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The diversity of animal communication 
The transfer of information between individuals in animal communication is often mediated 
by elaborate signals. These signals affect the behavior of receivers, which often has direct 
consequences for successful survival and reproduction. Animal communication is therefore 
an integral component of research on ecology, evolution and behavior (Bradbury and 
Vehrencamp, 1998). 

The immense diversity of signals and signaling behavior, ranging from bright colors to 
conspicuous vocalizations, from highly specialized chemical signals to aggressive gestures, 
is one of the most impressive features of animal behavior. Accompanying this signaling 
diversity is an equally intriguing variability in functional aspects. Signals can serve to defend 
resources against rivals, attract mates, alert offspring, and warn conspecifics against 
potential danger. Signaling diversity in animal communication has evolved through a variety 
of selective forces deriving from receivers’ ability to detect, discriminate, and memorize those 
signals (Gulford and Dawkins, 1991). Detectability of signals strongly depends on physical 
characteristics that allow a strong contrast to background noise (Wiley, 2006). For instance, 
intensive and long lasting signals are more likely to be detected than weak and short signals. 
Discriminability on the other hand, allows distinguishing signals from others to assure that 
desired signals belong to a certain functional category. Classical examples of signal 
discrimination involve coloration of unpalatable prey species that often show conspicuous 
coloration in order to be discriminated from palatable prey species that show disruptive 
coloration (Endler, 1981). Memorability of signals and their content strongly depends on the 
experience of receivers, and is facilitated by signal strength, the contrast to other signals, 
and also novelty or repetition. Frequent repetition of the same signal, in addition to bright and 
high-contrast physical ornaments, can permit signals and their encoded information to be 
more easily memorized. The abilities of receivers to detect, discriminate and memorize 
signals are often characterized by biases towards specific signals or signaling traits, thus 
additionally driving the evolution of signaling diversity (ten Cate and Rowe, 2007). Another 
important selective force that has led to the diversity of animal signals is mate choice by 
receivers. Sexual selection of elaborate displays has received specific attention in research 
on causes and consequences of complex behavioral traits (Andersson, 1994). Sexually 
selected signals often provide information about the motivational, conditional, and qualitative 
state of the signaler and thus can have important fitness consequences. Because females 
may be interested in different signaling aspects than males, signals for different situations 
have evolved, thus increasing the diversity of animal communication signals (Ryan and 
Rand, 1993). 

The evolutionary processes underpinning signaling diversity, however, cannot be 
explained by selection pressures on receivers alone. The abilities of signalers to deceive 
predators, intimidate rivals, or attract mates may also be under natural selection. For 
instance, aposematic signals, i.e., bright and conspicuous coloration that warn predators 
against toxicity, are often copied by palatable insect species in order to increase survival 
(Berenbaum and Miliczky, 1984; Endler and Mappes, 2004). Another example derives from 
colorful plumage badges of status, as found in several bird species. Even though the size of 
colorful ornaments often reliably predicts the quality of the signaler, such systems are open 
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to cheating, as low quality males that have large ornaments may avoid being attacked by 
rivals (Maynard Smith and Harper, 1988). These examples show that signalers also seek to 
manipulate receivers for their own benefits and thus leverage the evolution of elaborate 
signals. Signaling, however, also induces costs that may be expressed in terms of increased 
energy expenditure (Stoddard and Salazar, 2011), or increased predation risk (Viitala et al., 
1995). Selection thus favors signals that are cheaper to produce and that induce less risk for 
the signaler, while at the same time attracting the attention of receivers; or, to put it differently 
signals that are most efficient (Wiley, 1983). 
 
Acoustic communication 
Among the diversity of animal signaling systems, acoustic communication has received much 
attention in research on the functional importance of communication over the last decades. 
Acoustic signals are usually used in long-range communication, thus allowing individuals to 
exchange information over long distances (Wiley and Richards, 1978; Wiley and Ritchards, 
1982). Moreover, in contrast to chemical or visual communication, acoustic communication 
allows short scale changes, so that vocal signals can be adapted to a given context within 
seconds. Together with the spatial transmission properties, the capacity for rapid changes in 
acoustic signals makes acoustic communication one of the most flexible and efficient modes 
of animal communication. 

Even though acoustic communication allows transmitting information over long 
ranges, the efficiency of information transfer is changed during propagation through the 
environment, thus decreasing the ability of a receiver to detect, recognize, and locate signals 
(Wiley, 2006). Acoustic properties of signals become less distinct during transmission, 
caused by attenuation and degradation (Wiley and Ritchards, 1982). Sound attenuation is 
the result of energy loss due to spherical spreading and atmospheric absorption, and can be 
enhanced by scattering of sound by objects in the natural environment and also microclimatic 
conditions such as temperature and humidity (Wiley and Richards, 1978; Wiley and 
Ritchards, 1982; Wiley, 2006). Among other things, it is those changes in microclimatic 
characteristics over the day or over seasons that are considered to affect vocal activity of 
animals. Songbirds for instance join in singing at dawn, i.e., the 'dawn chorus', where 
microclimatic conditions are favorable because temperature layers are more stable and air 
turbulences are lower which allows sound to be transmitted over long distances. As the day 
progresses, these microclimatic conditions are disturbed, which leads to higher sound 
absorption and thus stronger attenuation of acoustic signals. Acoustic signals do not only 
become quieter over distance but are also subject to degradation. Degradation refers to 
changes in spectral, temporal and structural characteristics of sound that are mainly 
contingent on characteristics of the environment such as vegetation (Dabelsteen et al., 1993; 
Holland et al., 1998). Environmental features such as vegetation cause scattering and 
reflection of the signals from the surfaces of obstacles, resulting in reverberation that can 
have profound effects on the perception of signals (Wiley and Ritchards, 1982; Naguib, 1995; 
Naguib and Wiley, 2001). Moreover, anthropogenic factors, such as traffic noise or human 
settlement can affect the efficiency and use of vocal signals (Klump, 1996; Brumm and Todt, 
2002; Slabbekoorn and Peet, 2003; Brumm and Slabbekoorn, 2005; Slabbekoorn and den 
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Boer-Visser, 2006; Halfwerk et al., 2011). However, attenuation and degradation are not only 
influenced by environmental factors, but also by the signal itself. For instance, high 
frequencies attenuate faster than low frequencies – also referred to as 'frequency-dependent 
attenuation' – because the atmosphere and the vegetation absorbs high frequencies 
stronger, suggesting that acoustic signals that are characterized by high frequencies are 
predominantly useful during close-range interactions (Wiley and Ritchards, 1982). Moreover, 
rapidly modulated signals, i.e., signals with a rapid change in frequency, are easily distorted 
by reverberation (Naguib, 2003), thus impeding the perception of the full signal content. 
Therefore, animals inhabiting areas in which song is prone to reverberation such as forests 
prefer signals of narrow frequency range and little frequency modulation in order to enhance 
perceptibility (Morton, 1975; Wiley, 1991; Catchpole and Komdeur, 1993). One of the classic 
examples that showed behavioral adaptations to environmental characteristics was a study 
on great tits (Parus major). Hunter and Krebs (1979) recorded songs from ten geographically 
separated areas, five of which were characterized by dense forest vegetation, whereas the 
other five areas were characterized by open woodland. Great tit songs recorded in forests 
had lower maximum frequencies and lower frequency range, and also fewer elements per 
phrase, than songs recorded in open areas, suggesting that great tits have vocally adapted 
to their environmental characteristics. Together, a broad range of ecological characteristics 
such as vegetation, or ambient noise, strongly affects efficiency in signal transmission and 
therefore has jointly shaped the evolution of long-range signals. For these reasons, accurate 
assessment of the ecological characteristics of the signaling environment may be important 
for decision making. 
 
