant function analysis on individual
identity; factor on which each variable (= acoustic parameter) loaded strongest is shown in bold.

Functions
1

2

3

4

5

6

7

Variance explained (%)

46.8

21.9

15.9

8.5

3.5

2.0

1.2

Cumulative variance (%)

46.8

68.7

84.6

93.2

96.7

98.7

100.0

Intersyllable interval (ms)

0.74

-0.02

-0.39

-0.12

0.35

0.36

-0.09

F0-peak-frequency (kHz)

0.04

0.80

0.34

-0.30

-0.35

0.06

-0.00

Syllable duration (ms)

0.30

-0.22

0.69

-0.46

-0.07

-0.30

0.23

F0-peak-frequency-onset (kHz)

0.08

0.55

0.41

0.62

0.19

0.23

-0.15

PF end (kHz)

0.35

0.23

0.14

0.42

-0.78

-0.06

0.07

F0-peak-frequency-end (kHz)

0.23

0.61

0.04

0.18

-0.01

-0.69

0.22

PF middle (kHz)

0.14

0.31

0.16

0.21

-0.24

0.30

0.81

Variables

Pooled within-groups correlations between discriminating variables and standardised canonical discriminant
functions; variables ordered by absolute size of correlation within function.
F0 = fundamental frequency, PF = peak frequency
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To verify if the three acoustic parameters that best classified the calls by individual
identity (intersyllable interval, F0-peak-frequency, and syllable duration) are affected by age
or weight of the caller, we carried out Spearman correlations. The data used for correlations
are shown in Table 3-5.

Table 3-5: Subject history and medians of acoustic parameters.

Intersyllable
interval (ms)
high
low

F0-peakfrequency (kHz)
high
low

Syllable
duration (ms)
high
low

Sex

Age
(years)

Weight
(gram)

M

4

210

208.00

203.00

1.240

1.221

33.35

32.13

M

4

260

210.00

195.00

1.182

1.099

52.10

45.98

M

3

246

146.00

191.50

1.387

1.377

34.25

33.75

M

3

248

328.50

358.00

1.421

1.528

43.00

39.83

M

3

246

231.50

245.00

1.670

1.772

45.20

43.73

M

3

217

217.50

273.00

1.758

1.328

43.90

29.15

F

6

200

252.50

274.00

1.240

1.045

41.35

38.95

F

1

177

162.00

163.00

1.440

1.172

35.83

30.70

M

4

186

147.00

256.00

1.719

1.895

39.28

41.35

M

1

221

173.00

227.00

1.738

1.357

46.80

42.40

F

5

194

185.50

195.00

1.758

1.631

40.25

37.75

F

1

181

200.00

196.50

1.689

1.689

47.88

48.70

F

1

191

240.00

402.00

1.582

1.240

48.45

41.70

F

1

189

189.00

124.50

1.250

1.670

43.05

37.15

F0 = fundamental frequency
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We found no significant correlation between age or body weight of the callers and the
highest correlated variable for the first three discriminant functions. Thus, the three acoustic
parameters that best classified the calls by individual identity (intersyllable interval, F0-peakfrequency, and syllable duration) are not affected by age or weight of the callers (Table 3-6).

Table 3-6: Correlations of the acoustic parameters with age and body weight of the callers (N = 14,
Spearman correlation; P-values are given in their uncorrected form).

Age

Parameter
Intersyllable interval (ms)

F0-peak-frequency (kHz)
Syllable duration (ms)

Weight
P-value

r

P-value

r

high

-0.359

0.208

0.196

0.502

low

-0.105

0.721

0.165

0.573

high

-0.198

0.497

-0.258

0.373

low

-0.181

0.537

-0.176

0.547

high

0.158

0.590

0.354

0.214

low

0.176

0.547

0.205

0.482

F0 = fundamental frequency, r = Spearman correlation coefficient
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Discussion
The acoustic structure of disturbance calls of tree shrews varied predictably with their
arousal states, which were determined by both the length of time subjects were in the new
environment and their tail- positions and piloerection. This confirms our hypothesis that tree
shrews convey their arousal state in chatter calls. Contrary to our hypothesis, chatter calls of
tree shrews could not be differentiated by sex. However, the measured acoustic parameters
provided reliable information for identifying and discriminating the different individuals,
whereas there was no effect of age or body weight on individual-specific acoustic features.

