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The advertisement song of Pipistrellus nathusii (Chiroptera, Vespertilionidae):
a complex message containing acoustic signatures of individuals
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Males of Nathusius’ pipistrelle (Pipistrellus nathusii) are well known for their complex acoustic advertisement behaviour performed
either as songflight (SF) or sedentary display (SD). We analysed phonologic, syntactic and semantic characteristics of these calls
based on 2,924 acoustic records obtained from individual males repeatedly occupying 33 roosts in southern Bohemia from 1999 to
2006. Both SF and SD calls are composed of three main phonologically contrasting motifs (A, B, C) and under specific contexts
often supplemented with two accessory motifs (D, E). Besides the major syntagmatic string ABC we recorded further 15 syntagms
containing the main motif 4 and 10 syntagms without this motif. At the peak of the mating season and with the SD, the complexity
of the vocalisation increases (increased variation in syntagmatic structure and syllabic composition of particular motifs, as well as
in length of syntagmatic strings). The motif A corresponds to advertisement calls of congeneric species and is related to agonistic
vocalisation, and B, C, D are specific for P. nathusii. B and C exhibit the largest between-individual but low within-individual
variation, and their combination provides an acoustic signature of an individual and uniquely identified each particular male. Motif
D corresponds to calls of mother-young communication and shows the largest syllabic variation. Motif E is a series of steep FM
signals evocative of the act of landing. The message of a complete advertisement call (ABCED) could be thus: ‘(A): Pay attention,
here is a P. nathusii, (B, C): I am male X, (E): land here, (D): we share a common social identity and common communication pool’.
The individual characteristics of the performance of B, C, and D motifs were found to be invariant both within a season and over

a series of successive years.
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INTRODUCTION

Since the time of Griffin’s (1958) “Listening in
the dark” bats have been among the most popular
subjects of bioacoustic studies. A vast majority of
these studies have been engaged with various as-
pects of echolocation calls, while less attention has
been paid to social calls and acoustic communica-
tion in general. Also echolocation calls have been
proved to provide relevant social information (on in-
dividual identity, age and colony membership or in-
formation about food and roost resources), at least
in specific contexts and in some species (Master et
al., 1995; Pearl and, Fenton, 1996; Wilkinson and
Boughman, 1998; Kazial and Masters, 2004).
Nevertheless, the social aspects of bat calls have
largely been ignored in echolocation studies. Social
calls are more complex in their acoustic structure,
they are highly variable and considerably influenced
by contextual specificities, and for these reasons

the study of social calls has to include detailed infor-
mation on behavioural context and semantic refer-
ences, which are obviously hard to complete. Fenton
(1985), who first reviewed this topic in general,
stressed the essential role of acoustic communica-
tion in the social life of bats, which recent studies
have largely supported (Jones, 1997; Altringham
and Fenton, 2003; Davidson and Wilkinson, 2004).
In every bat species where acoustic communication
has been studied in detail, a rich repertoire of social
calls has been found, of which at least some appar-
ently serve in inter-individual recognition. Never-
theless, distinguishing the species-specific and indi-
vidual-specific components of an acoustic repertoire
is difficult, particularly under natural conditions
when only incomplete information on behavioural
context is available, and thus most experiments have
been carried out in laboratories or under semi-natu-
ral conditions. Consequently, sufficiently compre-
hensive information is available for only those calls
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that can be studied under such conditions, primarily
mother-young communication in colonial bat spe-
cies, such as the simple curved calls mediating
the mother-pup recognition, e.g., in Carollia perspi-
cillata (Porter, 1979), Phyllostomus discolor (Esser
and Schmidt, 1989), Molossus molossus (Haussler et
al., 1981), Tadarida brasiliensis (Balcombe, 1990;
Balcombe and McCracken, 1992), Plecotus auritus
(de Fanis and Jones, 1995), Pipistrellus pygmaeus
(de Fanis and Jones, 1996) and Phyllostomus hasta-
tus (Bohn et al., 2007).

Social calls can be classified into four major cate-
gories: (a) agonistic or aggressive calls (noisy broad-
band frequency calls), (b) distress calls (trill-like
calls), (c) isolation and directive calls (tonal calls)
and (d) advertisement or mating calls (song-like
calls) (Pfalzer and Kusch, 2003). The calls in the last
category are especially linked to complex social
communication. Unfortunately, such calls are typi-
cally associated with very complicated and spatially
divergent behaviour, such as display flights, chasing
of intruders or mates, false landing, etc., and can not
casily be investigated under laboratory conditions or
in controlled experimental settings. Hence, a mean-
ingful study of them must be performed under natu-
ral conditions, with a particular attention to any be-
havioural components accompanying the vocalisa-
tion, and avoiding disturbing effects, e.g. human in-
trusions. No wonder that detailed information on as-
pects of advertising vocal behaviour, its individual
variation, and its interface with aspects of life histo-
ry, have been until recently rather exceptional.
Perhaps, the most complete information on subject
is available for the Neotropic greater white-lined
bat, Saccopteryx bilineata. In addition to a compre-
hensive survey of the bat’s acoustic repertoire and
its individual variation, the study provides an im-
pressive illustration of how the social vocalisation is
imbedded in other mechanisms of social integration
(Behr and von Helversen, 2004; Davidson and
Wilkinson, 2004), including the direct effects of vo-
calisation activity pattern and the acoustic structure
of advertisement calls upon the reproductive success
of the advertising male (Behr ef al., 2006).

In the temperate bats, whose social system is
characterized by sexual segregation and spatial iso-
lation of the sexes for most of the active season, a di-
rect role of acoustic cues in social integration is ap-
parently less pronounced and the advertisement
acoustic display is limited to the mating period.
Among the European bats, the acoustic advertise-
ment performed by males during the mating period
is particularly noticeable in Vespertilio murinus and

the members of genera Nyctalus and Pipistrellus.
These bats are all fast aerial hawkers with conspicu-
ous seasonal rearrangement in spatial organization
of their population (often accompanied by long-dis-
tance migrations). They also tend to be r-strategists
(regularly producing twins), with a polygynous mat-
ing system and active defense of territories by males
during the mating season (compare Krapp, 2004 for
details.

Increased attention has been devoted to acoustic
behaviour in the genus Pipistrellus, particularly
after separation of two cryptic species, P. pipistrel-
lus and P. pygmaeaus, based on the differences in
terminal frequency of echolocation pulses (Jones
and van Parijs, 1993). The differences in advertising
calls provided one of the most robust arguments for
their distinct species statut (Jones, 1997). Despite
differences, the advertisement calls in both cryptic
species show a similar structure dominated by a se-
ries of loud, short FM pulses. These calls attract fe-
males and repel rival males, and outside mating sea-
son they appear in contexts of agonistic interactions
at foraging sites (Barlow and Jones, 1997a, 1997b).
The social calls of Pipistrelus kuhlii are of the same
structure but at a lower frequency (Russo and Jones,
1999; Szkudlarek and Paszkiewicz, 2000; Jahel-
kova, 2003). In contrast, the genus Nyctalus, the in-
ner clade-group of the genus Pipistrellus (Mayer
and von Helversen, 2001; Hoofer and Van Den Bus-
sche, 2003), exhibits broad variation in their adver-
tising vocalisation: in Nyctalus leisleri only simple-
curved low-frequency calls have been reported (von
Helversen and von Helversen, 1994), whereas in
N. noctula the social vocalisation is extremely var-
ied and in male advertising vocalisations at least
four distinct types of complex calls can be distin-
guished (Weid, 1994; Gebhard and Bogdanowicz,
2004), though some of them are produced also by
females and/or are not restricted to the mating sea-
son (Kozhurina, 1996).

Seasonal male advertising vocalisation is a parti-
cularly conspicuous phenomenon in P nathusii.
Moreover, in that species the calls are of a quite re-
gular structure and, at the same time, are more com-
plex than those of the congeneric species. The ad-
vertisement calls are usually composed of three mo-
tifs: the first ‘main motif” shows a structure similar
to congeneric species, the second is formed by
one steep FM note, and the third is a ‘trill’ of sever-
al “V-shaped’ syllables (Lundberg, 1989). A fourth
motif formed by several simple-curved syllables
can follow (Jahelkova et al., 2000; Jahelkové, 2003;
Russ and Racey, 2007).
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The third component (‘trill’) is the most charac-
teristic feature of an advertisement song of P. na-
thusii. The literature on the phonetic structure of this
component suggest extreme variation: the lowest
frequency values estimated from spectrograms by
different authors were, for example, 22 kHz (Pfalzer
and Kusch, 2003), 25 or 30 kHz (Lundberg, 1989),
30 kHz (Russ et al., 1998), 35 kHz (Furmankiewicz,
2003), 35 kHz (Skiba, 2003), 40 kHz (Barlow and
Jones, 1996), 47 kHz (Szkudlarek and Paszkiewicz,
2000) and 27-53 kHz (Russ and Racey, 2007). It is
not clear whether these differences reflect differ-
ences between particular local populations, or
whether broad variation is an inherent quality of
each individual. Despite the recent analyses by Russ
and Racey (2007), it is also not known to what de-
gree the other components of a call promote individ-
ual specificity, what are the patterns of their within-
and between-individual variation, and what factors
influence syntactic the composition of these calls
(e.g., repetitions or loss of particular components
and other aspect of call structure).