Acoustic communication in songbirds- the importance of vocal behavior 
Bird song – one of the most sophisticated forms of communication – has provided important 
general insights into the principles of communication (Marler and Slabbekoorn, 2004; Searcy 
and Nowicki, 2005; Catchpole and Slater, 2008). Songbirds often use complex signals to 
express their motivational, conditional or qualitative state and thus to assert their territorial 
claims against rivals or to attract mates. Therefore, bird song has been a key model for 
research on sexual selection (Catchpole, 1987; Kroodsma and Byers, 1991; ten Cate et al., 
2002; Searcy and Nowicki, 2005).  

In order to defend territories or to attract mates, signalers can use two different 
signaling modalities: temporal and structural singing strategies (Gerhardt, 1994; Todt and 
Naguib, 2000). Structural song traits are often physically demanding so that signalers are 
limited in their performance (Suthers and Goller, 1997). Consequently, structural cues may 
be well suited to encode information on the quality and the condition of an individual. Many 
songbird species have been shown to use songs that contain structures that are 
characterized by the repetition rate and also by the frequency bandwidth of the elements, so 
called trills (Figure 1.1). Signalers face a trade-off between element repetition rate and 
frequency bandwidth of the trilled elements, and thus they are limited in their performance 
(Podos, 1997). The ability to sing songs close to the performance limit has been shown to 
predict quality-indicating characteristics of the signaler such as age and body size 
(Ballentine, 2009), and can also indicate the condition of the signaler (Dreiss et al., 2008). 
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Moreover, trilled song structures have been 
shown to correlate with beak morphology 
(Ballentine, 2006; Derryberry, 2009; 
Sockman, 2009), and predict the adaptation 
to the environment, i.e., in densely 
vegetated habitats repetition rate of trills is 
slower (Badyaev et al., 2008; Derryberry, 
2009). As trills also highly depend on neuro-
muscular coordination (Westneat et al., 
1993), they are further suggested to reflect 
developmental conditions of the signaler 
(Podos, 1996; Nowicki et al., 1998b). 
Several studies showed that the 
performance of trills can have strong impact 
on receiver behavior (Draganoiu et al., 
2002; Ballentine et al., 2004; de Kort et al., 
2008; Caro et al., 2010; DuBois et al., 
2011), presumably because of the 
multifaceted predictive value of trills. 
Together, these findings suggest that 
performance-related signaling traits, such as 
the use of trills, may be more relevant for 
females, as they can predict quality-
indicating aspects of the signaler that may 
be passed on to the offspring (Byers et al., 
2010). However, recently an increasing 
number of studies showed that performance-
related song traits are also used by males to 
assess their opponents (Kunc et al., 2006; Cramer and Price, 2007; de Kort et al., 2008; 
Schmidt et al., 2008; DuBois et al., 2011). 

Songbirds, however, are not restricted to structural song traits in order to signal 
quality-indicating or motivational aspects. Temporal song traits such as song rate can also 
contain valuable information on the singer’s condition (Møller, 1991; Saino et al., 1997), 
quality (Greig-Smith, 1982; Radesäter et al., 1987; Garamszegi et al., 2007), and also on the 
quality of the territory it occupies (Gottlander, 1987; Berg et al., 2005; Derryberry, 2009). In 
vocal interactions, song output is generally considered as a song parameter reflecting the 
strength of responsiveness to simulated intruders (Peake et al., 2002; de Kort et al., 2009), 
and may be used by eavesdropping females to assess potential mates (Collins et al., 1994; 
Nolan and Hill, 2004). Information can also be encoded in the timing of songs relative to 
those of an opponent. During dyadic interactions, i.e., interactions with two individuals 
involved, signalers can express their motivation to escalate an interaction by either 
overlapping the songs of a counterpart (i.e., starting a song before the opponent terminated 
its song), or by alternating their songs with the counterpart (i.e., start a song after the rival 

Figure 1.1. Examples of trills in three different 
songbird species. 



Chapter 1 

Page | 12 
 

terminated its song). In general, song overlapping is described as an agonistic signal, 
expressing the willingness of the signaler to escalate an interaction (Searcy and Beecher, 
2009; Naguib and Mennill, 2010). Moreover, by timing the onset of a song specific to that of 
an opponent, signalers may direct the agonistic intention of song overlapping to a specific 
receiver. Thus, song overlapping is a valuable signaling trait that can help assess motivation 
of signalers. 

Information about motivational and quality-indicating characteristics of a signaler 
encoded in temporal and structural signaling traits may differ in importance for females and 
rival males. For instance, females may be more interested in signaling traits predicting 
benefits relevant to offspring (Buchanan and Catchpole, 2000). Performance related traits 
that reliably provide information about age (Ballentine 2009) and developmental background 
(Podos 2009) of a signaler thus seem to be particularly suited traits for inter-sexual selection. 
In contrast, for males, signal traits that express an opponent’s competitive abilities or that 
may give information about defendable resources may be important (Hyman et al., 2004). 
Therefore, signaling traits that provide valuable information about a singer’s condition or the 
quality of a territory may be subject to intra-sexual selection (Greig-Smith, 1982; Berg et al., 
2005). 
 
The ecology of acoustic communication – the importance of spatial behavior 
Most songbirds defend resources such as food, mates and space against others using vocal 
signals. Acoustic signaling can be beneficial because territorial disputes can be regulated in 
avoidance of physical contact and thereby save energy. Beside vocal cues, spatial cues can 
also be important in territorial disputes. Several studies have shown that signaling position of 
rivals relative to the territory boundaries or to residents evoke different responses of territory 
holders, thus highlighting the importance of rival location (reviewed in Naguib, 2005). For 
instance, intruders that are simulated at the center of a territory are perceived as more 
threatening than those simulated at the edges, also known as the center-edge effect 
(Giraldeau and Ydenberg, 1987; Price, 1994; Darden and Dabelsteen, 2008). Distance of 
rivals in relation to territory boundaries thus seems to be a crucial factor affecting defense 
behavior of territory owners. Whereas distance effects within territory boundaries have been 
well studied (Naguib, 1995; Naguib and Wiley, 2001), relatively little is known about the 
importance of rival distance outside territory boundaries (Simpson, 1985). Understanding the 
impact of distance-dependent behavior outside territory boundaries, however, is important 
because it can give valuable insights into the principles of territory defense against unfamiliar 
rivals, and also into spatial and social relationships between familiar individuals. For 
instance, it is known for several bird species that distance to the closest neighbor or the 
number of neighbors may affect singing (Liu, 2004; Cockburn et al., 2009), and neighbors 
often behave less aggressively towards one another than towards strangers (Ydenberg et al., 
1988; Temeles, 1994). Neighbors that behave defective and intrude into the residents’ 
territories or sing from other song posts than expected have been shown to strongly affect 
social relations between neighbors (Falls and Brooks, 1975; Godard, 1993; Olendorf et al., 
2004; Akcay et al., 2009). These studies suggest that changing distances between neighbors 
can impact communication (Simpson, 1985). However, natural distances given by spatial 
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distribution of territories may also affect relations between neighbors. Aside from interactions 
between unfamiliar individuals, proximity between familiar neighbors may lead to stronger 
relationships and therefore to less aggressive behavior between familiar individuals. 