Acoustic features to sex and individual identity in chatter calls
We did not find sex-related acoustic differences in any of the measured parameters.
Accordingly, despite slight body weight differences between both sexes (Fuchs 1999 and see
table 5) and in contrast to our hypothesis, tree shrews do not convey sex by acoustic features.
A review article about studies on primates revealed a predictable influence of sex on acoustic
structure, but only when body size variation between sexes is large (Ey et al. 2007).
Accordingly, the lack of sex differences in disturbance calls of tree shrews might be caused
by a too small body size (weight) difference between males and females.
In contrast, the measured acoustic parameters of chatter calls provided reliable
information for identifying and discriminating the different individuals. This confirms our
hypothesis that individuality is conveyed acoustically in chatter calls. About 85% of the
acoustic variance between the individuals was explained by three acoustic parameters, namely
intersyllable interval, F0-peak-frequency, and syllable duration. The median difference in
intersyllable interval length between individuals was 53 ms, in syllable duration 6 ms, and in
F0-peak-frequency 281 Hz. Psychoacoustic tests to characterize temporal resolution have not
yet been done with tree shrews, but for chinchillas and humans it was already shown that the
minimum gap needed to detect the presence of a short period of silence embedded in noise is
about 3 ms (Long 1994). Therefore, the observed temporal changes between individuals may
be perceivable for tree shrews. Moreover, tree shrews are able to discriminate frequency
differences of 42 Hz at 2 kHz and 124 Hz at 4 kHz (Heffner et al. 1969). Hence, the
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individual differences in median F0-peak-frequency are above the corresponding frequency
discrimination threshold in tree shrews and thus definitely perceivable for the animals.
A reanalysis of data from a previous study on tree shrews (Schehka et al. 2007)
showed that individuality is also conveyed acoustically in communication calls (squeaks) of
females uttered during social conflicts. Here, about 97% of variance between the individuals
was explained by three acoustic parameters. F0-peak-frequency separated individuals on the
first function, maximum frequency of all FLS on the second function and syllable duration on
the third function (see appendix). Again, the median individual differences in the frequencyrelated parameters (F0-peak-frequency: 369 Hz; maximum frequency of all FLS: 2104 Hz) are
likely to be perceivable for the tree shrews. The median difference in syllable duration
between individuals was 9.5 ms and therefore also likely perceivable for the animals.
In both, chatter and squeak calls of tree shrews we found no effect of age or body
weight of the callers on the acoustic parameters which discriminated individuals best. That the
individually specific acoustic features were not affected by age and body weight of the caller
might be due to too slight differences between the subjects. All animals were adult, which led
in turn to only small body weight variation between the individuals. The similar finding in
chatter and squeak calls suggests that the conveyance of individual identity seems not to be
caused solely by such transient indexical attributes as age or body weight of the caller. Rather,
inherent and more robust and consistent constraints involved in vocal production according to
the source-filter theory (Fant 1960) may lead to individual-specific differences in chatter calls.
However, we can not exclude that other individually specific acoustic features than the
measured ones provide honest information about age or body weight in communication calls
of tree shrews.
The presence of individuality-related acoustic features in tree shrew vocalisations is
not surprising because in mammals the differences in the vocal apparatus between individuals
may directly influence the spectral-temporal structure of vocalisations (Fitch & Hauser 1995,
2003; Hauser et al. 1996; Rendall et al. 2004). Temporal parameters, such as the duration of
syllables or intersyllabel interval length are influenced by the individual lung capacity and the
control of the emptying speed of the air flow. Thus, similar physiological constraints may be
responsible for the temporal differences in chatter and squeak calls between the individuals.
According to the source-filter theory (Fant 1960), the size of the vocal folds determines the
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characteristics of the F0 and thus causes acoustic variation related to F0 parameters. This
morphological constraint may explain the F0-related differences, which contributed to
distinguishing individuals in both call types. Finally, the size and movement of the vocal tract
affect parameters related to the filter characteristics of the sound, which describe the
distribution of energy among the spectrum. Following Rendall et al. (1998), acoustic
individuality is predominantly caused by differences in the filter function of the vocal tract. In
this study we measured two parameters related to the filter characteristics of the sound (first
FLS peak frequency and maximum frequency of all FLS). But because of missing values
these parameters had to be removed from the sex- and individuality-related statistical
analyses. However, for squeak calls of female tree shrews we found that the maximum
frequency of all FLS provided information for identifying and discriminating the different
individuals. Our results are consistent with studies on other mammalian species in which
parameters related to the F0, the distribution of energy among the spectrum, and temporal
properties are found to be highly individually specific (Bastian & Schmidt 2008; Charrier et
al. 2003; Fischer et al. 2001; Reby et al. 1999; Tooze & Harrington 1990; Zimmermann &
Lerch 1993). Most likely, inherent morphological and physiological constraints may be
responsible for comparable acoustic features in the vocal conveyance of individuality.
The ability for vocal recognition of individuals may be important for individuals with
repeated interactions (Godard 1993; McComb 1991; Stoddard 1996). In tree shrews, mates
have overlapping territories, but often forage solitarily (Emmons 2000; Kawamichi &
Kawamichi 1979). Thus, it may be important for them to vocally recognise each other over
distances. Ongoing playback experiments will explore the ability for acoustic recognition of
individuals in tree shrews.

Acoustic features to arousal in chatter calls
Chatter calls given in a state of high arousal were characterized by a higher number of
syllables per call, longer syllable durations, shorter intersyllable intervals, and an increase in
PF middle, first FLS peak frequency and maximum frequency of all FLS. Moreover, high
arousal was communicated by a higher range of SC of a syllable and a lower minimum SC.
The median difference between the two arousal conditions in intersyllable interval
length and syllable duration was 29.5 ms and 2.5 ms, respectively. According to
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psychoacoustic tests of Long (1994), observed temporal changes are again likely perceivable
for tree shrews. As postulated by Ehret (2006) and also already shown in playback studies
(e.g. Blumstein & Armitage 1997b; Theis et al. 2007), the observed temporal changes,
especially the repetition rate of syllables, may also be of potential behavioural relevance for
the perception of the urgency of a response. Median frequency shifts ranged from 122 Hz (for
F0-peak-frequency-end) to 840 Hz (for PF middle). Hence, all observed frequency changes
are perceivable for the animals and of potential behavioural relevance.
In order to compare our findings on chatter and squeak calls, we reanalysed acoustic
data of a previous study on squeak calls (Schehka et al. 2007), using the identical set of
measured acoustic parameters for both call types (Table 3-7). Our results showed that two
temporal acoustic features, syllable duration and number of syllables, varied only in the
chatter, but not in the squeak calls of tree shrews. In the chatter calls, both parameters showed
an increase with increasing arousal. Tree shrews usually utter chatter calls during disturbance
or when they are confronted with new environmental stimuli (Emmons 2000). Thus, the
proximate function may be to attract attention from other individuals and thus reflect attempts
to signal more emphatically. This function is likely to be enhanced by a higher number of
syllables or longer syllable durations. In contrast, the typical proximate function of squeaking
is probably not to attract the attention from other individuals, but rather to signal the
perceived degree of social threat (Schehka et al. 2007). Hence, the different use of these
arousal-related acoustic features may be due to the dissimilar proximate functions of the calls.
Irrespective of the proximate function of calling, the variable pattern relating both parameters
syllable duration and number of syllables, is consistent with previous work on arousal-related
acoustic features. In alarm calls of suricates an increase in urgency was associated with a
significant decrease of syllable duration (Manser 2001). Juvenile hyenas varied their longdistance vocalisations with changing arousal, but no effect was found on the number or
duration of syllables (Theis et al. 2007). Blumstein & Armitage (1997b) showed that yellowbellied marmots emit more alarm calls when risk increases. Two studies on nonhuman
primates, one on disturbance calls (Fischer et al. 1995) and one on social calls (grunts)
(Rendall 2003) reported that increasing arousal was associated with longer syllable durations.
Acoustic features related to the SC (spectral consistency) of syllables varied again
only in the chatter and not in the squeak calls (Table 3-7). The combination of a higher range
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of SC with a simultaneously lower minimum SC indicates stronger structural changes in the
chatter call. The variable pattern of this acoustic feature in the two different call types is
consistent with work on voice quality in humans. Here, measures of vocal perturbation, like
jitter, which is traceable to disruptions in F0 control, may vary with changes in arousal, but
does not always do so (Protopapas & Lieberman 1997).
A general explanation for the differences between the call types in conveying arousal
might be that some acoustic variables reflect not only changes in affect intensity, but are also
linked to specific affective states of the caller (Scherer 1986). In tree shrews, chatter and
squeak calls are usually uttered in obvious different behavioural contexts. Accordingly, the
underlying affective state of the caller may be different during each. Hence, acoustic features
as syllable duration, number of syllables and structural variation might not be associated with
arousal-related variations accompanying squeaking in tree shrews. The inconsistency in the
use of arousal-related acoustic features across call contexts within one species demonstrates
that some acoustic variables are probably not reliable indicators of changes in arousal.
Systematic playback experiments are necessary to explore to what extent tree shrews perceive
these spectral and temporal changes as meaningful.
Additionally, the comparison between chatter and squeak calls illustrated that with
increasing arousal both call types were characterized by shorter intersyllable intervals and an
upward shift in several frequency-related acoustic features (Table 3-7).
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Table 3-7: Comparison of acoustic variation associated with an increasing arousal in chatter and squeak
calls.