The advertisement vocal activity can be recorded
well before the beginning of mating season (Barlow
and Jones, 1996; Russ et al., 1998; Furmankiewicz,
2003) but whether the phonologic or syntactic struc-
ture of the calls change during the season is not
known. Similarly, there are no data on whether indi-
vidual characteristics (such as those reported by
Russ and Racey, 2007) are retained over a period of
more than one season.

The present paper, which is based on the results
of a long-term field study on the reproductive biolo-
gy of the species, tries to answer these questions. We
report here data concerning (a) the phonologic de-
sign and syntactic structure of the advertisement
calls of P. nathusii, (b) the seasonal variation in call
characteristics, (c) the patterns of between- and
within-individual variation in particular characteris-
tics (both phonologic and syntactic) and the factors
influencing them, (d) the phonologic parameters
enabling individual recognition, and (e) semantic
structure of the call.

MATERIALS AND METHODS

The study is based on field investigations conducted from
1999 to 2006 in the Ttebonisko lowland basin of southern
Bohemia. The study area covers 5 km? (Fig. 1) and is situated
in the vicinity of the town of Veseli nad Luznici (49°03°N,
14°50’E, altitude 420 m) in a variegated landscape densely
patched with forests (oak, pine, birch, willow), fields, meadows,
and fish ponds. Two maternity colonies of P. nathusii were
found in this area, including 33 roosts occupied during the
course of the study by at least 40 males. We tried to minimize

disturbance of animals, limiting our handling of males to captur-
ing them once or twice per season, either mist netting them in
vicinity of their roost or by capturing them within roosts (nest
boxes, tree hollows, and fissures in man-made structures). In
most instances visits to roosts were limited to visual checks
without disturbing bats. In total 16 males were banded, while
others were marked within a season by individual-specific stain-
ing of the pelage (which lasted through the season). Starting in
2002, all handled males were sampled for DNA by wing punc-
tures (the results will be published elsewhere). Despite short-
distance roost switching (3—30 m) each resident male occupied
one territory per year. Therefore, for the purpose of this paper
we distinguished the individual males by numbers (1 to 33) de-
noting their territories, which were centered on with the site of
their regular sedentary display. The different males occupying
the same roosts on different occasions or those roosting in the
immediate vicinity of a territory (i.e., within a distance less than
15 m) are distinguished by letters supplementing the roost num-
ber (a, b, ¢).

Advertisement calls were recorded at the sites of sedentary
displays during regular walks around a 6-km circular transect
(Fig. 1) and during whole-night observations on three succes-
sive nights that were focused only on certain males (see Table 1
and below). These observations were performed (with few
omissions) twice a month from May till September each year
from 2000 to 2006. In total, 90 nights were spent observing
male vocalisation behaviour.

In total, 2,924 advertisement calls (1,879 sedentary displays
and 1,045 songflights) were analysed to reveal the seasonal
course of vocalisation activity. This sample was contributed by
21 males in the study area and recordings obtained in 2001 from
a single male in Lanzhot, Southern Moravia (48°43°N, 16°58’E,
code lan — Table 1). All other analyses are based on 799 calls
for which male individual identity was established with certain-
ty by repeated recaptures and, for three bats (4, 12b, and 12¢) ra-
dio-tracking. For five bats (4, 6a, 12a, 12b, and 17a) continual
whole-night monitoring of vocalisation activity was repeatedly
performed, which provided 557 calls allowing a detailed analy-
sis of individual acoustic repertoires and their variation. During
behavioural observations of maternity colonies, female and ju-
venile social calls were also recorded and analysed (1,321 calls).

The acoustic analysis was performed on the output of D240
and D240x bat detectors recorded by a digital DAT recorder
(Sony TCD-D8, Sony MZ-RH10) and then transferred to a com-
puter and examined with aid of Batsound 1.2 and Avisoft-
SasLabPro 4.23 software. (The settings used in both programs
were similar: sampling frequency 22050 Hz, Hamming window,
FFT size 256, and FFT overlap 87.5%, what gives a frequency
resolution 1,120 Hz and time resolution 0.15 ms). Incomplete
records and those with poor resolution were excluded from the
analysis, and the remaining ones were examined as to their com-
position, temporal structure, and the frequency characteristics of
each particular component. The starting and ending frequencies
were measured at 40 dB below the frequency with maximum
energy (fmaxe). Additional frequency characteristics were
measured at the centre of the spectrogram. Figure 2 shows ab-
breviations and terms denoting call motifs and illustrates
acoustic parameters. The essential structural components of
an advertisement call were called ‘motifs’ and are denoted with
capital letters A, B, C, D, and E with submotifs denoted by nu-
merals. Motifs are composed of a series of similar pulses called
‘notes’, which are here denoted with lower-case letters and nu-
merals (a-1..a0..ax, cl..cx — Appendix).



106 H. Jahelkova, I. Horacek, and T. Bartoni¢ka

Sinkdch
@ Sl 41501

“Zahradky

)_ /mzsméd. /
Ponédrazka

“ i ,/w 2 \ ’ -~ ;‘ A ¢ 4 / \x g 4
VAN S A R ) S NS SO IZ
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advertising males (dots with numbers). The numbers correspond to the codes of respective males as used in the present paper
(see Appendix)
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FI1G. 2. Sound spectrogram of a typical complete advertisement call of P. nathusii, showing abreviations and terms denoting major

components of the call and illustrating the measurement of acoustic parameters (see Appendix for an explanation of terms and

abbreviations). The box at the bottom right shows the power spectrum of a middle note of motif D, illustrating the measurement of
frequency variables

The statistical analysis included computation of basic statis-
tics for each individual male and examination of variation with-
in and between individuals. Both in exploratory and confirma-
tory analyses, non-parametric statistics were applied (Spearman
correlation coefficient », Mann-Whitney U statistics, Kruskal-
Wallis test). ANOVA with ‘individual’ as the factor was con-
ducted to identify individually specific variation. Covariance
and Pearson correlation (1-7) matrices were computed to ana-
lyse mutual relations among states of particular variables, the
results being visualized by ordination techniques (UPGMA
clustering and PCA). For each acoustic variable, the extent of
within-individual variation relative between-individual varia-
tion was expressed using the W/B index, computed as a ratio of
the mean span of within-individual variation (min—max) relative
to the span of minimum and maximum mean values for all indi-
viduals under study. Significance of the differences in particular
variables between SF and SD was tested using a Chi-square
paired comparison test. The analyses were carried out using
Microsoft Excel and Statistica 6.0 software.

Semantic analysis. Although there is perhaps no doubt about
the general meaning of the advertising behaviour discussed in
the present paper, the role and semantic meaning of individual

components of the display are apparently unknown. In this
study we applied a technique used in the semantic analysis of
languages — amplification of a component using data on its ap-
pearance in comprehended contexts (de Saussure, 1986).

RESULTS
1. Seasonal Dynamics in Advertising Calls

The number of males performing active acoustic
advertising changed extensively during the season
and in a similar way on every year of the study
(Fig. 3). The peak in advertising activity was always
found during August. Nevertheless, advertising calls
were recorded throughout the season with the earli-
est incidence on April 18, 2004 and the latest record
on September 20, 2005. The maximum number of
advertising males recorded on a single transect was
30 on August 14, 2001.
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TABLE 1. List of advertising males under study (1a—30), their incidence in the study area during 2001-2006 (supplemented with
1 male from South Moravia: lan), and total number of the analysed records. The detailed phonologic analyses were undertaken only
with records in which both the male identity was confirmed for sure and which technical quality was acceptable in all respects
(n =1799). Structural and syntactic analyses operated with all the complete set of call records (n = 2,924)

Year Analysis (n calls)
Male code ; -
2001 2002 2003 2004 2005 2006 Syntagmatic Phonologic

la + + — — — - 31 10
1 - - - + + + 64 5
2 + - + - - - 19 16
4 + + + + + + 248 80
6a + + + + + + 151 49
6b + - - — - - 103 6
10 + + + + + - 23 10
12a + + + + + + 225 225
12b + + + + + + 111 78
12¢ - - + + + + 91 21
12 - - - - + + 39 10
14b + - - — - - 20 11
17a + + + — — 268 125
17b + + + + — - 83 23
17 - - - + + + 155 21
20a + + - - - - 43 28
20b + - - - — - 15 8
21 - - — — — + 20 7
22a - - - — + - 26 13
22b - - — + + - 55 10
30 - - - + + + 14 12
lan + - - - - - 31 31
Others 1,089 -

Total 2,924 799

2. Phonologic Structure of a Call

Below, we provide the data on (a) the general
characteristics of acoustic design, (b) variation of
particular call components (based on 799 calls of 22
males), and (¢) within-individual variation. The lat-
ter aspect is here exemplified by the record obtained
during 2001 from males 12a and 17a, which was not
only particularly large (126 calls for 12a, and 111 for
17a) but also proportional in respect to parts of the
season and situations, which was not the case for
recordings of other males.