Acoustic properties change at different distances and these changes can have 
important consequences for signaling (Wiley and Richards 1978). In aggressive encounters, 
close interactants may prefer the use of highly degradable signaling traits, whereas they may 
prefer less degradable signals that are functionally similar for long-range transmission of 
information. Trills of broad frequency bandwidth may be well suited for aggressive close-
range interactions, as their high frequencies rapidly degrade over distance (Naguib, 1995; 
Naguib, 1997b). Moreover, structural characteristics of trills enable localization of signalers 
that may be particularly important for close-range interactions (Wiley and Ritchards, 1982). 
Alternatively, in interactions over long ranges, individuals may overlap the songs of each 
other in order to express aggressive intentions. Song overlapping is not restricted by spectral 
degradation as is the case for broadband trills and thus may be beneficial for signaling over 
long ranges. Moreover, using long-range signals may also be useful to alert as many others 
as possible, whereas the use of close-range signals may be useful to address certain rivals 
while preventing unintended others from receiving signal contents. 

In territory defense, however, not only the immediate location of rivals may be 
important, but movement patterns may also give valuable information about motivation of 
rivals. In winter wrens (Troglodytes troglodytes) for instance, it was shown that territorial 
males discriminate between moving and stationary intruders, supporting the importance of 
spatial movement in rival assessment (Amrhein and Lerch, 2010). One particularly 
interesting example for moving rivals is non-territorial individuals that are seeking vacant 
territories, so called prospectors. Territory-seeking males often gather information about 
possible breeding sites within a population by actively prospecting different territories before 
decision making (Reed, 1999; Amrhein et al., 2004b; Doligez et al., 2004). Prospectors have 
long been thought to be subordinate males that are prevented from residency and from 
successful reproduction due to a limited ability to compete over resources (Newton, 1992; 
Shutler and Weatherhead, 1992), or due to a limitation of resource availability (Penteriani et 
al., 2011). Recent studies, however, showed that non-territorial males are not necessarily 
impeded from reproducing (Blas and Hiraldo, 2010), and sometimes engage in extra pair 
copulations (Barber and Robertson, 1999; Kempenaers et al., 2001). The successful 
reproduction of territory-seeking males suggests that in some species, non-territorial 
individuals may pursue a beneficial strategy, as they do not have to spend energy and time 
in defending territories or raising offspring. More general, however, prospecting behavior may 
be a non-permanent, pre-territorial phase of every individual’s life, while seeking vacant 
areas that can be occupied (Smith and Arcese, 1989; Zack and Stutchbury, 1992). Even 
though prospecting forays usually occur silently (Arcese, 1987; Amrhein et al., 2004b), at 
some point non-territorial males may actively probe territory owners by advertising within 
their territory (Arcese, 1987). Yet, such probing challenges can have serious consequences 
for prospecting males, and also for territory owners, so that prospectors have to carefully 
balance out initial probing behavior. For instance, behaving persistently during initial 
prospection of occupied territories can be beneficial for territory-seeking males. Persistent 
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intruders, i.e., males that switch song perches during intrusions or intrude for long periods of 
time, may be perceived as a serious threat (Parker and Rubenstein, 1981) and consequently 
persistence in intrusion behavior may help to gain access to occupied space against territory 
holders (Norton et al., 1982). Alternatively, behaving less persistently during initial 
prospection, i.e., leaving the territory after a short intrusion, may result in territory owners 
tolerating prospectors, thus giving the chance of settling adjacent to already occupied areas 
(Davies and Houston, 1981). The consequences of persistence of initial intrusion behavior of 
floaters on future encounters with territory holders, however, are still unknown. 

Another spatial strategy that may benefit long-range communication is signaling 
height. Singing from exposed perches can reduce signal attenuation caused by low 
vegetation and as a consequence increase effective transmission of vocal signals (Richards 
and Wiley, 1980; Dabelsteen et al., 1993; Barker et al., 2009). Similarly, receivers may also 
benefit from elevated perches, as signal reception at high levels is enhanced (Dabelsteen et 
al., 1993). In winter wrens for instance, is was shown that territorial males respond to 
degraded song by choosing higher song perches and thus presumably enhance their ability 
to hear and to be heard by distant rivals (Mathevon and Aubin, 1997). In contrast, high song 
perches have been suggested to demand more energy due to unfavorable microclimatic 
conditions at elevated perches (Ward and Slater, 2005), and singing at high song perches 
increases predation risk of aerial predators (Gotmark and Post, 1996; Møller et al., 2006, 
2008; Campos et al., 2009). Increased energy demands and predation risk may be 
considered as a signal of quality, so that high song perches may be used as a spatial 
strategy in territorial disputes. However, even though signaling from high perches seems to 
be beneficial in many ways, it is not yet known whether perch height may also reflect 
motivation during territorial disputes. In fact, there are no experimental studies investigating 
how rival height affects territorial behavior of residents. 

In conclusion, spatial cues in territorial animals, be it sender-receiver distance, 
prospecting behavior, or signaling height, can contain valuable information on motivation and 
quality of signalers, and therefore may be subject to sophisticated signaling strategies. 
Moreover, in combination with vocal strategies, spatial behavior may be a powerful tool in 
acquiring territories and as a consequence in gaining access to females. 
 
Communication networks 
In most territorial species, space has to be divided up at the beginning of the reproductive 
season (Stamps, 1994). Therefore, individuals engage in territorial encounters that can 
involve high levels of aggression. In the process of territory establishment and beyond, 
however, neighbors repeatedly interact with each other and as a consequence establish 
social relations. Such relations are often expressed in less aggressive behavior towards 
familiar neighbors than towards strangers, a behavioral strategy known as the dear-enemy 
effect (Fischer, 1954). Yet, communication in territorial systems is not restricted to dyadic 
interactions, but often involves third parties (Connor, 2010), and the most common social 
environment in which signaling information is exchanged between more than two individuals 
is referred to as communication network (McGregor and Dabelsteen, 1996). 
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Within communication networks, non-interfering third parties, so called audiences (Matos and 
Schlupp, 2005), may obtain valuable information on signalers at little cost and at no risk by 
eavesdropping on interacting others (McGregor, 1993; Whitfield, 2002; Peake, 2005). Such 
interactions often reveal relative differences in fighting abilities, quality, condition, or 
motivation between individuals that may enable eavesdroppers to reliably assess signalers 
(Danchin et al., 2004). Therefore, interactions in communication networks may serve as a 
platform for males to advertise, and thereby attract females or keep rivals away. Female 
great tits, for instance, have been shown to prospect neighboring territories more often when 
neighbors were more likely to win an encounter with a simulated rival than their own mates 
(Otter et al., 1999). Moreover, Mennill et al. (2002) showed that female black-capped 
chickadees (Poecile atricapillus) have more extra-pair young when their partners had lost an 
interaction with a rival than females of mates that were not defeated. Several studies have 
shown that males also attend to interactions of unfamiliar males and discriminate between 
dominant and less dominant interactants (Naguib and Todt, 1997; Naguib et al., 1999; 
Mennill and Ratcliffe, 2004a; Peake et al., 2005; Illes et al., 2006; Fitzsimmons et al., 2008; 
Schmidt et al., 2008). Moreover, territorial males use information obtained from 
eavesdropping on simulated interactions between unfamiliar rivals when being challenged by 
one of those rivals (Peake et al., 2001; Schmidt et al., 2007). More common than attending to 
interactions between two unfamiliar rivals is the situation of familiar neighbors engaging in 
vocal interactions with one unfamiliar rival. In an experiment from Naguib et al. (2004) for 
instance, eavesdropping nightingales where shown to use information gathered from 
interactions between neighbors and unfamiliar rivals as a yardstick for their own spatial 
behavior and only intruded into their neighbors’ territories when simulated rivals did not leave 
the scene. Whether males that eavesdrop on neighbor-stranger interactions also use 
obtained information as a yardstick for vocal behavior and moreover use such information in 
subsequent contexts remains unclear. 