Sound parameter
Temporal-related
acoustic features

Chatter calls

Squeak calls

Number of syllables per call

*↑

-

Syllable duration (ms)

*↑

-

Intersyllable interval (ms)

*↓

*↓

PF (kHz)

-

-

PF onset (kHz)

-

-

*↑

-

PF end (kHz)

-

-

F0-peak-frequency (kHz)

-

*↑

F0-peak-frequency-onset (kHz)

-

*↑

F0-peak-frequency-middle (kHz)

-

-

F0-peak-frequency-end (kHz)

*↑

-

First FLS peak frequency (kHz)

*↑

-

Maximum frequency of all FLS (kHz)

*↑

-

SC of a syllable

-

-

Maximum SC of a syllable

-

-

Minimum SC of a syllable

*↓

-

Range of SC of a syllable

*↑

-

PF middle (kHz)

Frequency-related
acoustic features

Spectral-consistencyrelated acoustic
features

F0 = fundamental frequency, FLS = formant-like-structure, PF = peak frequency, SC = spectral consistency;
* = significant differences, ↑ = increasing value, ↓ = decreasing value

These comparable patterns in arousal-related acoustic features across different call
types and calling contexts within one species may be caused by common physiological
constraints in the process of sound production. The increased amount and rate of calling can
be explained by a faster breathing rate, which is an effect of sympathetic arousal (Scherer
1979, 1986). According to the source-filter theory (Fant 1960), increasing frequencies can be
explained by an increase in subglottal air pressure and an increase in general muscle tone of
the vocal cords, both again effects of the sympathetic arousal (Scherer 1979, 1986). Thus,
higher arousal states in mammals may be effects of sympathetic arousal, influencing vocal
production by changes in respiration, phonation, and articulation in such a way as to produce
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arousal-specific patterns of acoustic features (Scherer 1979, 1986, 2003). The results on tree
shrews are mostly consistent with previous work on arousal-related acoustic features.
Changes in repetition rates and frequency shifts are the most commonly cited acoustic
features associated with changes in arousal across different mammalian lineages (Carnivora,
Artiodactyla, Rodentia, Scandentia, Chiroptera, and Primates) and calling contexts (predation,
aggression, disturbance, group movements, mother-infant interactions, dominant-subdominant
encounters, and foraging) (Bastian & Schmidt 2008; Blumstein & Armitage 1997b; Coss et
al. 2007; Fichtel & Hammerschmidt 2002; Fischer et al. 1995; Hauser & Marler 1993;
Jovanovic & Gouzoules 2001; Manser 2001; Rendall 2003; Soltis et al. 2005; Zimmermann in
press). An increase in arousal is generally associated with an increase in overall articulation
rate in humans (e.g. Bachorowski 1999; Murray & Arnott 1993; Scherer 1995) and, in
nonhuman animals, with the amount and rate of calling (e.g. Bastian & Schmidt 2008;
Blumstein & Armitage 1997b; Hauser 2000; Rendall 2003). Moreover, an increase in various
frequency-related parameters is a commonly cited acoustic feature associated with high
arousal in humans (e.g. Bachorowski 1999; Murray & Arnott 1993; Scherer 1995) as well as
nonhuman mammals (e.g. Fichtel & Hammerschmidt 2002; Fischer et al., 2001; Rendall
2003; Taylor & Weary 2000). The similar findings across mammalian lineages provide
evidence that comparable physiological constraints in the production of airborne vocalisations
lead to acoustic commonalities in the vocal expression of arousal.
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Appendix
Table 3 Appendix-1: Procedure details and selected parameters for the performed pDFA.

pDFA Identity
N levels of test factor

6

N levels of control factor

2

N entered parameters

7

N syllables total

163

N permutations

1000

N random selections

100

Selected Parameters
Syllable duration (ms)
Intersyllable interval (ms)
PF middle (kHz)
PF end (kHz)
F0-peak-frequency (kHz)
First FLS peak frequency (kHz)
Maximum frequency of all FLS (kHz)
F0 = fundamental frequency, FLS = formant-like-structure, PF = peak frequency
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Table 3 Appendix-2: Acoustic differences in squeak calls of tree shrews related to the caller’s arousal state
for both analysed conditions (see Schehka et al. 2007) (N = 6, Wilcoxon Signed Rank Test); significant
results are shown in bold; all spectral measurements refer to syllables.