2.1. Motif 4

(a) Typically, motif A consists of a two subseries:
(A1) a cluster of multiharmonic FM notes followed
by (A2) a sequence of V-shaped notes in which fre-
quency steeply increases, all emitted at almost the
same repetition rate (Fig. 2). The bordering note be-
tween the two syllabic series A1 and A2, denoted as
a0, was characterized by fmaxe bellow 30 kHz (83%
of syllables a0 had fmaxe under 25 kHz). Three ma-
jor types of A1 syllables differing in shape were dis-
tinguished: L (with a quasi-constant part, £2 ms),
I (enf-fmaxe, £2 kHz) and V (enf-fmaxe, £2 kHz).

(b) The number of notes in A1, i.e., those preced-
ing a0, ranged from 2 to 15. A regular sedentary dis-
play usually contained 5 or 6 notes, but the number
of notes can increase in the presence of another in-
dividual. A1 notes preceding a-4 were not analysed
in detail due to their poor signal-to-noise ratio.
A2 notes, i.e., those following a0, transformed into
high frequency pulses with V-shaped structure.
These high-frequency pulses had a lower intensity,
probably due to atmospheric attenuation, and were
therefore not included in detailed analysis. Syllables
of A1 may contain a ‘hook’ at the beginning, and in
several instances this ‘hook’ was prolonged and at-
tached to a preceding note. In several instances we
observed a gradual transition from an echolocation
call to the A1 series: in these cases the first A notes
were of exceptionally high frequency and the whole
Al series was thus ‘U-shaped’. Introductory notes
of motif A dropped from high to low frequency
(33.2-37.5 to 13.9-22.3 kHz) over the course of 5 to
10 notes.

(c) The most pronounced between-individual dif-
ferences were in the number of Al notes (Alnnote)
and in the start (stf) and end frequency (enf) of a-1
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(Mann-Whitney U test: z, .. = 7-63, ¢ = 13.50,
Z o= 11.07, for all P <0.001).

Within-individual analysis of variation of males
12a and 17a showed that: 1) In both males, syllable
I prevailed throughout A1 with a gradual decrease
from a-4 to a-1 (62-96% in 12a and 4-32% in 17a),
and was replaced by the syllable L (4-37% in 12a,
and 4-64% in 17a). 2) Syllable V first appears in
a-2, prevails in the most variable syllable a-0 (51%),
and is the typical form of notes in A2 (note al:
100%). 3) Duration of particular notes within A
series increases up to a-1 and then declines. The me-
dian duration of a-4 to a-1 differ by 4.1 ms in male
12a, and 3.2 ms in 17b, respectively. 4) The frequen-
cy of maximum energy (fmaxe) remains relatively
constant within A1 (i.e. up to and including syllable
a-1) while it increases again in A2. 5) The last
note of A2 (with fmaxe around 104 kHz) often con-
tains a ‘steep FM tail’ followed by a silent interval
(Fig. 4). 6) Note a-1 showed low within-individual
variation both in duration and fmaxe while, at the
same time, both these parameters exhibited be-
tween-individual variation (Table 2). In contrast,
a-0, the last A note with fmaxe + 30 kHz, was the
most variable, above all in duration, fmaxe and
shape. 7) No essential differences in the structural
design of motif A were found between SD and SF
(x? tested at P < 0.05). The population sample of
these parameters (n = 22 males) show the same
trends (compare ANOVA’s F'in Table 3).

2.2. Motif B

(a) This motif was composed of a single multi-
harmonic broadband FM note which was usually
of a lower intensity compared to the notes of motifs
A and C, and from which it differed markedly in
its frequency characteristics and duration (Tables 3
and 4).

(b) Motif B typically separated motifs A and C. It
was often inserted also after a complete ABC se-
quence, and during sedentary display it could be re-
peated in a short series with inserted C or E motifs
(up to seven repetitions). During songflight it can
appear alone among echolocation calls.

(c) Compared to other phonologic variables, the
frequency characteristics of motif B exhibit ex-
tremely low values of W/B, i.e. their within-individ-
ual values vary within a narrow range while be-
tween-individual variation is broad (compare also
ANOVA’s F in Table 3 and Fig. 5). The frequency
variables benf and bfmaxe were positively correlat-
ed with fmaxe and enf of al-3 of (» = 0.46-0.51 for
benf, » = 0.31-0.67 for bfmaxe, for all P < 0.001).
Correlation with a4 and a0 was weak and insignifi-
cant, as was correlation with the frequency variables
of motif C (r =-0.22 to 0.01)

2.3. Motif C

(a) The motif C was typically composed of sylla-
bles of uniform ‘V-shape’, which sometimes changed
into an ‘L-shape’ pattern at the last or penultimate
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TABLE 2. Phonologic characteristics of motifs A, B and C in males 12a and 17a: number of notes in series A and C (Annote, Cnnote),
median, minimum-—maximum values of particular frequency (fmaxe, lof, stf, enf, in kHz) or temporal variables (ndur, ii, in ms) for
index notes al, B, and c3. Sample sizes (n total) are shown in italics

Motif A a-1 note
A nnote
ndur stf fmaxe enf ii
12a 17a 12a 17a 12a 17a 12a 17a 12a 17a 12a 17a
5 6 6.7 6.5 23.75 31.1 17.7 18 13.7 15.9 2.8 3
2-10 3-10 4.8-9.5 3.89.1 18.1-30 22-37.6 154-22.4 16.7-22.3 10.6-21.5 12.5-23.3 0-4.9 0-5.1
180 106 180 106 180 106 180 106 180 106 180 106
Motif B B note
a-b il ndur stf fmaxe enf b-c ii
12a 17a 12a 17a 12a 17a 12a 17a 12a 17a 12a 17a
58.2 50.1 43 4 52 39.1 24.9 20.5 17.3 11.2 20.6 18.2
158 103 77 95 77 95 77 95 77 95 158 95
Motif C C nnote c3 note
ndur stf lof enf il
12a 17a 12a 17a 12a 17a 12a 17a 12a 17a 12a 17a
5 6 4 4.1 32.6 48 26.6 37.15 26.75 48.5 1.9 1.9
3-6 4-8 2.6-52 3456 29.2-37.4 42.7-51.8 24.7-29.6 35.8-40.2 23.1-40 45-59.5 0.8-3.1 0-2.6
133 51 133 51 133 51 133 51 133 51 133 51

notes. As a rule, motif C was performed after motif B
and was separated from C by a silent interval.

(b) Number of notes within a C cluster ranged
from 3 to 11. In a regular sedentary display the mo-
tif consisted mostly of 5 or 6 notes and followed
a quite uniform design. The third note (c3) had the
highest relative intensity. The duration of C notes
continually increased to c3 and then decreased, ex-
cept for the last syllables with ‘steep FM tail’. The
increase of the lowest frequency of syllables (lof)
was pronounced within series. In complex calls, mo-
tif C can terminate with very high frequency sylla-
bles of a poor resolution similar to A2 series, or with
a ‘steep FM tail’ on the last syllable. Notes c2 and c3
exhibited the least within-individual variation
among c notes and their lof and enf were found to
vary within very narrow limits specific to the partic-
ular individual (compare extreme values of the W/B
index and ‘individual’ factored ANOVA’s F— Table
3 and Fig. 5).

The frequency characteristics (particularly lof
and enf) of individual notes c1 to ¢5 were all mutu-
ally closely correlated (» = 0.77-0.99 for lof,
r = 0.77-0.96 for enf, » = 0.57-0.96 for stf, for all
P < 0.001). There was also a good correlation
between lof and enf within motif C (» = 0.77-0.99,
P < 0.001) and highly significant correlations to
benf (r = -0.26 to -0.35, P < 0.001). Only faint and
mostly insignificant correlations were found be-
tween frequency variables and the duration of par-
ticular notes (r = -0.02-0.14), but significant corre-
lations were found between duration and the num-
ber of notes of the C series and also the Al series

(r = 0.55-0.77 for Cnnote, » = 0.52—0.79 for Cdur,
r=0.30-0.40 for Aldur, r = 0.42-0.60 for Alnnote,
for all P <0.001).

(c) Males 12a and 17a, for which the largest sam-
ples were available, differed markedly in all fre-
quency parameters and number of C notes (Mann-
Whitney U test, zq, . = 6.77, 24 = 10.50, z, , =
10.50, z,, = 10.50, for all P < 0.001), while no dif-
ferences were found in temporal parameters of par-
ticular notes. Both bats showed a tendency to short-
en the interval between notes toward the end of the
series, starting from c4-c5 in male 12a, and from
c3-c4 in male 17a. The two males differed also in
the sequence of lowest frequencies within a single C
string, though this depended on the number of notes:
the number of notes and the dif-ference in lof
between successive notes within a C series were
all negatively correlated at very high statistical sig-
nificance level (12a: lofc2-c1, r = -0.39; lofc3-c2,
r = -0.43; lofc4-c3, r = -0.63; lofc5-c4, r = -0.64,
for all P < 0.001; 17a: lofc3-c2, » = -0.56; lofc4-c3,
r=-0.78; lofc5-c4, r = -0.81; lofc6-¢c5, r = -0.69, for
all P <0.001 — Fig. 4).