In social networks and especially in occurrence of dear-enemy relationships, males 
that attend to neighbors interacting with unfamiliar rivals may also well consider to actively 
interfere and help expelling the unfamiliar rival (Connor, 2010). Such supportive neighbors 
may benefit from cooperative behavior as they may avoid having to renegotiate the 
boundaries with a new and potentially stronger individual (Krebs, 1982; Getty, 1987). 
Moreover, supportive neighbors may benefit from reciprocation by the challenged neighbors 
in subsequent situations (Getty, 1987). Such cooperative behavior may lead to the 
establishment of 'defensive coalitions' that may enable territorial neighbors to maintain stable 
neighborhoods. To date, there has been only little evidence of the existence of defensive 
coalitions among territorial neighbors. Backwell and Jennions (2004) found that male fiddler 
crabs (Uca mjoebergi) sometimes leave their own territories to help neighbors defend their 
territories against intruders. In songbirds, observations on rock pipits (Anthus petrosus) 
suggested that males intervene to help a neighbor defend its territory against conspecifics 
(Elfstrom, 1997). In general, however, measuring the effects of unfamiliar rivals on social 
relations between residents under natural conditions is difficult because of the logistic 
challenge of monitoring several individuals simultaneously given the mobility and the volatile 
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disposition of songbirds. Therefore, our understanding of social relations in communication 
networks and how they are affected by conspecifics is mainly unknown in free-living animals. 
 
Why nightingales? 
For many years, the elaborate song of nightingales has fascinated scientists and poets alike. 
Nightingales possess large song repertoires of on average 190 different song types (Kipper 
et al., 2004; Kipper et al., 2006) that are usually performed with immediate variety, i.e., every 
song type is followed by a different one (Hartshorne, 1973; Figure 1.2). Repertoire size has 
been shown to be correlated with arrival date and morphology, such that males that arrive 
early at their breeding grounds and that are heavier later on in the season have larger 
repertoires (Kipper et al., 2006). Moreover, older nightingales have larger repertoires (Kiefer 
et al., 2006; Kipper and Kiefer, 2010), and share more songs with their neighbors than 
younger males (Kiefer et al., 2010). Such song sharing is the basis of sophisticated 

Figure 1.2. Example of a sequence of nocturnal song in nightingales. 
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interactive signaling strategies such as song-type matching, i.e., singing the same song type 
another male just sang (Beecher et al., 2000; Todt and Naguib, 2000). Nightingales have 
been shown to acquire songs that are shared by many other males, and thus enable song 
type sharing on a large scale, and also songs that are only sung by one male, that may 
facilitate avoidance of being matched by others (Sprau and Mundry, 2010). Altogether, 
repertoire size may help females to assess potential mates and males to predict fighting 
abilities during territorial encounters. 

Besides the high variability between different song types, variability within nightingale 
songs is also exceptionally high. One distinct category that sticks out is rapid broadband 
trills, i.e., rapidly repeated elements of high frequency bandwidth (Figure 1). Trills have been 
described for several songbird species, and given the physical limitation in performance trills 
seem particularly useful signals in reliably encoding information about quality of a signaler 
(see above). Therefore, trills may be a good model for testing the effects of sexual selection 
on vocal traits. In nightingales, syntactically relevant trills, i.e., rapid broadband trills, always 
occur in the last part of a song (Hultsch and Todt, 1981) and have been classified as song 
components that contain more than five repeated elements, that have a frequency bandwidth 
of more than 6000 Hz (measured at -24dB), and an element repetition rate of more than 8.5 
elements per second (Naguib et al., 2008; Schmidt et al., 2008). Songs containing rapid 
broadband trills have been shown to serve as an aggressive signal in close-range 
interactions (Kunc et al., 2006; Schmidt et al., 2006), and are also perceived as aggressive 
signals by eavesdropping others (Schmidt et al., 2008). These functional characteristics of 
rapid broadband trills raise the question on whether trills in nightingales provide more 
information about the signaler beyond motivational aspects. 

Another conspicuous behavioral trait of nightingales is their singing activity. 
Differences in nocturnal and diurnal singing activity in the breeding season have provided 
important insights into functional aspects of singing at different times of the day (Naguib et 
al., 2011). Like most other songbirds, male nightingales are vocally active during the day and 
show a peak in singing activity at dawn (Roth et al., 2009). In this period before sunrise, all 
males usually sing throughout the reproductive season (Amrhein et al., 2004a; Kunc et al., 
2005a). Because non-territorial nightingales mainly use the period at dawn to prospect other 
territories (Amrhein et al., 2004b), dawn song is believed to be particularly useful in intra-
specific contexts. However, as their name already implies, nightingales also sing at night. 
These hourly long nocturnal song bouts have been suggested to be physiologically 
challenging but also are beneficial for signalers (Thomas, 2002). One such benefit is 
considered to be mate attraction, because males usually cease nocturnal song after females 
have settled in their territories (Amrhein et al., 2002; Amrhein et al., 2004a; Amrhein et al., 
2007). Moreover, in a recent study, translocated female nightingales showed enhanced 
prospection behavior at night, suggesting that females attend to nocturnal song of males and 
therefore highlight the importance of nocturnal song as an advertisement signal assigned for 
females (Roth et al., 2009). The function of nocturnal song, however, is not restricted to mate 
attraction. As territorial males have to be aware of other rival males in the neighborhood at 
any time of the day, nocturnal song is considered to also have an intra-sexual function. 
Indeed, several studies have shown that challenged males also respond differently to rivals 
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of varying threat levels, supporting the intra-specific function of nocturnal song in nightingales 
(Hultsch and Todt, 1982; Naguib, 1999; Naguib and Kipper, 2006; Schmidt et al., 2006; 
Schmidt et al., 2008). The difference in nocturnal singing activity between paired and 
unpaired males in combination with information on signing activity at dawn enables easy 
assessment of pairing status. In fact, a large proportion of about 40 % of males in the study 
population of the Petite Camargue Alsacienne, France, remain unpaired throughout the 
season (Amrhein et al., 2004a; Amrhein and Zwygart, 2004; Amrhein et al., 2007). This 
allocation of paired and unpaired males can give important insights in fitness consequences 
of song and recent studies have shown that males that successfully attract a female sing 
differently from males that remain unpaired throughout the season (Kunc et al., 2006; 
Schmidt et al., 2006; Kunc et al., 2007; Schmidt et al., 2008). 