Parameter
Number of syllables per call

Condition
Distance
Behaviour
Distance

Syllable duration (ms)
Behaviour
Distance
Intersyllable interval (ms)
Behaviour
Distance
PF (kHz)
Behaviour
Distance
PF onset (kHz)
Behaviour
Distance
PF middle (kHz)
Behaviour
Distance
PF end (kHz)
Behaviour
Distance
F0-peak-frequency (kHz)
Behaviour
Distance
F0-peak-frequency-onset (kHz)
Behaviour
Distance
F0-peak-frequency-middle (kHz)
Behaviour
Distance
F0-peak-frequency-end (kHz)
Behaviour

Arousal
state
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
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Median

IR

Z

P-value

7.5
9

10.25
4.75

-0.21

0.91

-

-

-

-

62.50
58.75
60.50
63.50
67.75
48.00
54.50
77.25
4.959
6.055
5.493
5.200
5.000
5.059
5.537
5.225
4.639
5.615
5.200
5.298
5.078
5.249
4.707
5.322
2.633
2.295
2.512
2.277
2.197
2.002
2.295
1.856
2.637
2.246
2.442
2.393
2.197
1.709
2.002
1.758

11.38
17.38
14.63
11.38
44.00
13.38
10.13
36.56
1.660
1.395
1.657
0.987
0.723
1.353
0.698
0.596
2.363
0.180
0.620
0.476
0.999
1.304
0.576
1.162
0.524
0.603
0.548
0.604
0.693
0.610
0.586
0.610
0.586
0.781
0.562
0.635
0.732
1.123
0.610
0.537

-0.10

1

-0.10

1

-2.20

0.03

-2.20

0.03

-1.57

0.16

-0.94

0.44

-0.73

0.56

-0.52

0.69

-0.73

0.56

-0.10

1

-0.94

0.44

-0.94

0.44

-1.78

0.09

-2.20

0.03

-2.21

0.03

-2.23

0.03

-1.69

0.13

-0.82

0.75

-1.15

0.31

-1.36

0.22
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Distance
SC of a syllable
Behaviour
Distance
Maximum SC of a syllable
Behaviour
Distance
Minimum SC of a syllable
Behaviour
Distance
Range of SC of a syllable
Behaviour
Distance
First FLS peak frequency (kHz)
Behaviour
Maximum frequency of all FLS
(kHz)

Distance
Behaviour

high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low
high
low

0.956
0.950
0.951
0.954
0.965
0.970
0.970
0.970
0.933
0.928
0.915
0.928
0.040
0.043
0.053
0.048
3.208
4.346
3.408
3.403
7.856
7.612
8.306
8.052

0.004
0.009
0.014
0.008
0.008
0.000
0.000
0.000
0.005
0.031
0.025
0.030
0.014
0.032
0.026
0.030
0.945
0.234
1.545
1.707
1.963
2.534
2.264
2.284

-0.95

0.47

-2.06

0.06

-0.54

0.78

-0.45

1

-1.16

0.34

-1.63

0.19

-1.46

0.25

-1.63

0.19

-1.57

0.16

-0.52

0.69

-0.10

1

-1.57

0.16

F0 = fundamental frequency, FLS = formant-like-structure, PF = peak frequency, SC = spectral consistency
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Table 3 Appendix-3: Variance explained, and structure matrix for discriminant function analysis on
individual identity; factor on which each variable (= acoustic parameter) loaded strongest is shown in
bold.

Functions
1

2

3

4

5

Variance explained (%)

66.9

19.6

10.6

2.4

0.5

Cumulative variance (%)

66.9

86.5

97.1

99.4

100

F0-peak-frequency (kHz)

0.57

0.30

-0.19

0.54

-0.43

PF middle (kHz)

-0.19

0.17

0.10

0.11

0.14

Maximum frequency of all FLS (kHz)

-0.21

0.90

-0.24

-0.07

0.25

Syllable duration (ms)

0.11

0.35

0.61

0.22

0.39

Intersyllable interval (ms)

0.19

0.10

0.47

-0.38

0.46

First FLS peak frequency (kHz)

-0.37

-0.31

0.21

0.69

0.02

PF end (kHz)

-0.34

0.14

0.43

-0.09

-0.76

Variables

Pooled within-groups correlations between discriminating variables and standardised canonical discriminant
functions; variables ordered by absolute size of correlation within function.
F0 = fundamental frequency, FLS = formant-like-structure, PF = peak frequency

Table 3 Appendix-4: Subject history and medians of acoustic parameters.

F0-peakfrequency (kHz)
high
low

Maximum frequency
of all FLS (kHz)
high
low

Syllable
duration (ms)
high
low

Sex

Age
(years)

Weight
(gram)

F

1

207

2.795

2.814

5.508

5.322

51.00

55.00

F

6

190

2.448

2.301

9.724

9.148

63.00

60.00

F

5

235

2.631

2.380

10.000

10.127

61.50

66.00

F

7

209

2.674

2.502

7.520

7.520

60.50

66.00

F

7

168

2.143

2.112

6.611

6.611

71.00

69.00

F

5

154

2.015

1.880

8.516

7.773

51.00

52.00

F0 = fundamental frequency, FLS = formant-like-structure
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Table 3 Appendix-5: Correlations of the acoustic parameters with age and body weight of the callers (N =
6, Spearman correlation; P-values are given in their uncorrected form).