2.4. Motif D

(a) Motif D was a series of long FM/qCF multi-
harmonic notes, mutually separated by long silence
intervals that varied greatly both in duration and
frequency design. Motif D was an inconstant but
regular component of advertisement calls. It ap-
peared in 66% of records from late summer period,
but in only 21% of those recorded in early the peri-
od (May to July). D motif was further characterized
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TABLE 4. Overall temporal (dur, ii, Aii, all in ms) and structural (nnote) characteristics of advertisements calls in total sample
(n = 799, 22 males). A-A is an interval between first notes of two consecutive calls within a continous display. Median,

minimum—maximum, and indvidual F values are shown

ABC Al B C a0-B B-C A-A
dur nnote dur dur nnote dur il ii Aii
163.7 6 50 3.92 6 34.54 55.22 19.95 625.3
55.4-220.2 2-12  16.8-88.6 1.96-5.1 3-10 17.5-93.3 38.02-67.8 15.2-31.9  264.4-2519.6
- 16.80 25.93 - 42.63 55.84 17.26 15.69 -

by particularly large syllabic variation. The most
contrasting and common syllables were classified
into the categories L, N, I, U, V, W, M, IC (see
Fig. 6). In syllables that contained a qCF part (L, N,
U, IC), we rather measured the middle frequency of
the qCF part (mif) instead of fmaxe, which was also
found in the ‘hook’ or ‘tail’ of these syllables.

(b) Particular syllables could occur separately or
in clusters of 2 to 9 notes. Furthermore, motif D
appeared as a single cluster (D1 in 54.76% of
recordings) or as a series of distinct clusters separat-
ed by silent intervals longer than treble the average
interval between notes of the previous cluster, i.e.
two (26.04%), three (10.71%), four (4.91%), five
(1.79%), six (0.74%), seven (0.60%), eight (0.30%)
or even nine clusters (0.15%). When the D motif
was performed as a series of a single note, the re-
spective interval was at least three times longer than
the note duration. Further details of the first three
clusters, which represent 91.51% of the total sample
of D notes, are shown in Table 5. We found no rule

for the distribution of particular syllables within
a cluster, except that syllable I predominantly ap-
peared as a terminal note, and syllable W almost
never appeared at the beginning of a cluster.

(c) Motif D clearly represented the most variable
component of calls, both between and within indi-
viduals. Variability appeared in the syllabic combi-
nations, in structural rearrangements of particular
syllables within a call, and in the syntactic composi-
tion of particular clusters. Although the major syl-
lables appeared in the repertoire of almost all males
under study, we found clear between-individual
differences in preferences for particular syllables,
as well as in the appearance of rare syllables or of
major syllables of distinctive frequency design
(Table 6).

2.5. Motif E

(a) Motif E was a series of weak steep FM puls-
es quite uniform in their repetition rate and syllabic
structure. It appeared with moderate frequency in

motif A motif BC
100 10_’“3;\' 12a
\

5 50] \\ g | | -
§ W A | I A
;;:)100- » : 17a

. ‘\ k v | \‘ \ \\\ } e IWJ! \ M/w i

W AW \ \ \

FIG. 4. Variation in motifs A and syntagma BC in males 12a (upper row) and 17a (lower row). Note differences in the end frequency
of motif B, and the lowest frequency of motif C and within-individual variation in number of notes
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complex calls within intervals between main motifs
of ABC calls or as continuing motif after C (denot-
ed as cE) or B (bE). In motif B pulses of motif E
were often found as a series of distinct clusters
separating syllables of motif B (blE, b2E etc.).
All notes composing the E motif were almost
identical and represent a single specific syllable: an
FM sweep of short duration (0.58-3.60 ms) starting
at roughly 70 kHz and dropping down to 20 kHz
(Fig. 2). The frequency of maximal energy ranged

113

from 26.6 to 62.45 kHz with median 44.69 + 7.32
kHz.

(b) Motif E appeared almost exclusively in
sedentary displays. Quite typically it was associated
with multiple repetitions of motif B, where it sepa-
rated particular B clusters, and it was also found
between motifs C-B, B-D, C-D, and less often be-
tween D-D clusters. The maximum number of clus-
ter repetitions of motif E was 6. A single E cluster
appeared in 65.5% of all cases, the most common

17b
20a

14b

N
(@)

Lowest frequency of c3 (kHz)

30 4

20b

22a

12a
1a

End frequency of motif B (kHz)

FI1G. 5. Scatter plot of the lowest frequency of ¢3 (lof c3) versus end frequency of motif B (Benf). Note the limited extent of
variation in individual males, and clear differences among them in the respecive variables
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L N

\ | \\/
L e

FIG. 6. Sonograms of the major syllables of the motif D. Besides differences in shape, the syllables are defined by the relation
between middle frequency of the quasi-constant frequency region (mif) and end frequency (enf)

being b2E: 23.7%, b3E: 7.2%, b4E: 2.6, b5E: 0.6%,
b6E: 0.3%.

(c) In contrast to its syllabic uniformity, the num-
ber of notes composing a single E cluster varied
greatly, from 1 to 18, but most often consisted of
4 to 7 notes (Ennote: median = 5 + 3.23, variance =
10.43 — Table 7). In four males we recorded, in
addition to typical E notes, a series of ‘single ele-
ment distress calls’ after motifs B or C that had sig-
nificantly longer duration and lower frequency than
E notes (n = 58, median: ndur 2.68 £ 0.46, 11 6.17 +
0.87, fmaxe 27.5 + 2.47).

3. Syntax of Calls

As a rule, advertisement calls are emitted in
a continuous series at nearly constant repetition rate

(1.2 per second on average). Nevertheless, more
than a quarter of all calls differed considerably
from this average, and within-individual variation
was comparatively large, particularly due to mul-
tiple repetitions of certain motifs that often ac-
companied sedentary display vocalisations, or under
a changed behavioural context (e.g., presence of
other individuals).

Individual motifs did not appear randomly with-
in a call but formed clearly marked syntagmatic
strings. The central component of the string was the
sequence ABC, which was retained in almost all the
calls despite the temporal and contextual variation
produced by the appearance of the satellite syntag-
matic sequences (Fig. 7).

The ABC syntagma was a core structure of
94.8% of all calls (97.1% in sedentary display,

TABLE 5. A comparison of phonologic characteristics of the advertisement calls that included D motif in males 4, 6a, 12a, 12b and
17a: median frequencies of B note (Benf), ¢3 note (lof ¢3), and the first cluster of motif D (D1 fmaxe, mif) (all in kHz), and number
of notes (median and range) in successive D clusters (D1-D3 nnotes)

Parameter 4 6a 12a 12b 17a
B enf 21.83 14.80 17.33 12.65 11.35
lof ¢3 33.73 37.79 26.17 27.22 36.69
D1: fmaxe, mif 32.80 25.40 21.85 31.30 28.50
D1 nnote 3 2 5 4 4
1-6 1-6 1-9 2-7 1-7
D2 nnote 3 4 6 4 4
2-4 1-6 1-9 3-6 1-5
D3 nnote 3 3 4 3 3
1-4 3-5 2-7 1-5 1-5
n total (clusters of D) 80 49 86 78 77
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Songflight Sedentary
=10 g7 display g6
n=37
0.98 0.96
Songflight Sedentary
n=223 display
n=607
0.004

FIG. 7. Transition probabilities of the motifs of advertisement calls during songflight and sedentary display in July (upper) and August
(lower). The numbers refer to frequencies of incidence of particular node in the total sample (n gives the number of samples analysed)

91.1% in songflight). It formed the complete call in
38.6% of the analysed records and represented
a core element of ABCD calls (a further 47.5% of all
calls — see Table 8). Calls composed exclusively of
the syntagma ABC prevailed at the beginning of sea-
son (May—July) and were performed mostly during
songflight, whereas ABCD-calls prevailed at the
peak of the mating season (August—September) and
also during regular sedentary display. Less frequent-
ly strings of single motifs A, B, C or D were emitted
separately or in simple syntagmatic composites (AB
or BC). Fragmentary calls composed of one or two
motifs appeared predominantly in songflight display
and at the beginning of the season, while the more
complex calls (four motifs with repetitions) were al-
most exclusively produced during sedentary display
and at the peak of the mating season (Tables 8§, 9,
and 10). The syntax of the more complex calls, i.e.
those with multiple repetitions of motif B or BC,
and/or with long D-sequences, was further compli-
cated by the insertion of E motifs (steep FM pulses)
in between main motifs: BEB, BED, CEB, CED.
19.2% of advertisement calls included E notes,
though the number of notes in a cluster and/or rate
of appearance of motif E in songs varied among par-
ticular males.