The exceptional singing activity not only allows testing for fitness consequences of 
song, it also enables investigation of vocal and spatial strategies under different favorable 
conditions during the day and at night. During the day, simulated territorial challenges elicit 
strong territorial responses including physical approach and singing (Naguib and Todt, 1997; 
Naguib et al., 1999; Schmidt et al., 2007). Therefore, conditions during the day ideally allow 
testing responses of territory owners to moving rivals (Naguib et al., 2004). In contrast, at 
night nightingales use only few preferred song posts, and responses to simulated rivals at 
night usually are exclusively vocal with only rare occasions of approach (Naguib et al., 2002; 
Kunc et al., 2006; Schmidt et al., 2006; Kunc et al., 2007). Thus, nocturnal song allows 
testing vocal responses under standardized conditions and in the absence of most 
confounders, assuring that almost all information is provided by vocal behavior alone. 
Singing activity, and also singing variability, makes the nightingale a good model species for 
answering questions about the importance of ecological characteristics for the use of vocal 
signals. 
 
Thesis outline 
Despite the extensive work on causes and consequences of communication in animals, 
many questions regarding the mechanisms underlying the gathering and processing of 
information encoded in vocal and spatial behavior remain unanswered. The aim of this thesis 
is to reveal how differences in song structure and location of signalers affect territorial 
behavior of receivers, and therefore to get new insights into the use and the function of 
signaling behavior. Song structure and signaler location are mainly influenced by individual, 
ecological, and social characteristics (Figure 1.3), and their effects on receiver behavior will 
be treated in two consecutive main parts of this thesis. In the first part (chapters 2 and 3), I 
will focus on how the performance and the use of elaborate vocal traits can predict quality-
indicating and motivational characteristics of individuals. The second part of this thesis 
(chapters 4 to 7) will deal with spatial strategies in communication networks, and how rival 
location can affect behavior in social networks. Altogether, findings from this thesis will 
contribute to a better understanding of the principles of information gathering and processing 
in communication, and will give novel insights into the evolution of signaling diversity. 

In communication, signals can carry valuable information that may be used in 
different situations depending on individual characteristics, ecological conditions or social 
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relations to conspecifics. Trills, for instance, are rapidly repeated elements with wide 
frequency bandwidth and have been shown to be valuable in expressing motivational (Kunc 
et al., 2006; de Kort et al., 2008; Schmidt et al., 2008), and also quality-indicating aspects of 
the signaler (Ballentine, 2009; de Kort et al., 2009). Trills as a predictor for signaler quality 
have mainly been studied in species with small repertoires and thus with low variability in 
trills, raising the question of the generality of the predictive value of this structural trait. 
Nightingales possess extraordinarily large repertoires with high trill variability, and therefore 
nightingale song may be a good model to answer questions about the predictive value of trills 
in large repertoire species. In chapter 2 of this thesis, I therefore describe the ability of 
nightingale song to predict quality-indicating characteristics of males, such as morphological 
structures and age, based on a detailed analysis of spectral characteristics. 

Apart from structural song traits, songbirds often use temporal signaling strategies in 
order to express motivation, condition or quality. Usually, different signals carry different 
information (Rowe, 1999), raising the question about whether the combination of functionally 
similar signals may enhance their efficiency. For instance, aggressive intension of a signaler 
can be expressed in temporal and also in structural signaling traits, suggesting that their 
combination may enhance the implicit threat of such a multi-component signal. Song 
overlapping, i.e., the temporal adjustment of song onset before an opponent has terminated 
its song, is known to be perceived as a threatening signal often used during aggressive 
contexts (Naguib and Mennill, 2010). Similarly, the use of trills, i.e., physically demanding 
signals is also known to be perceived as an aggressive close-range signal. Both, song 
overlapping and the use of trills, however, also strongly differ from each other. By timing the 

Figure 1.3. Schematic representation of the areas of interest in this thesis. In this thesis I elucidated 
how song structure and singer location that are both influenced by three main factors, i.e., 
individual, ecological, and social characteristics, affect territorial behavior in receivers. 
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onset of a song to that of an opponent, males can address the agonistic intension of song 
overlapping towards a specific opponent. Trills, in contrast, may be more useful to express a 
more general aggressive intension as trills alone may not directly address a specific rival, 
unless used in combination with another song trait. In chapter 3, I raised the question 
whether adding trills to song overlapping may enhance the agonistic intension of these 
functionally similar signals. 

The use of songs containing trills is considered to be particularly useful in close-range 
interactions, because trills quickly degrade over distance. In contrast, song overlapping is not 
that strictly restricted by distance, unless used in combination with highly degradable song 
traits. The difference in transmission distance between these functionally similar signals 
raises the question of how song overlapping and the use of trills are perceived at different 
distances. To answer this question, I performed playbacks from two different distances 
outside boundaries of occupied territories (chapter 4). In addition, this experiment was 
designed to see how distance outside territory boundaries would affect behavior of 
challenged residents. 

Another spatial trait beside sender-receiver distance that may be important for 
assessment of signalers is signaling height. High song perches increase efficiency of long-
range communication and are further considered as indicators reflecting male quality. 
Therefore, rivals singing from higher perches may be perceived as more threatening during 
territorial encounters. In chapter 5, I examined the effect of rival song perch height on 
territory defense behavior in nightingales. Using song playback, I simulated unknown rivals 
singing from two different heights outside of males’ territories, i.e., either at the same height 
as the singing resident, or three meters above the song perch height of the resident. 

Apart from individual and ecological characteristics, social relations to other 
conspecifics may also play an important role for the use of behavioral strategies. Territorial 
neighbors often behave less aggressively towards each other than towards strangers. How 
social relations between neighbors change in the presence of a challenging rival and whether 
information gathered from encounters between neighbors and strangers is used when being 
challenged themselves by those strangers is unknown so far. To answer these questions, I 
conducted playback experiments simulating unfamiliar prospecting rivals that successively 
challenged two interacting neighbors (chapter 6). Thereby, I investigated three different 
aspects of stranger intrusions on social relations between neighbors in communication 
networks. First, I tested whether situations in which neighbors are challenged by prospectors 
affect behavior of eavesdroppers. Second, I tested whether males use information gathered 
from eavesdropping on those neighbor-prospector interactions in subsequent contexts, i.e., 
when being challenged themselves by the unfamiliar rivals. And third, I tested the effect of 
prospectors on interactive patterns between the two neighbors, to see whether singing 
between neighbors is more synchronized after territorial challenges. 