Age

Parameter
F0-peak-frequency (kHz)
Maximum frequency of all FLS (kHz)
Syllable duration (ms)

Weight
r
P-value

r

P-value

high

-0.265

0.612

0.771

0.072

low

-0.265

0.612

0.771

0.072

high

0.000

1.000

0.257

0.623

low

0.000

1.000

0.257

0.623

high

0.672

0.144

0.000

1.000

low

0.716

0.109

0.348

0.499

F0 = fundamental frequency, FLS = formant-like-structure, PF = peak frequency, SC = spectral consistency, r =
Spearman correlation coefficient
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“With many kinds of animals, man included
the vocal organs are efficient in the highest
degree as a means of expression.”
Darwin (1872)

This thesis was aimed to study the transmission of broad and narrow messages in
communication calls of tree shrews. I investigated species-specific acoustic variation in a
context-homologous call type of three tree shrew species as well as inter- and intra-individual
acoustic variation within two particular call types of Tupaia belangeri. In the following, I will
briefly summarise the main results of this thesis and discuss them with regard to proximate
and ultimate mechanisms underlying vocal behaviour. Furthermore, I will compare findings
on tree shrews with data on other mammals in order to explore potential commonalities in the
vocal conveyance of species-specificity and specific attributes of callers, such as individual
identity and arousal state.

Species-specificity in communication calls
The interspecies acoustic comparison presented in chapter 1 revealed that speciesspecificity is reliably conveyed by spectral-temporal variation in a context-homologous call
type of three cryptic tree shrew species (Tupaia glis, T. belangeri, and T. chinensis).
Differences were found in frequency- and/or temporal-related acoustic features among the
three different species. Analysed acoustic features allowed assigning chatter calls with a
probability of >73% to the species that produced them. The extent of the acoustic variation
supports cytogenetic and immunodiffusion findings. Accordingly, species in the diurnal genus
Tupaia can be recognized noninvasively on the basis of a conspicuous loud call, the chatter.
The use of behavioral traits as taxonomic supplements relies primarily on their degree
of genetic determination (Gautier 1988). Kummer (1970) suggested that the best candidate for
taxonomic usefulness is the so-called “fixed action patterns”. Numerous studies on mammals
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(for ontogenetic studies: Newman & Symmes 1982; for neurophysiological studies: Jürgens
1979; for structural analyses of hybrid calls: Gautier & Gautier 1977; for studies concerning
vocal production learning: Egnor & Hauser 2004; Janik & Slater 2000) suggest that genetic
factors play a predominant role in determining the acoustic structure of calls. In tree shrews
the revealed species-specific acoustic differences are probably caused by genetic divergence
between species. Learned vocal production seems fairly implausible because of the
“absentee” maternal care system in tree shrews (the mother returns to her infants only every
second day to suckle them) and the exhibition of infant chatter calls with an almost adult-like
structure in at least one tree shrew species (Tupaia belangeri: Benson et al. 1992).
Accordingly, genetic divergence in morphological (divergences in the size and mass of
laryngeal structures: e.g. Fitch & Hauser 2003), physiological (divergences in the rate of
which vocal cords open and close as well as in the control of muscles for breathing and vocal
production: e.g. MacLarnon & Hewitt 2004) and neurological structures (divergences in the
vocalisation-related neural network: e.g. Hage & Jürgens 2006) may explain acoustic
differences in chatter calls according to the source-filter-theory of speech (Fant 1960). These
proximate causes may thus, at least partly, account for species-specific differences in the
spectral-temporal structure of chatter calls among the three species of tree shrews.
Additionally, ultimate causes may explain acoustic differences between the species.
Specific historical phylogeographic scenarios might have favoured the process of allopatric
speciation in tree shrews. Paralleled by natural selection acting on the loud calls, the allopatric
speciation may have accounted for the emergence of species-specificity in chatter calls. It has
been shown that different call types have been subject to dissimilar kinds of selective
pressures and thus have acquired different degrees of species-specificity (Marler 1965;
Struhsaker 1970; Zimmermann et al. 2000). The patterns of selective pressures acting on
acoustic signals may be affected by environmental constraints (e.g. habitat structure: Hansen
1979; Morton 1975; Rothstein & Fleischer 1987, or other sound-producing communities:
Drewry & Rand 1983), by the composition of the community to which species belong (e.g.
social organisation and spatial distribution: Blumstein & Armitage 1997a; Fotheringham et al.
1997), by unintended receivers such as predators (e.g. Marler 1955) as well as by the function
of calls (e.g. for sexual advertisement vs. predator advertisement calls: Zimmermann et al.
2000). In general, calls that function over relatively long distances (usually called long-
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distance calls or loud calls) are often subject to strong natural selection imposed by the
environment and by unintended receivers, such as predators and parasitoids (for a review see
Ryan & Kime 2003). Also the loud call in tree shrews, usually uttered during disturbance or
when the sender is confronted with new environmental stimuli (Emmons 2000), functions
most likely over relatively long distances to attract attention from other individuals.
Additionally, all three tree shrew species probably live in different habitats. Accordingly,
natural selection imposed by different habitat acoustics and different sound-producing
communities as well as different predator pressures, may provide ultimate explanations for
the evolution of species-specific differences in chatter calls.
In addition to selection factors, drift processes, where calls slowly diverge over time in
absence of selection, accompanied by founder effects may have played a role in the
divergence of species-specific chatter calls in tree shrews (e.g. in marmots: Blumstein 2007;
Daniel & Blumstein 1998; in ground squirrels: Nikolsky 1981). Further studies, especially in
the field, seeking to explain species-specificity in communication calls of tree shrews are
absolutely essential.