The duration of the song increased considerably
with multiple repetitions of the basic motifs B and C

and with the insertion of motifs D and E and repeti-
tive sequences of them. As demonstrated by results
of both the correlation analysis and PCA (Fig. 8),
particularly compact integration is apparent within
motif C, while the relations among A notes are obvi-
ously weaker and a0 seems to be unrelated to other
elements in motifs A, B or C. Worth mentioning is
that in respect to their variation dynamics (visual-
ized in the factor space of PCA), motifs C and B rep-
resent orthogonal, i.e. completely independent,
structures. Except for relations between benf
and cstf (» = 0.29-0.05, P < 0.05), the correlations
between benf and other frequency variables are
markedly weak and not significant (» = -0.22 to
0.13, P > 0.1). Also worth noting is that bndur,
a parameter otherwise unrelated to any other vari-
able (r =-0.14 to 0.22, P > 0.1) exhibits highly sig-
nificant negative correlations with clof (» = -0.64
to -0.77, P < 0.001) and cenf (» = -0.30 to -0.55,
P <0.001).

4. Within- versus Between-individual Variation,
Non-overlapping Acoustic Characteristics, and
Possibility of Individual Recognition

Almost all variables studied, both phonologic
and syntactic, show considerable variation, with
between-individual variation exceeded within-
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TABLE 6. Phonologic characteristic of advertisements calls of males 4, 6a, 12a, 12b, 17b in successive seasons 2001 to 2005: median
frequencies of B note (Benf), c¢3 note (lof c3), and the first cluster of motif D (D1fmaxe, mif; all in kHz), median number of notes
in successive three clusters (D1-D3 nnote), and percentages of particular syllables in motif D. The results of two-way ANOVA for
year and individual (ind) as factors are also presented; the variables with highly significant effects (P < 0.01) in bold

4a 6a 12a 12b
Parameter

2001 2003 2004 2005 2001 2002 2003 2005 2001 2003 2004 2001 2003 2004
n calls 42 20 13 5 34 10 2 3 41 30 15 43 20 15
B enf 20.67 22.55 22.10 22.00 14.64 1530 14.35 1490 1740 17.50 17.10 13.14 12.40 12.40
lof ¢3 3450 3395 33.10 33.40 37.70 39.60 38.70 39.00 26.60 26.40 25.50 27.56 27.60 26.50
nnote D1 3 3 3 3 2 2 1 1 5 5 5 4 4 4
nnote D2 3 3 2 3 4 3 0 0 5 6 5 4 4 3.5
nnote D3 3 2 3 0 4 3 0 0 4 4.5 7 5 3 3
mif, fmaxe D1 32.20 33.59 32.80 34.00 24.80 27.50 2543 30.70 2150 22.50 21.00 30.40 31.70 33.00

Syllabic frequencies

Motif D: L% 21.19 7.69 1579 6.67 9.86 625 0 0 3276 38.64 39.06 11.17 12.16 11.32
N% 4576 69.23 5526 73.33 5.63 1875 0 0 402 682 0 59.78 5541 39.62
1% 2034 1692 13.16 1333 26.76 12.50 33.33 25 12.64 530 10.94 6.15 4.05 1132
U% 0 3.08 526 667 1127 0 0 0 21.84 35.61 34.38 6.15 1622 13.21
V% 508 154 526 0 141 625 0 0 13.22  7.58 9.38 7.82 135 3.77
W% 7.63 154 526 0 141 0 0 0 1.15 152 0 7.26 10.81 20.75
1C% 0 0 0 0 282 0 0 0 1437 455 6.25 1.68 0 0
M% 0 0 0 0 40.85 56.25 66.67 75 0 0 0 0 0 0
n Dnotes 118 65 38 14 71 16 3 4 174 132 64 179 74 53

individual variation. Frequency variables showed
this pattern more prominently than temporal vari-
ables (e.g., ndur and ii vs. lof, enf] or stf). One-way
ANOVA showed significant individual variation in
nearly all frequency and temporal variables, except
a0stf (F = 2.15, P = 0.03) and aldur (F = 2.70,
P = 0.02). Individual differences were particular
strong for the frequency components of c2, ¢3, and
B, especially lof of ¢2 and ¢3 and B enf, lof, which
also had the smallest W/B index (within-relative to
between-individual variation). The variable fmaxe
showed much higher variation, apparently because
fmaxe often occurred in ‘hook’ or ‘tail’ part of
a pulse in A and C notes. In contrast, the over-
all variation in all these characteristics in the total
sample was considerably higher. High variation
was also found in many temporal characteristics:
duration (or number of notes) of both A and C
motifs, intervals between individual calls, the occur-
rence of particular D syllables, and the number of
notes within D and E motifs. In these variables,
discrepancies between within- and between-indi-
vidual variations were much less pronounced than
in the above mentioned frequency variables, of
course.

Based on individual differences in c2 and ¢3 fre-
quency variables and their orthogonality to B vari-
ables, we developed a procedure for acoustic recog-
nition of individual males and applied it for field
identification of particular males. The identity of in-
dividuals provided by the procedure was tested by

recapture of marked males and by radiotracking of
three males. In all instances reliable individual
recognition was confirmed. The procedure included
the following steps: (i) identification of ¢2 and c3lof
for the male in question and comparison of these
values with a list of individual-specific ranges
recorded for particular males from previous investi-
gations. Discrimination between the males with sim-
ilar lof ¢3 was pursued with comparisons focused on
(i1) end frequency of B (B enf), and (iii) shape and
representation of particular D syllables. Individual
identity was further confirmed by examination of
the following characters: (iv) difference between
start or end frequency of c¢3 and its lowest frequen-
cy (stf-lof, enf-lof); (v) end frequency of a-1(enf
a-1); (vi) differences of lof c1 to ¢x (‘shape of motif
C’) during regular sedentary display; (vii) mean
number of syllables during regular sedentary dis-
play; (viii) relationship among relative intensity
of parts A, B, and C; and (ix) tendency to join neigh-
bouring notes in regular sedentary display. In
most instances, the first two variables, c3lof and
benf, were sufficient for a reliable discrimina-
tion (these variables are plotted for the 22 males in
Fig. 5).

In each of the characteristics mentioned in the
preceding paragraph the between-individual varia-
tion markedly exceeded within-individual variation,
and individuality was retained over at least several
years. There is a negligible effect of between-season
variation contrasting with a pronounced effect of
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TABLE 6. Extended

17a
Parameter 2001 2003 F(2+3) P(2+3) F(ind) P(ind) F(year) P(year)

n calls 58 19

B enf 11.50  11.20 60.32 0.000 92.29 0.000 0.49 0.748
lof ¢3 37.20  36.18 100.68 0.000 114.38 0.000 1.40 0.356
nnote D1 4 4 27.11 0.001 32.45 0.000 1.46 0.338
nnote D2 4 3.5 1.75 0.280 2.03 0.227 0.81 0.568
nnote D3 3 3.5 2.61 0.151 1.65 0.299 2.31 0.192
mif, fmaxe D1 28.50  28.60 17.59 0.003 25.59 0.001 2.51 0.170

Syllabic frequencies

Motif D: L% 5.08 2.90 10.09 0.010 13.05 0.006 1.39 0.358
N% 2792 18.84 11.77 0.007 19.17 0.003 1.00 0.486
1% 8.63 13.04 5.46 0.037 8.40 0.017 3.30 0.111
U% 18.78 1594 427 0.061 5.48 0.041 0.19 0.936
V% 9.64 1594 3.28 0.101 4.02 0.074 0.97 0.498
W% 2690 31.88 19.98 0.002 29.13 0.001 0.40 0.801
IC% 3.05 1.45 2.88 0.127 3.67 0.088 1.20 0.415
M% 0 0 13.51 0.005 15.02 0.005 0.76 0.595
n Dnotes 197 69 8.06 0.016 3.84 0.081 7.13 0.027

individual specificity, at least for c3lof, benf, and the
design of motif D (Dnote, fmaxe, percentages of L,
N, W, M syllables).

5. Semantic Analysis

5.1. Contextual Influences upon Acoustic Variables

We found no essential difference in phonologic
characteristics (both spectral and temporal) or in
overall composition of the major motifs between
sedentary and songflight display (as confirmed by
x? test, except for c3ii, alstf and benf, which
showed significant differences at P < 0.05 between
SF and SD). The main syntactic string (ABC) com-
posed the vast majority of calls both in songflight
(91%) and sedentary display (96%). There were,
however, differences in appearance of complex calls
(i.e., those including motifs D and E and/or repeti-
tions of main motifs), which were strictly associat-
ed with sedentary display. In contrast to the ABC
string, which was apparently an obligatory compo-
nent of advertisement calls, motifs D and E appeared
as accessory components associated with sedentary
display and thus, presumably, supplement the basic
message of a call with information related to the con-
textual background of the sedentary display.

The sedentary display was mostly performed just
at entrance of the male’s roost, or in the nearest
vicinity of it. At the peak of the mating season in
August, about half an hour prior to dawn, males ei-
ther sat at the entrance hole of their roosts and per-
formed sedentary display, or joined the morning
swarm and vocalised during flight, probably with
members of their harem.