Non-territorial males usually prospect different territories before decision making, 
which can have important consequences for future encounters between prospectors and 
territory owners. Therefore, prospectors may have to carefully balance whether to behave 
more or less persistently during initial intrusions into occupied territories. In chapter 7, I 
therefore addressed the question whether persistence in behavior of prospecting male 
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nightingales affects future encounters between residents and prospectors. Using playback 
experiments, I simulated rivals that either behaved persistently by moving within the territory 
of a resident or that behaved less persistently by retreating from the territory after previous 
intrusion. I then simulated the rivals challenging the same residents one hour later from the 
territory boundary and compared residents’ behavior dependent on the persistence of 
simulated prospectors during previous encounters. 
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ABSTRACT 
 
In animal communication, elaborate signals have been shown to be under sexual selection 
and often to be reliable indicators of a signaler’s quality, condition, or motivation. Bird song 
as a key model for the study of communication has provided important insights into the 
evolution of such elaborate signals. For instance, the performance of physically challenging 
signals, such as trills – i.e., rapidly repeated elements of broad frequency bandwidth – is 
considered to reflect signaler quality. Nightingales (Luscinia megarhynchos) are renowned 
for their outstanding song repertoire sizes and most songs include a variety of complex trills. 
In the present study we examined whether or not the performance of trills can reliably reflect 
male quality. The analysis of trill structures within male songs revealed that vocal 
performance of trills, i.e., the orthogonal distance from the 90%-quantile regression from 
frequency bandwidth and element repetition rate, reliably predicted the age of a male. Older 
males sang trills that were closer to the performance limit than did younger males. However, 
vocal performance of trills did not predict phenotypic quality, measured as beak morphology, 
size, or body condition of the males. These findings suggest receivers can benefit from the 
predictive value of physically demanding song traits in assessing the age of potential mates 
and rivals. Especially in species with high singing versatility, signaler assessment based on 
readily perceivable structures may be adaptive, as it will allow receivers to quickly gather 
relevant information about the singer to decide whether it pays to continue attending to 
extract more information from the full singing versatility. 
 
 
Key words: 
Bird song, vocal performance, trill, sexual selection, age, nightingale
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INTRODUCTION 

In competition over mates and resources, animals often use sexually selected signals 
(Andersson, 1994; Andersson and Simmons, 2006) and bird song as one of the most 
complex forms of animal communication has provided important insights into the principles of 
sexual selection (Searcy and Nowicki, 2005). Songbirds use various elaborate signals in 
order to express their motivational, conditional, and qualitative state (Gil and Gahr, 2002; 
Catchpole and Slater, 2008). 

Repertoire size, for instance, can contain valuable information on the signalers’ 
reproductive success (Catchpole, 1980; Lambrechts and Dhondt, 1986), age (Forstmeier et 
al., 2006; Kiefer et al., 2006), or condition (Reid et al., 2005; Kipper et al., 2006). However, 
assessing individuals based on the number of different songs will require prolonged listening. 
In species that sing with eventual variety (i.e., repeating the same sing type many time 
before switching to another one), singers may not even use their full song repertoire in a 
given song bout and in species with large repertoire presented with immediate variety (i.e., 
singers switch after each song to a different song), singers take long to cycle through their 
repertoire (Hartshorne, 1973) To avoid costs of repeated listening, listeners thus may attend 
first to other traits that are more readily available before deciding whether or not to continue 
listening. Good candidates for relevant, more readily available song traits are trills, i.e., 
rapidly repeated elements that have a wide frequency bandwidth. Signalers are limited in the 
performance of rapid broadband trills, as they face a trade-off between repeating trilled 
elements at a high rate, while at the same time singing elements of high frequency 
bandwidth (Podos, 1997). Thus, the performance limit of trills is considered as a trait that 
honestly reflects signalers abilities. Indeed, trill performance has been shown to encode 
information such as age (Ballentine, 2009; de Kort et al., 2009), condition (Dreiss et al., 
2008), morphological characteristics (Ballentine, 2006, 2009; Derryberry, 2009; Sockman, 
2009), and also the adaptation to the environment (Badyaev et al., 2008; Derryberry, 2009). 
So far, studies that tested the predictive value of trill performance involved species with small 
repertoires and only little trill variation. Trills, however, can be very versatile, especially in 
species with complex song repertoires, raising the question whether trill performance in 
species with large repertoires and high trill variation can also encode information on signaler 
quality. 

Nightingales, Luscinia megarhynchos, have repertoires of on average 190 different 
song types (Kipper et al., 2006), and a large part of their songs is composed of different 
kinds of trills (for a recent review on nightingale singing versatility, see Naguib et al., 2011). 
Trills most strongly underlie a production constraint (Podos, 1997; Hoese et al., 2000) and in 
nightingales, rapid broadband trills have been shown to signal motivation in male-male 
contexts (Kunc et al., 2006; Schmidt et al., 2008; Sprau et al., 2010a; Sprau et al., 2010b). 
However, whether trills in such species with large repertoires provide more information about 
the signaler beyond motivational aspects is not yet known. Here, we investigated the 
predictive value of vocal performance using nightingales as a model. In particular, we were 
interested whether trills can predict quality-indicating aspects of signalers such as age, 
condition, or morphology. 
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METHODS 

Study site and subjects 
Data was collected from 19 male 
nightingales recorded in our long term 
study population located in the Petite 
Camargue Alsacienne (47°37’20 N, 
7°32’13 E; France). In this nature 
reserve about 200-240 male 
nightingales settle each year in an area 
of 18 sqkm (Amrhein et al., 2007). The 
19 males were captured between 14 
April and 25 May 2008. From the 
captured males, we measured (1) bill 
length (mm), (2) bill depth (mm), (3) 
wing length (mm), (4) body condition 
(see below), and (5) age. Bill length was 
measured from the tip of the bill to the 
base of the skull, and measurements for 
bill width were taken at the base of the 
bill. To assess wing size we measured 
the length third primaries from males’ 
left wings. Body condition was 
measured as the body mass (g) 
corrected for body size (weight (g)/tarsus (mm)) and often refers to the energetic state of an 
animal (Schulte-Hostedde et al., 2005). As nightingales differ in song between age classes 
(Kiefer et al., 2006; Kiefer et al., 2009), we also estimated whether males were either 'second 
calendar year' (SCY) or fully mature males (i.e., 'after second calendar year' (ASCY)). Age 
was determined based on plumage characteristics (Svensson, 1992; Mundry and Sommer, 
2007). In order to avoid observer effects, all birds were measured by TR. Two birds were not 
weighted, so that we did not have a measurement for condition of these birds. 
 
Recordings and analysis of songs 
We recorded nocturnal song of the same males that were measured, using Sennheiser 
ME66/K6 microphones connected to a Marantz PMD 660 digital solid state recorder. To 
minimize spectral degradation, all males were recorded at a distance of max. 6 meters from 
their nocturnal song perches in a period between 2345 pm and 0145 am between 14 April 
and 2 May 2008. 