Arousal and identity in communication calls
The inter- and intra-individual acoustic comparisons presented in chapter 2 and 3 of
my thesis revealed that the acoustic structure of two communication call types of tree shrews
varied predictably between different individuals as well as within an individual with respect
to the caller’s arousal state. An increase in frequency-related parameters as well as an increase
in syllable repetition rate was consistently associated with high arousal in both analysed call
types and calling contexts. Our results are in line with findings across other mammalian
lineages (Artiodactyla: e.g. Taylor & Weary 2000; Carnivora: e.g. Manser 2001; Chiroptera:
e.g. Bastian & Schmidt 2008; Primates: e.g. Rendall 2003; Proboscidae: Soltis et al. 2005;
Rodentia: e.g. Blumstein 2007) and thus provide evidence for the hypothesis that comparable
physiological constraints in the production of airborne vocalisations, attributed to effects of
sympathetic arousal, may lead to commonalities in acoustic features expressing arousal.
Moreover, identified acoustic features conveying individuality are consistent with studies on
other mammalian species in which parameters relating to F0, the distribution of energy among
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the spectrum, and temporal properties are found to be highly individually specific (Bastian &
Schmidt 2008; Charrier et al. 2003; Fischer et al. 2001; Reby et al. 1999; Tooze & Harrington
1990; Zimmermann & Lerch 1993). The presence of individuality-related acoustic features in
mammalian vocalisations probably results from the individual differences in the vocal
apparatus that directly influence the spectral-temporal structure of vocalisations (Fitch &
Hauser 1995, 2003; Hauser et al. 1996; Rendall et al. 2004). Most likely, inherent
morphological and physiological constraints in the production of airborne vocalisations may
be responsible for comparable acoustic features in the vocal conveyance of individuality.
The findings of chapter 2 and 3 indicate that sender-related constraints in the
production of airborne vocalisations present proximate causes that may ensure honest
communication with regard to sender identity and arousal state. Moreover, these
morphological and physiological constraints anchor honesty in mammalian vocalisations
without any additional investment from the caller. Hence, the sender-related constraints in the
production of airborne vocalisations can play an important role in maintaining honesty in
mammalian communication calls, possibly in lieu of any specific selection favouring honesty
(see also Fitch & Hauser 2003). With respect to the conveyed message, the constraints
determine what information is available for perceivers to exploit initially.
Additionally, ultimate evolutionary explanations may account for inter- and intraindividual acoustic differences in communication calls. The information perspective, which
focuses on the transmission of unambiguous information from sender to receiver, argues that
animals benefit through honest communication about their attributes (Smith 1977). From this
perspective, in which information is thought to be shared among individuals, the function of
arousal- and identity-related signalling is to inform receivers that a particular sender
experienced a particular arousal state. But merely informing listeners about identity and the
arousal state is not beneficial per se, as there is no guarantee that receivers will behave in
ways that benefit the caller. For example, squeak calls of tree shrews are usually given in
social interactions, most often during defensive threat displays of two interaction partners
(Binz & Zimmermann 1989; Kirchhof 2001; Schehka et al. 2007). If the submissive animal,
more or less aroused, “inform” the receiver by honest acoustic features about its state, why
should the receiver not react by threatening further or even being more aggressive? Hence, it
must be the consequences of perception, the effect that signalling has on subsequent receiver
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behaviour that has shaped the signalling process over evolutionary time (e.g. Ehret 2006;
Morton 1977; Owings & Morton 1998; Owren & Rendall 1997).
The “affect-conditioning model” of Owren and Rendall (1997), originally developed
in the context of nonhuman primate vocalisations, may operate to explain the evolutionary
function of acoustically signalling individuality and arousal. Rather than viewing
communication as a process of information exchange, the model argues that the primary
function of vocal signals is to influence listeners’ affect (motivation and emotion) and thus
modulate the behaviour of receivers. According to the affect-induction approach,
vocalisations influence the behaviour of listeners by having impact on the receivers’ nervous
system. Thereby, the signal’s acoustics themselves can have a “direct”, unconditioned impact
on the receiver’s affect, meaning that the spectral-temporal structure of vocalisations is of
primary importance (see also Ehret 2006; Morton 1977). This assumption, originally referred
to specific calls as squeaks, shrieks, screams and alarm calls (Owren & Rendall 2001), may
also explain arousal-related acoustic variation within particular calls, as revealed in chatter
and squeak calls of tree shrews. Ehret (2006) hypothesised that, according to the mutual
adaptation of vocalisations and perceptions during evolution of intraspecies communication,
given levels of arousal encoded by subtle arousal-related spectral-temporal variations in
vocalisations, may induce equivalent levels of arousal in the perceiver and thus produce
adaptive response behaviour. However, according to the affect-conditioning model (Owren &
Rendall 1997), the effects on receivers’ affect can also be “indirect”, meaning that acoustic
signals induce a learned affective response in order to modulate the behaviour of the receiver.
Learning arises through social interactions in which individually distinctive vocalisations
produced by particular callers are repeatedly paired with specific affects experienced by the
receiver. These simple conditioned effects, which rely solely on neural processes in
subcortical structures (e.g. LeDoux 2000; Rescorla 1988), would be specific to the history of
interaction between the individuals of interest. Thus, vocalisations used as conditioned stimuli
must carry acoustic features to individual identity. This evolutionary function of acoustically
signalling individuality may also account for findings in squeak calls of tree shrews. Three
shrews usually live in monogamous pairs, whereas mates have overlapping territories