The most pronounced changes in temporal char-
acteristics and syntax of advertisement calls were
observed when a foreign individual of the same
species was present. Resident males sharing neigh-
bouring roosts apparently did not cause such re-
sponses — at several sites we regularly observed
neighbouring males performing simultaneously, ei-
ther in sedentary display or songflight, without any
acoustic characteristics of their standard calls being
affected. Nevertheless, the appearance of a foreign
individual (as evidenced by echolocation calls ap-
pearing in the time-expansion records simultaneous-
ly with advertising call of the male) affected the dis-
play’s acoustic characteristics in 70% of the cases.
The typical responses of an advertising male to
echolocation calls of another individual included
(Table 11): (a) increased number of notes in A clus-
ters (up to 15) and C clusters (up to 11); (b) in-
creased repetition rate of ABC(D), which often re-
sulted in (c) changes in syntax: occurrence of simple
syntagms with high repetition rate in song-flight or
more complex syntagms in sedentary display (such
as the long sequences of motif D incorporating syn-
tagms BE and BC), (d) a change in relative intensi-
ty of the advertisement call, probably caused by the
bat’s crawling out of his roost (direct observation).

An increase in repetition rate can be also accom-
panied by changes in a call and syllabic structure:
incomplete fusions of particular notes in motifs A,
C, and D; a shift of frequency in the first several
syllables of motif A which resulted in appearance
of ‘U-shape’ of motif Al (originating from a grad-
ual transition from echolocation calls in song-
flight or from motif D in sedentary display). During
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Factor 2

I
s .

Factor 1

Fi1G. 8. Plot of the first two principal components for centroids of the frequency variables of motifs A, B, and C (1-r, varimax
normalized, n = 799). The dotted arrows are vectors, nearly orthogal to each other, to the centroids of all B and C variables

songflight, up to 10 steep FM notes similar to ‘sin- ABCB, ABC, or BCB). Unfortunately, the sex and
gle element distress calls’ (Russ et al., 2004) can ap-
pear after motifs B or C (after syntagmatic strings

status of alien individuals was not determined in
most instances.
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F1G. 9. Spectrograms of the calls similar to motifs A, D and E. 1. Multi-element distress call similar to motif A. 2. Calls from
juveniles and females recorded in maternity colony. 3. Motif E. 4. Phase I of a feeding buzz. 5. Landing in the roost. 6. Series of

single-element distress calls
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TaBLE 7. Motif E in advertisement calls of males 4, 6a, 12a, 12b, 17a: percentages of calls which included motif E, percentages of
the syntagmatic strings including motif E , number of notes in cE (E series following motif C) and bE (E series following motif B)
cluster, and temporal characteristics (ndur, ii in ms) of single E notes. Syntagms with multiple repetitions within a string are marked

with ()*
Parameter 4 6a 12a 12b 17a
(1) % calls with motif E 14.52 19.2 14.09 39.64 19.78
(2) Syntagmatic context of motif E
ABCEB 0 3.45 0 0 0
ABCED 61.11 44.83 81.25 72.73 30.19
ABCEBD 0 13.79 3.13 2.27 3.77
ABCEBED 5.56 31.03 15.63 11.36 434
ABCEBEBD 0 0 0 0 9.43
ABCEBEBED 5.56 6.9 0 6.82 9.43
ABCEBE(BE)*BD 0 0 0 2.27 1.89
ABCEBEBE(BE)*D 8.33 0 0 2.27 1.89
ABCBEBE(BE)*D 0 0 0 2.27 0
others 19.44 0 0 0 0
n total (syntagms) 36 29 32 44 53
(3) cE nnote (median) 3 7 7 4 5
(min—-max) 1-6 2-18 1-10 1-17 1-9
(4) bE nnote (median) 5 12 6 7 6
(min—max) 2-10 3-14 2-8 1-15 2-13
n total of subseries cE and bE 56 42 35 63 98
(5) E syllables, ndur (median) 1.31 1 1.5 1.31 1.53
(min-max) 0.73-3.30 .58-2.60 0.8-3.60 0.8-2.46 0.87-3.48
(6) E syllables, ii (median) 6.31 6.1 8.7 6.45 7.7
(min—max) 4.86-9.58 .28-7.50 4.8-16.2 4.1-14.9 5.4-13.93
n total of E notes 105 48 72 87 112

5.2. Origin of Particular Components of a Call

We compared the acoustic design of particular
components of male advertising calls with the
records of the acoustic repertoire of females and
young (including behavioural context) obtained dur-
ing observations in maternity colonies. Apparent
similarities were found in syllabic design and syn-
tactic pattern to motifs A, D, and E (Fig. 9):

1) motif A: repetitive low-frequency FM notes
are typical characteristics of ‘multiple element
distress calls’, which both males and females pro-
duce. Similar structures were also recorded in the
maternity colony roost during emerging and landing
of particular individuals as a gradual transition from
irritation buzzes (Fig. 9). We also recorded low fre-
quency multi-component calls (n =5, nnote 7 to 14),
probably produced by females, both when flying
close to the maternity roost and in the territories
of two males. Despite common syntactic design,
the syllabic characteristics of these calls differed
in having lower frequency (Al-note fmaxe: medi-
an, a-5 to a-0 12.2 kHz), narrower bandwidth, and
shorter A-note duration (A 1-note dur: median, a-5 to
a-0 2.9 ms).

2) motif D: single notes or clusters composed of
syllables typical of motif D were repeatedly record-
ed in the two maternity colonies (n = 1,321 calls).
The D-like calls of mothers and pups (n = 1,789
notes) included seven syllabic types: L (41.3%),
N (16.3%), 1 (27.5%), U (8.7%), V (1.1%), W
(0.6%), and IC (4.6%). Most often they appeared
separately or in loose sequences separated by longer
intervals (68.8%), and in the form of double-note
calls (24.9%). The maximum number in a cluster
was five notes.

3) motif E: steep FM signals are typical of the
terminal phase of echolocation during foraging, or
are used in situations where there are higher de-
mands on orientation (e.g., landing at the roost).
Very short duration signals of broad bandwidth and
high repetition rate are typical for these types of
calls, which are similar to motif E. Compared to mo-
tif E, the notes of terminal phase I of the feeding
buzz (n =91, median: ndur 1.65 +0.26,11 7.9 £ 1.9,
fmaxe 42.00 + 1.85) show lower variability,
whereas landing at the roost was much more vari-
able in frequency and temporal parameters, ap-
parently due to differences in spatial situation and
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TABLE 8. Syntagmatic structure of advertisement calls recorded at the early (May—June) and late season (August—September):
percentages of respective syntagmatic strings in sedentary (SD) and songflight display (SF). n calls: total number of calls recorded.
Others: the rare strings ABCDB, ABCDBCB*, ABCDBDB*, BCD, BCBD, BCBCD, BD, B(B)*D, BD(B)*D, BCD(BC)*D,
DBCBBB*, mostly recorded at single instances only. Motifs (or syntagms) with multiple repetitions within a string are marked

with ()*
Syntagma May—June August—September "
SF SD n SF SD n

A 0.57 0.00 3 2.32 0.28 17 20
B 1.33 0.00 7 0.19 0.06 2 9
AB 1.71 0.00 9 2.70 0.11 16 25
BC 3.61 0.00 19 1.54 0.00 8 27
BC(B)* 0.57 0.00 3 0.77 0.00 4 7
ABC 71.16 53.85 410 62.16 21.83 718 1128
ABCB 0.00 0.00 0 0.97 0.77 19 19
ABCB(B)* 0.38 0.00 2 0.00 0.17 3 5
ABCBC 1.52 0.00 8 0.19 0.11 3 11
ABCBCB 0.38 0.00 2 0.19 0.06 2 4
ABCBC(BC)* 0.57 0.00 3 0.00 0.00 0 3
AD 0.38 0.00 2 0.00 0.61 11 13
ABD 0.38 1.54 3 0.77 0.72 17 20
ABCD 17.46 43.08 120 25.48 62.68 1269 1389
ABCBD 0.00 0.00 0 1.54 7.55 145 145
ABCBBD 0.00 0.00 0 0.19 1.87 35 35
ABCBB(B)*D 0.00 1.54 1 0.00 1.54 28 29
ABCBCD 0.00 0.00 0 0.00 0.17 3 3
Others 0.00 0.00 0 0.97 1.49 32 32
n total 100.00 100.00 592 100.00 100.00 2332 2924
ABC string present 91.08 98.46 546 90.73 96.75 2226 2771

context of particular landing efforts (n = 104, medi-
an: ndur 1.74 + 0.58, 11 10.25 + 3.88, fmaxe 48.20 +
4.13).