For the analysis of males’ vocal performance, we randomly chose 30 songs from the 
first 300 recorded songs of each of the 19 different males. Each of these 570 songs was then 
high pass filtered at 500 Hz to remove low frequency noise, and their amplitude was 
normalized to 80% using Adobe Audition 1.0 (Adobe Systems, 2003). In a first step, we 
measured trill rate (number/sec) from digital oscillograms and frequency bandwidth (Hz) from 
digital sonograms (FFT length: 1024, frequency resolution 43 Hz) for all trills (‘overall trills’), 

Figure 2.1. Sonagrams and oscillograms of example 
songs for trill measurements. Trills were defined as 
a repetition of the same element at least once. In a) 
three trills within one song are shown. b) shows an 
example of a very rapid narrowband trill (buzz), c) an 
example of a slow trill and d) and e) two rapid 
broadband trills, i.e. songs with trills that had a 
frequency bandwidth > 6 kHz and a repetition rate > 
8.5 elements/s and only occurred in the terminal part 
of a song (for details see text). 
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which were defined as a repetition of one element or syllable at least once (Figure 2.1). 
Following Podos (1997), frequency bandwidth was measured at -24 dB relative to the peak 
amplitude frequency in the song using power spectra. Altogether we measured 1715 trills 
from 568 songs of the 19 individuals (two songs did not include trills). In a second step, we 
selected ‘rapid broadband trills’ (Schmidt et al., 2008; Sprau et al., 2010b). Thus, songs were 
defined as rapid broadband trills when songs contained ± 5 repeated elements that had a 
frequency bandwidth of ≥ 6000 Hz (measured at -24 dB) and an element repetition rate ≥ 8.5 
elements per second (Naguib et al., 2008). Moreover, in order to be classified as a rapid 
broadband trill, trilled structures had to be in the last part of the song that is commonly 
characterized by trills (Hultsch and Todt, 1981). For all song measurements we used the 
sound analysis software Avisoft SASlab Pro 4.4 (R. Specht, Berlin, Germany). For three out 
of the 19 sample males we did not find rapid broadband trills in any of the analyzed songs, 
so that sample size varies between the analyses on the number of ‘overall trills’ and the 
analysis on the number of ‘rapid broadband’ trills. 
 
Statistical analysis 
In a preliminary analysis we ran Pearson’s correlations to estimate how trill rate and 
frequency bandwidth was related to trill duration using the cor.test function in R (version 
2.10.1, R Development Core Team 2009). For the analysis of trill performance, we first 
estimated the performance limit of trills. We used quantile regression [or regression quantiles 
(RQ)] (Koenker and Bassett, 1978; Koenker, 2005) to assess the limits of vocal performance, 
using the function 'rq' of the R package 'quantreg' (version 4.44, Koenker 2009), with tau (i.e. 
the quantile) set to 0.9. In contrast to upper bound regression (1992) – the method most 
commonly used so far – quantile regression analysis has been shown to reliably estimate 
upper bounds of density distributions (Cade et al., 1999; Cade and Noon, 2003). We ran 

Figure 2.2. Trill performance limit measured as regression between frequency bandwidth (kHz) and 
trill rate (no/s). a) shows regression line for all measured trill structures for nightingales compared to 
that of other species, b) shows regression line for only rapid broadband. Regression lines for 
nightingales were calculated using quantile regressions (RQ) with τ set to 0.9. 
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quantile regressions for all analyzed trills (‘overall trills’) and separately for rapid broadband 
trills only (Figure 2.2). We then measured the orthogonal distance from the regression line to 
each trill to obtain an index for vocal performance of each trill. Trills that were close to or 
above the 90%-quantile regression line (i.e., those that have small negative or positive index 
values) were considered to reflect high vocal performance. Indices were calculated 
separately for the dataset including all trills as well as only rapid broadband trills. In order to 
assess whether phenotypic characteristics as well as age may predict vocal performance, we 
ran two sets of linear models in R, using the function 'lm'. As response variables we either 
included for each male the average indices of overall trill performance, or the average indices 
of rapid broadband trill performance. As predictors we used the morphological measures, bill 
length, bill depth, wing size, and condition that were included as continuous variables, and 
also male age, which was included as fixed factor. We removed non-significant terms from 
the maximal model starting with the least significant term (Crawley, 2007). In all models, we 
visually checked homogeneity of variance and normality of error using plots of standardized 
residuals against quantiles from a normal distribution. 
 
 
RESULTS 

The analysis of all trills revealed that trill duration was significantly related to trill rate as well 
as to frequency bandwidth. Trills with a higher rate and a smaller frequency bandwidth were 
significantly shorter (Pearson’s correlation: for trill rate r = -0.46, N = 1573, P < 0.001; for 
frequency bandwidth r = 0.38, N = 1573, P < 0.001). In contrast, trill duration was not related 
to trill rate or frequency bandwidth in rapid broadband trills (all P > 0.14). 

The regression line representing males’ vocal performance limit for all trills 
significantly declined; i.e., the higher the element repetition rate, the narrower the frequency 
bandwidth (y=11.93 – 0.11x, P < 0.001; Figure 2.2a). Yet there was no such significant 

Figure 2.3. Individual variation of vocal performance measured for a) all trills 
and for b) rapid broadband trills only. 
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correlation between frequency bandwidth and element repetition rate in the analysis 
restricted to rapid broadband trills (y = 13.07 – 0.06x, P = 0.66; Figure 2.2b). Between-
individual variation in performance of rapid broadband trills, measured as the standard 
deviation of performance indices, was significantly higher than that of all trills (variance test in 
R: F = 3.17, df = 18, P = 0.023; Figure 2.3). 

Male vocal performance of all trills was not predicted by morphological characteristics 
(Table 2.1). However, older males sang trills that were closer to the upper bound than did 
males that were in their second calendar year (Table 2.1; Figure 2.4). The same findings 
emerged for the analysis of rapid broadband trills. Age, but not biometric characteristics, 
predicted vocal performance with older males performing rapid broadband trills that were 
closer to the performance limit (Table 2.1; Figure 2.4). 
 

 
 

  response variable Estimate SE df t P 

overall trills 

intercept -5.57 0.18 17 -31.41 < 0.001 
bill length 0.06 0.09 13 0.69 0.50 
bill width 0.11 0.28 12 0.38 0.71 
wing size -0.01 0.05 11 -0.26 0.80 
body condition 1.86 1.89 14 0.98 0.34 
age 0.81 0.21 17 3.76 0.002 

rapid broadband trills 

intercept -2.63 0.31 14 -8.44 <0.001 
bill length -0.09 0.21 11 -0.4 0.70 
bill width -0.57 0.4 12 -1.43 0.18 
wing size -0.12 0.07 13 -1.75 0.10 
body condition 1.11 3.76 8 0.3 0.78 
age 1.21 0.38 14 3.22 0.01 

 
 
DISCUSSION 

Male age predicted vocal performance, with older nightingales performing trills that were 
closer to the performance limit than did younger males. Similar observations were recently 
made in swamp sparrows (Melospiza georgiana), which also show an increase in trill 
performance with age (Ballentine, 2009). These findings suggest that vocal performance 
reliably codes information about the age of the signaler and thus may function as an indicator 
of male quality. By mating with older males, females can gain important fitness benefits, as 
older males often have increased reproductive success (Nol and Smith, 1987; Forslund and 
Part, 1995). Moreover, in territorial species, older males are more successful in defending 
their territories (Hyman et al., 2004), so that rivals may benefit from assessing the age of a 
territory owner before challenging him. 

Table 2.1. Results from stepwise backward linear models with male’s vocal performance of all 
trills and of only rapid broadband trills. 
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So far, coding information in vocal performance of trills has been described for species with 
small repertoires and thus with little variation in trill structure (Dreiss et al., 2008; Ballentine, 
2009; de Kort et al., 2009; Derryberry, 2009; Sockman, 2009). Our study shows that coding 
of individual specific information in trill performance is not restricted to species that have only 
few trills in their repertoires or where the whole song consists of a trill, but that species with 
many different trill types in their songs also code valuable information in the performance of 
vocal structures. Especially for species with large song repertoires, such as nightingales, 
information coding in traits other than repertoire size may be important, as it enables 
listeners to readily assess signalers without being required to listen to singing conspecifics 
for long periods of time. Our findings suggest that the predictive value of trill performance is a 
general phenomenon in songbirds that enables quick signaler assessment. 