(Emmons 2000; von Holst 1972, 1977; Kawamichi & Kawamichi 1979) and each sex defends
a common territory against same-sex conspecifics. Under laboratory conditions, housing of
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two same-sex conspecifics in one cage results in a stable dominance hierarchy (e.g. Fuchs et
al. 1996). During the agonistic encounters the squeak call is the most uttered vocalisation. It
appears in different agonistic situations from both interaction partners, accompanying
aggressive as well as defensive behaviour. The call structure thereby depends on the
dominance status and the motivation of the individuals during the agonistic encounters
(Kirchhof et al. 2001). Despite of this obviously direct, unconditioned impact on receivers’
affect, conditioned effects also add to the desired affective response in the receiver. When the
sender is dominant to the receiver, individually distinctive squeak calls are repeatedly paired
with attacking or threatening and thus with negative outcomes for the receiver. Therefore, the
function of calling is to elicit an affective response in the recipient that results in submissive
behaviour. After a small number of such encounters, conditioning has occurred and the
dominant individual can effectively modulate the behaviour of the other animal only by
squeaking. From that time onward the energetically less costly squeaking will elicit
conditioned affective responses in the receiver without any additionally investment from the
caller.
According to the affect-conditioning model (Owren & Rendall 1997) acoustic features
to individuality are pronounced in communication calls that have not only a direct, but also an
indirect impact on the receivers’ affect. The affect-induction approach proposes for
vocalisations uttered in alarm or attention contexts a solely direct impact on the nervous
system of receivers, meaning that the spectral-temporal structure of vocalisations is of
primary importance for eliciting affective responses in receivers (see also Owren & Rendall
2001). Therefore, chatter calls of tree shrews, which are structurally as well as functionally
comparable to alarm/attention calls, provide an example of sounds that should be grounded in
salient attention-and-arousal-inducing acoustic features. But why then should selection have
favoured inter-individual acoustic variation in chatter calls of tree shrews? One potential hint
comes from a study on vocalisations of infant and developing tree shrews (Benson et al.
1992). The authors reported that the number of chatter calls from both, the adult female and
the juveniles, increased noticeably in the first two weeks after young tree shrews left the
nestbox. The chatter calls probably function to maintain stability within the family group and
later on, also between monogamous mates, which live in overlapping territories, but often
forage solitary (Emmons 2000; Kawamichi & Kawamichi 1979). Hence, natural selection on
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the signaller should lead to more distinctive vocalisations, while selection on the receiver will
lead to improve the ability to discriminate among them (Searcy & Nowicki 2005). Further
studies on tree shrews are now needed to examine whether the arousal- and identity-related
acoustic variation in squeak and chatter calls will be meaningful for conspecific listeners.
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Acoustic variation in communication calls of tree shrews: From broad to
narrow messages
Dipl. Biol. Simone Schehka
One of the key goals in research on acoustic communication is to explore the spectraltemporal variation of vocal signals with regard to the information that is conveyed. My thesis
explored the inter- and intraspecific acoustic variation in communication calls of tree shrews
in view of the potential transmission of broad and narrow messages. Tree shrews are diurnal,
small-bodied mammals, which live as monogamous pairs in dense vegetation of tropical
forest areas of Southeast Asia. Because of their phylogenetic link to primates and their high
vocal activity, tree shrews represent an interesting study model for comparative acoustic
research.
The first aim of this thesis was to explore to what extent the broad message of speciesspecificity is encoded in communication calls of tree shrews. By performing a comparative
acoustic analysis I investigated whether three cryptic species (Tupaia glis, T. belangeri, T.
chinensis) of the diurnal genus Tupaia can be recognized noninvasively on basis of their
conspicuous context-homologous loud call, the chatter. Differences were found in frequencyand/or temporal-related acoustic features among the three different species. Analysed acoustic
features allowed assigning chatter calls with a probability of >73% to the species that
produced them. Acoustic findings are in line with subtle morphological differences and
support cytogenetic and immunodiffusion findings. Accordingly, loud calls provide a reliable
noninvasive tool for species diagnosis and discrimination in the cryptic species complex of
this diurnal mammalian group.
The second aim of the thesis was to explore narrower messages in communication
calls of tree shrews (Tupaia belangeri). I analysed the intraspecific acoustic variation in two
types of communication calls to investigate to what extent the arousal state of a caller as well
as indexical attributes, such as individual identity and sex were acoustically conveyed in tree
shrews. Squeak calls, uttered in conflict situations as well as chatter calls, uttered in the
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context of disturbance, were induced experimentally within a standardised behavioural
context. To elicit squeak calls in females, I used a social encounter paradigm, in which pairbonded females who were unwilling to mate, were exposed to unfamiliar sexually interested
males. To signal their unwillingness to mate, female tree shrews show defensive threat
displays towards unfamiliar males paralleled by acoustically variable squeaks. The arousal
state was operationalised by the distance between interacting partners as well as the behaviour
of the male towards the female. Chatter calls were induced by a disturbance paradigm, in
which the subject was removed from its home cage and placed in a new environment for a
fixed duration of time. Tree shrews utter disturbance calls when confronted with new
environmental stimuli. Here, the arousal state was operationalised by the habituation of the
subject to the new environment and by the assessment of behavioural indicators for stress in
tree shrews (tail- position and piloerection). A frame-by-frame video analysis of sound-related