DiscussIoN

European pipistrelle species are polygynous
bats with a mating system described as a resource-
defence polygyny; where the resource is a territory
with a roost (Gerell-Lundberg and Gerell, 1994). In
contrast to other species of the genus in which the
seasonal dispersal is limited mostly to the local sca-
le (cf. Gaisler et al., 2003; Taake and Vierhaus,
2004), P. nathusii is a migratory species well known
for its long distance seasonal migrations (Masing,
1988; Lina, 1990; Ahlén, 1997; Strelkov, 2000; Pe-
tersons, 2004). In Western and Central Europe,
where the species is quite rare throughout the year
and the resident population is mostly composed by
males, the mass appearance of advertising males of
this species in the late summer is particularly con-
spicuous (Arnold et al., 1996; Vierhaus, 2004). The
peak abundance of advertising males was in August
(here our data are in agreement with the summary
of Furmankiewicz, 2003). Advertising males exhib-
it high roost fidelity and return to the same area

each year (Rachwald, 1992), as we also found in the
present study by repeated recaptures of particular
males.

Typical advertisement calls have also been
recorded in spring, both in our study and by other

TABLE 9. Syntagmatic structure of advertisement calls recorded
from males 4, 6a, 12a, 12b and 17a: percentages of respective
syntagmatic strings. Motifs (or syntagms) with multiple
repetitions within a string are marked with ( )*

Syntagma 4 6a 12a 12b 17a
B 0.00 0.66 0.00 0.91 0.00
AB 0.00 1.32 0.00 0.00 037
BC 0.40 0.66 1.78 1.80  0.75
BC(B)* 0.81 0.00 0.00 090  0.37
ABC 53.23 39.07 52.00 2342 35.08
ABCB 0.81 0.66 0.00 0.00  1.87
ABCB(B)* 0.00 0.00 0.00 0.00 149
ABCBCB 1.21 0.00 0.00 0.00  0.00
ABCBC(BCO)* 0.00 0.00 0.89 0.00  0.00
AD 0.40 0.00 0.89 0.00  0.37
ABD 0.40 0.66 0.00 0.00 1.12
ABCD 35.08 31.13 3733 62.17 1492
ABCBD 1.21 19.21 4.44 3.60 2798
ABCBBD 0.81 1.99 0.44 2.70  8.21
ABCBB(B)*D 3.23 3.97 0.00 090 6.72
ABCBCD 0.00 0.00 0.89 0.00  0.00
Others 242 0.67 1.33 3.60 0.75
n calls total 248 151 225 111 268
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TaBLE 10. Within-season variation (May—June versus August—September) in syntagmatic structure of advertisement calls in the total
sample. Note the differences in ratio of songflight (SF) to sedentary display (SD), in total number of syntagmatic strings recorded
and in percentage of ABCD and more complex strings (ABCB, ABCB(B)*, ABCBD, ABCBBD, ABCBB(B)*D, ABCBCD,
ABCBC, ABCBC(BC)* and further 11 complex strings (listed in Table 8) versus ABC and the simple strings (A, B, AB, BC),

respectively
Display 1 calls % calls n strings Percentages of syntagmatic strings
ABC ABCD simple complex
May—June
SF 527 89.02 13 63.34 15.53 6.42 2.54
SD 65 10.98 4 5.91 4.73 0 0.17
n total 592 100 14 69.25 20.26 6.42 2.71
August—September

SF 518 22.21 14 13.81 5.66 1.49 0.9
SD 1814 77.79 16+ 16.98 48.76 0.34 10.69
n total 2,332 100 18+ 30.79 54.42 1.83 11.59

authors (Barlow and Jones, 1996; Russ et al., 1998),
but we found that the total amount of vocalisation
activity was lower, and calls were noted mainly in
the early part of the night (see also Furmankiewicz,
2003). We also found that the vast majority of adver-
tising calls recorded prior to August were emitted
during flight, and that their structure was mostly
either ABC or simple, with more complex calls be-
ing quite exceptional. Provisionally, we agree with
Barlow and Jones (1997b) that emitting advertising
calls in spring is probably connected with territory
defence by males, including their foraging grounds.
Nevertheless, despite lack of direct evidence for
a mate-attraction function of calls and for mating
during spring migrations is available (Heise, 1982;
Schmidt 1994a, 1994b), neither possibility should
be completely rejected.

In these respects the general phenomenology of
advertisement behaviour in P. nathusii is similar to
that of other European representatives of the genus.
The major difference is, of course, in the phonolog-
ic structure of the calls. P. nathusii shares with oth-
er pipistrelles the initial component of the song, mo-
tif 4 (or, more exactly, the A1 series, since the A2 se-
ries of P. nathusii differs from that of other species).
This component appears to be a genus-specific type
of social call that appears in various situations, both
to repel and attract conspecifics (Barlow and Jones,
1997b). The syllables of motif A (multiple low
frequency FM signals with harmonics) appear regu-
larly in the ‘multiple element distress calls’ of pip-
istrelles, and presumably are derived just of
them. In the experiments of Russ et al. (2004), all
three species were attracted to loudspeaker emitting

TaBLE 11. Structural changes in advertisement calls recorded from males 4, 6a, 12a, 12b and 17a during overnight observations under
presence of another individual in vicinity. They included most often change in number of notes of both motifs (Alnnote, Cnnote)
and shift from basic syntagms (ABC, ABCD) to either very complex or simple syntagmatic strings. Ol = presence of other

individuals
Parameter 4 6a 12a 12b 17a
Al nnote in regular SD 5-6 67 4-5 67 5-6
C nnote in regular SD 67 67 4-5 6-7 67
A1l nnote at OI 12 15 10 15 11
C nnote at OI 11 10 7 10
SD + presence of other individuals
Change in Al nnote (n) 8 - 3 1 0
Change in C nnote (1) 18 - 7 1 1
Change in syntax (n) 20 - 2 0 3
No change (n) 5 — 6 0 1
n total (calls) 28 0 13 1 4
SF + presence of other individuals
Change in A1 nnote (n) 3 12 4 10 5
Change in C nnote (n) 2 3 2 5 3
Change in syntax (n) 3 3 0 2 2
No change (n) 4 11 6 0 3
n total (calls) 12 27 11 10 8
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distress calls of the other species. Nevertheless, in
contrast to other pipistrelles, in P. nathusii, the Al
series is supplemented with the A2 series, and motif
A represents merely the initial element of the adver-
tisement calls, which is completed by further 2—4
motifs of different structure. The structural core of
the call is the string of motifs A-B-C , which we
recorded in nearly 95% of the 2,960 calls analysed.
This core can be complemented with other motifs or
modified by the repetition or deletion of elementary
motifs.

In agreement with previous reports, we con-
firmed extremely large variation in the syntactic
structure of calls within the population. Besides the
normal combinations of motifs A, B, and C de-
scribed in the literature, e.g., ABCBC, ABCC, AB,
AC, ABBC, A, B, C (Szkudlarek and Paszkiewicz,
2000), and ABCBC with multiple repetitions of BC
(Russ et al., 1998) we found a total of 15 syntagms
containing the main motif A and 10 syntagms with-
out this motif. It is highly probable, of course, that
the syntax of advertising calls is even diverse and
that new syntagms will be discovered in other
males. The isolated appearance of single motifs A,
B, and D during songflight and sedentary display is
of particular interest. Motif C was recorded sepa-
rately only in two cases in one male, while motif E
as an isolated call was never recorded. The splitting
of syntagma ABC(D) to single motifs A, B, C, and
D may be due to a tendency to stress of the special
semantic information of each motif.

Factors found to affect the syntagmatic structure
and temporal characteristics of males’ calls included
time of year, the mode of display (sedentary or
songflight), and current situation at the site (i.e., the
presence of other individuals). The vast majority of
advertisement calls were produced as sedentary dis-
play (in this aspect P. nathusii differs from other pip-
istrelle species — Russ and Racey, 2007). It may be,
given that vocalisation from the entrance of the
roosts requires no demands on the spatial orienta-
tion, all the energy of vocalisation can be invested in
the acoustic performance, which then becomes quite
variable and is often enriched by insertions of addi-
tional motifs D and E in the intervals between the
main syntagms A, B, and C. Alternatively, vocalisa-
tion in songflight might be used for long-distance
communication and sedentary display for short-dis-
tance communication, which allows it to attain more
complexity. We might then hypothesize that song-
flight is preferentially performed when establishing
new territories, whereas sedentary display advertis-
es the resident status of a male to its conspecifics.

The greatest within-individual variation in the
syntax of complex calls was observed at the peak of
the mating season, which corresponds well both to
the highest proportion of sedentary displays at that
time, and, presumably, also to the highest number of
actually formed harem groups (H. Jahelkova, un-
published data). It seems most probable that the
amount of variation in the advertising calls produced
by a male is positively related to his attractiveness to
females, as has been demonstrated in Saccopteryx
bilineata, where males with greater repertoire com-
plexity tend to have more females in their territories
(Davidson and Wilkinson, 2004). If so, it is not sur-
prising that most of display activity in P. nathusii
is performed from the sedentary position, which for
respiratory and energetic reasons is probably more
suitable for production of long and structurally var-
ied songs than is songflight. If the expected effects
of song quality upon efficacy in attracting females
and in harem formation are to emerge, we should
also expect that the calls must carry information dis-
tinguishing individual males. Such a role for social
calls is reasonable, since social calls are complex
enough to code individual-specific information, as
we have shown (as is seldom done) in this study
(Fenton et al., 2004; Siemers, 2006).