behaviours combined with a multiparametric sound analysis revealed that the acoustic
structure of both call types varied predictably with the arousal state and identity of the caller,
whereas there was no effect of age or body weight on individually specific acoustic features.
Moreover, chatter calls of male and female tree shrews could not be differentiated by sex of
the caller. In both call types, high arousal states were associated with an increase in
frequency-related parameters and syllable repetition rate. Acoustic features conveying
individual identity were related to the F0, the distribution of energy among the spectrum as
well as to temporal properties.
To sum up, the studies presented in my thesis show that vocalisations of tree shrews
do indeed encode information about broad and narrow messages. Species-specificity as well
as individual identity and the arousal state of a caller are reliably conveyed by spectraltemporal variation in communication calls of tree shrews. The discussion illustrates proximate
and ultimate mechanisms underlying vocal behaviour and shows commonalities across
mammalian species in acoustic features to identity and arousal, which are most likely due to
common constraints in the production of airborne vocalisations.
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Akustische Variationen in Kommunikationslauten von Spitzhörnchen
Dipl. Biol. Simone Schehka
Eine der wichtigsten Intentionen in der akustischen Kommunikationsforschung ist die
Untersuchung der spektralen und zeitlichen Variationen in vokalen Signalen im Hinblick auf
die potentielle Übermittlung von Informationen. Gegenstand meiner Arbeit war die Analyse
inter- und intraspezifischer akustischer Variationen in Kommunikationslauten von
Spitzhörnchen, speziell mit der Frage nach der möglichen Übertragung von verhältnismäßig
unspezifischen sowie relativ präzisen Informationen. Spitzhörnchen sind tagaktive, kleine
Säugetiere, die in monogamen Paaren in der dichten Vegetation der tropischen Regenwälder
Südostasiens leben. Aufgrund ihrer phylogenetisch engen Beziehung zu Primaten und ihrer
hohen vokalen Aktivität stellen Spitzhörnchen ausgezeichnete Modellsysteme für die
vergleichende akustische Kommunikationsforschung dar.
Das erste Ziel der Arbeit bestand in der Klärung der Frage, inwieweit Artspezifität,
eine verhältnismäßig unspezifische Information, in Kommunikationslauten von Spitzhörnchen
kodiert ist. Mittels der nichtinvasiven Methode der vergleichenden Bioakustik habe ich
untersucht, ob drei kryptische Arten (Tupaia glis, T. belangeri, T. chinensis) der tagaktiven
Gattung Tupaia anhand ihres auffälligen Loud Calls, dem so genannten Chatter-Laut, erkannt
werden können. Deutliche Unterschiede in Frequenz- und Zeitparametern erlaubten eine
73%ige Zuordnung der Chatter-Laute zur entsprechenden Art. Die bioakustisch ermittelten
Unterschiede stehen im Einklang mit geringen morphologischen Divergenzen und
untermauern Daten zur Zytogenie und Immunodiffusion. Die Studie zeigt, dass Loud Calls
ein verlässliches nichtinvasives Werkzeug zur Erkennung und Diskriminierung kryptischer
Arten dieser tagaktiven Säugetiergruppe darstellen.
Das zweite Ziel der Arbeit war die Untersuchung der Übermittlung von relativ
präzisen Informationen in Kommunikationslauten von Spitzhörnchen (Tupaia belangeri). Um
der Frage nachzugehen, inwieweit der Erregungszustand des Senders sowie indexikale
Merkmale, wie Individualität und Geschlecht akustisch übermittelt werden, habe ich die
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intraspezifischen akustischen Variationen in zwei Kommunikationslauten von Spitzhörnchen
untersucht. Sowohl die in Konfliktsituationen geäußerten Squeak-Laute, als auch die im
Kontext von Störungen abgegebenen Chatter-Laute wurden im Rahmen eines standardisierten
Verhaltenskontexts experimentell induziert. Die Squeak-Laute von Weibchen wurden mittels
eines sozialen Begegnungs-Paradigmas provoziert. Dabei wurden paarungsunwillige
Weibchen aus monogamen Paarbeziehungen mit ihnen unbekannten, sexuell interessierten
Männchen konfrontiert. Weibchen signalisieren ihre Paarungsunwilligkeit gegenüber
unbekannten Männchen durch so genanntes Drohstarren, das von akustisch variablen SqueakLauten begleitet wird. Der Erregungszustand der Weibchen wurde durch die Distanz
zwischen den Interaktionspartnern, sowie durch das Verhalten des Männchens gegenüber dem
Weibchen bestimmt. Die Chatter-Laute wurden mittels eines Störungs-Paradigmas induziert.
Im Zuge dessen wurden die Versuchstiere aus ihren Heimatkäfigen entnommen und für einen
bestimmten Zeitraum in eine neue Umgebung gebracht. Spitzhörnchen äußern Chatter-Laute
bei der Konfrontation mit neuen Umweltreizen. Der Erregungszustand wurde durch die
Gewöhnung der Versuchstiere an die neue Umgebung, sowie durch die Bewertung von
stressanzeigenden Verhaltensweisen bei Spitzhörnchen (Schwanzhaltung und -sträubung)
bestimmt. Eine Einzelbild-Videoanalyse des vokalisationsbegleitenden Verhaltens in
Kombination mit einer multiparametrischen Lautanalyse zeigte, dass die akustische Struktur
beider Kommunikationslaute mit dem Erregungszustand und der Identität des Senders
vorhersehbar variierte, wobei es weder einen Einfluss von Alter noch Körpergewicht auf die
individualspezifischen akustischen Merkmale gab. Des Weiteren konnten die von Männchen
und Weibchen geäußerten Chatter-Laute nicht aufgrund des Geschlechts des Senders
unterschieden werden. In beiden Lauttypen waren hohe Erregungszustände mit einem
generellen Frequenzanstieg und einer höheren Silben-Wiederholungsrate verbunden.
Akustische Merkmale, die der Übermittlung der Senderidentität dienten, bezogen sich auf die
Grundfrequenz, die spektrale Energieverteilung sowie auf zeitliche Lauteigenschaften.
Zusammenfassend zeigt meine Arbeit, dass Spitzhörnchen sowohl verhältnismäßig
unspezifische, als auch relativ präzise Informationen in ihren Kommunikationslauten
übermitteln. Artspezifität, sowie die Individualität und der Erregungszustand eines Senders
werden verlässlich durch spektrale und zeitliche Variationen in Kommunikationslauten von
Spitzhörnchen kodiert. Die Diskussion erläutert die dem vokalen Verhalten zugrunde
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liegenden proximaten und ultimaten Faktoren. Ein Vergleich verschiedener Säugetierarten
zeigt Übereinstimmungen in akustischen Merkmalen, die der Übermittlung der Individualität
und des Erregungszustands dienen. Diese beruhen aller Voraussicht nach auf ähnlichen,
restriktiven Mechanismen in der vokalen Produktion von luftübertragenden Vokalisationen.
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