Like Russ and Racey (2007), we found that the
pattern of between-individual variation is, for al-
most all phonological variables, considerably affect-
ed by individual peculiarities. Thus, almost all these
variables potentially bear individual-specific infor-
mation. We have shown, however, that only certain
variables exhibit the narrow range of within-individ-
ual variation expected for those that actually code
the individual identity. For instance, the broad with-
in-individual variation in most of the analysed pa-
rameters of motif 4 does not convincingly support
the use of this motif for individual recognition, al-
though this possibility has been suggested for P. pi-
pistrellus, for example (Pfalzer and Kusch, 2003). In
contrast, motifs B and C of P. nathusii, typically ex-
hibited narrow within-individual variation while
combined with large between-individual variation.
We demonstrated that a combination of basic fre-
quency parameters of motifs B and C allows reliable
individual identification in most instances, and per-
haps serves as a core element of the acoustic signa-
ture of a male. The combination of the lowest fre-
quency of the third syllable of motif C (lof ¢3) and
end frequency of B (B enf) can even be applied even
as a quick tool for individual identification in the
field. We have confirmed the discriminating pow-
er of these parameters at other sites with abundant
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advertising males, such as in Central Bohemia and
Romania (Danube Delta: Crisan, Sfintu Gheorghe
— H. Jahelkova, unpublished data). In addition, we
have demonstrated that the individual-specific val-
ues of these (and several other) phonologic variables
are invariant to contextual changes and season, even
in males recaptured over a period of five years.

We have not found calls similar to motif B or C
in any behavioural context other than the advertising
display, but Russ et al. (2004) described signals
with the syllabic structure of motif B as a ‘single el-
ement type’ of distress call. In some instances, typi-
cally when other individuals were present, we
recorded a series of several these ‘single element
distress calls’ as a supplementary series after motif
B that apparently replaced motifs C or E. The trill
call of motif C, in a form of ‘V-shaped’syllables or
a ‘wavy line’ can be found in other species as a part
of calls emitted during ‘excitement’: e.g., the territo-
rial and courtship song of S. bilineata (Behr and
von Helversen, 2004), or similar calls of N. noctula
(Weid, 1994) and Myotis myotis (Zahn and Dippel,
1997).

In addition to the specific motifs B and C, which
distinguish the advertising call of P. nathusii from
those of congeneric species, the most noticeable trait
is the quite variable motif D. Its incidence dramati-
cally increased at the peak of mating season when it
represented a nearly obligatory component of a call.
Motif D is characterized by extreme variation in
within- as well as between-individuals, both as con-
cerns its frequency and its syllabic composition.
Presumably, it provides information on the social
identity of the male and/or on his social and repro-
ductive status. We assume that types of notes that
are similar to mother-youth calls contain informa-
tion about colony membership and facilitate fe-
males’ choice of a suitable mate. The developmental
origin of the simple curved advertising calls of
males from isolation calls of pups has been suggest-
ed by Pfalzer and Kusch (2003).

Another accessory motif of the advertising
call, motif E, was recorded only during sedentary
displays. The high repetition rate and short duration
of notes in motif E are also typical of the terminal
phase of foraging signals and landing on objects
(Kalko and Schnitzler, 1998). It seems that this mo-
tif may have evolved either from steep FM of termi-
nal phase of approach, and approach and landing,
or from feeding buzz. By emitting pseudo-landing
calls, a male may perhaps increase his attractive-
ness to other individuals and thus, conceivably lure
in more females. The results of Ciechanowski and

Jarzembowski (2004), who demonstrated that fe-
males preferred only a few successful males, are
worth mentioning in this context. Nevertheless, ac-
tual evidence of females choice based on males vo-
calisation is lacking.

In conclusion, the advertising calls of P. nathusii
include both species-specific information (motif A)
and individual-specific information (motifs B and
C). Since the syntagma BC (and calls of similar
structural design) were recorded only in the context
of male advertising or territorial behaviour, we as-
sume that motifs B and C probably represent the
essential core of the advertising call. This being the
case, it is perhaps not by chance that these compo-
nents, which contain the greatest individual specifi-
city, are the most pronounced. Moreover, the syntac-
tic reduction consequent on excitation by the appea-
rance of foreign individual tend to result in simplifi-
ed multiple repetitions of syntagma BC. In contrast
to B and C, motif A is apparently derived from basic
social calls of European pipistrelles, which is wide-
ly used in the context of agonistic interactions. It is
the most intense part of the advertisement call (audi-
ble with bat detectors up to 100 m — Gerell-
Lundberg and Gerell, 1994) and apparently is adapt-
ed for a long-distance communication. Motif D,
when used as a part of the advertising call, is speci-
fic to P. nathusii (Jahelkova, 2003), and its extreme-
ly broad syllabic pool may provide information on
social identity. Motif D also commonly appears as
part of mother-young communication among pip-
istrelle species (de Fanis and Jones, 1996). Similar
frequency modulated signals, either single notes or
note clusters, also represent a common component
of the acoustic repertoire of many other bat species
(Fenton, 1985).

The semantic mirror of an advertising call of
P nathusii, resulting from the present analysis, is
thus: a general alerting signal (motif A), the most
intense part of the call, which contains generic and
species identity, is followed by two structurally
divergent components (motifs B and C) that identi-
fy a particular male, which in turn may be sup-
plemented with further information specific to the
individual or to the local population (motif D), and,
finally, a signal suggestive of landing (motif E),
which is inserted optionally within semantic com-
plex conveying individual identity (B, C, and D).
Hence, translated into human words, the message
ABCED could be approximately: (A) ‘Pay attenti-
on: I am a P. nathusii, (B, C) specifically male 17b,
(E) land here, (D) we share a common social identi-
ty and common communication pool’.
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APPENDIX

H. Jahelkova, I. Horacéek, and T. Bartoni¢ka

A list of terms and abbreviations

Term

Explanation

1. Basic terms
Call

Note

Syllable

Motif

Syntax
Syntagma

Phonology
Syntagmatics

A complex acoustic series composed of one or more clusters of structurally variegated elements,
presumably a semantic unit of the display

An elementary acoustic pulse, a continuous sound bordered by a silent interval, particular notes
within a motif are denoted here with small caps and numbers in a sequence (e.g. al, c3 etc.)

A term referring to the acoustic design of a note as it differs from the design of other notes. Individual
syllables are mostly denoted with the letters resembling their spectrographic characteristics (L, I, V,
U, M)

A single note or a cluster of notes composed of a single syllable or a series of structurally related
syllables (A, B, C, D, E)

A way of sequencing of particular notes or motifs within a call

A fixed sequence of motifs or syllables representing a structural subunit of a call design (ABC,
ABCBD, etc.)

Acoustic design of particular elements of a call (notes, motifs)
Structural design of a call, syntax variation and repertoire of syntagms

2. Phonologic variables examined in this study

Temporal (in ms)

Frequency (in kHz)

Structural

3. Contextual variables

Duration (dur) of a note (ndur), motif or submotif (Aldur, Bdur, etc.), syntagma
(ABCdur, ABdur, BCdur, etc.), a quasi-constant part of syllable (qCF)
Intervals (ii) between-motifs (a0-B ii, B-C ii), between syntagms containing motif A

(Aii, measured from the first A note of the previous syntagma to the first
A note of next syntagma), silence intervals between notes

Basic variables Frequency with maximal energy (fmaxe), start (stf) and end (enf) (both
measured 40 dB below the level of fmaxe), the lowest (lof), the upper
(upf)

Supplementary middle frequency of a syllable in the quasi-constant part or a frequency

modulated part limited by different frequencies (mif), frequency
modulated parts at the start of syllables (in motifs A, C, D) sweeping up
(hook) and at the end of syllables sweeping down (tail)

Basic variables presence and specificities of particular motifs (A, B, C, D, E), subseries
of main motifs (Al, A2, D1-Dx), subseries of motif E (either following
the motif C (cE), or B (bE)), number of notes in motifs and submotifs
(Alnnote, Cnnote, etc.), syntagmatic strings composing a call (a se-
quence of motifs, e.g. ABC)

Syllabic design of besides apparent differences in shape of the sonographic record, the

motif D syllables are defined by the relation between mif and enf: L (FM-qCF;
qCF part > 2 ms, mif-enf < 4 kHz), N (FM-qCF-FM; qCF part > 2 ms,
mif-enf > 4 kHz), U (FM-qCF-FM, qCF part > 2 ms, enf-mif > 4 kHz),
(clear interruption between FM and qCF; originates from L, N, V),
I(steep FM sweeping down), W, M (letter shape resembles the
characteristic frequency course).

Songflight Advertising display performed on wings (SF), typically with echolocation
calls
Sedentary display Advertising display performed from the roost (SD)

Other Presence of another individual (OI)