Amongst the large variety of songs containing trills in nightingales, one particular 
category takes a conspicuous part, which is songs containing rapid broadband trills. Such 
trills are predominantly used as an aggressive signal in close-range interactions (Kunc et al., 
2006; Schmidt et al., 2006; Sprau et al., 2010a), and their spectral information is transmitted 
with little degradation (Naguib et al., 2008). The separate analysis of rapid broadband trills in 
the present study revealed that the performance of rapid broadband trills also honestly 
reflected signalers’ age and also showed more variation between singers than other trills. 
Thus, rapid broadband trills not only signal motivational aspects, as shown earlier, but can 
also be used to express the age of the signaler or as general trait to discriminate 
performance among singers. Unexpectedly, male’s vocal performance did not predict their 
phenotypic characteristics, i.e., beak morphology, condition and wing size in our study. 
Correlations between particular song traits, such as repertoire size and vocal performance, 
and male morphology have been shown before in nightingales (Kipper et al., 2006) and also 
in other species (Palacios and Tubaro, 2000; Christensen et al., 2006; Derryberry, 2009). 
Our contrasting findings suggest that nightingales code phenotypic characteristics in song 
traits other than vocal performance of trills. 

Figure 2.4. Effect of male age on vocal performance for all trills (a) and rapid broadband trills only 
(b). 
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In comparison to other species, vocal performance of nightingales regarding element 
repetition rate and frequency bandwidth of trilled song structures is much more pronounced 
(Table 2.2). In their performance of physically challenging trills, nightingales use frequency 
bandwidths and element repetition rates that are more than twice of that measured in other 
species. These comparisons show that beyond the outstanding variability in different song 
types (Kipper et al., 2006), nightingales are exceptional also in the performance of their 
songs, thus making nightingales one of the most sophisticated singers in all songbirds. 

Our study supports previous findings that showed the predictive value of trills in 
songbirds. Our results, however, extend on earlier findings by showing that songbird species 
with large repertoires can also encode valuable information such as signaler age in the 
performance of physically challenging trills. These characteristics make trills a suitable song 
trait that enables listeners to readily assess male quality irrespective of repertoire size and 
trill versatility. 
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ABSTRACT 
 
In communication, animals often use complex signals with different traits carrying different 
information. In the song of songbirds, signaling traits can either be structural patterns (e.g., 
trills) or temporal patterns (e.g., song overlapping). Both, trills and song overlapping signal 
arousal or the readiness to escalate a contest in male-male interactions. However, the use of 
trills and song overlapping also differ inherently from each other: song overlapping has a 
clear directive function as the songs are timed specifically to the songs of a counterpart, 
whereas trills do not have such a directional character unless when combined with other 
directed traits. This difference raises the question whether trills can enhance the agonistic 
function of song overlapping when being used simultaneously. Here, we exposed male 
nightingales (Luscinia megarhynchos) prior to pairing to overlapping playback treatments 
differing in the presence or absence of rapid broadband trills. Males responded differently to 
the two playback treatments by singing more songs with rapid broadband trills and by 
interrupting their singing less often during playback containing trills than during playback 
without trills. After playbacks containing trills, males interrupted their singing more often and 
used more songs with initial whistles than they did after playback without trills. Furthermore, 
males that remained unpaired throughout the breeding season sang more songs containing 
trills and interrupted their singing more often after playback than did subsequently paired 
males, irrespective of playback treatment. These findings suggest that song overlapping and 
rapid broadband trills appear to have only minor synergistic effects because the difference in 
response to the two treatments was not as strong as expected. The separate or 
simultaneous use of trills and of song overlapping may allow males to adjust information 
encoded in their singing on a fine scale, depending on the specific context. 
 
 
Keywords: 
Animal communication, birdsong, rapid broadband trill, song overlapping, multi-component 
signal



Song overlapping and rapid broadband trills 

Page | 39  
 

INTRODUCTION 

In competition over resources such as mates, space, or food, animals signal aspects of their 
motivation and their quality to rivals. Signals often are complex, with different traits carrying 
different information (Bradbury and Vehrencamp, 1998; Rowe, 1999; Searcy and Nowicki, 
2005). In birdsong, some signaling traits such as the timing of songs and the use of specific 
patterns can be varied independently, raising questions about how the combination of 
independent singing traits effects the overall signal value. 

Two distinct strategies of song timing have received specific attention: song 
alternating (i.e., starting a song in the silent interval between two songs of the opponent) and 
song overlapping (i.e., starting the song while the opponent is singing a song). Generally, 
song overlapping has been shown to be a directed agonistic signal, whereas song alternating 
has been shown to be more moderate (Dabelsteen et al., 1997; Naguib, 1999; Mennill and 
Ratcliffe, 2004b; Hall et al., 2006). To adjust responses to an opponent, a bird may also use 
specific songs (Falls et al., 1982) or song patterns such as trills, i.e., rapid repetitions of 
identical elements (Todt and Naguib, 2000). Due to physical constraints in song production, a 
singer is limited in the ability to sing trills with a high element repetition rate while at the same 
time using elements with a broad frequency bandwidth (Westneat et al., 1993; Podos, 1996, 
1997). Thus, trills are considered to act as an honest signal reflecting male quality that can 
function in female choice (Vallet et al., 1998; Ballentine et al., 2004). Furthermore, songs 
containing trills have been shown to be used and perceived as an agonistic signal in male-
male interactions (Illes et al., 2006; Kunc et al., 2006; Schmidt et al., 2008; de Kort et al., 
2009). 

Songs with trills and song overlapping thus appear to be valued similarly by rivals, but 
nevertheless they differ inherently in their ability to signal arousal in different contexts. Song 
overlapping can be used exclusively in vocal interactions, i.e., when the rival is singing. 
Songs with trills, however, can be used as signal of arousal or of male quality even when the 
opponent is not singing. Moreover, by timing the onset of a song to that of an opponent's 
song, males can direct the agonistic intention of song overlapping to this specific opponent. 
In contrast, songs with trills, like other structural song traits, do not have such an inherent 
directional function, unless combined with other directed singing strategies. These 
contrasting characteristics of song overlapping and songs with trills raise the question about 
whether their combination has enhancing effects in male-male interactions. Overlapping 
opponent's songs and additionally using songs with trills may well enhance the overall signal 
value, as trills could obtain a strong directive function when being added to song overlapping, 
and together they may act as a stronger agonistic signal. Yet, except for studies on song 
matching, when a male replies with the same song pattern as sung by the opponent 
(Catchpole and Slater, 2008), little is known about the effects of combining the specific timing 
of songs with agonistic structural song patterns (Mennill and Ratcliffe, 2004b). 

Here, we tested responses of male nightingales (Luscinia megarhynchos) to 
nocturnal overlapping playback that did, or did not include songs with rapid broadband trills. 
Nocturnal playbacks enable quantifying vocal responses without additional effects by spatial 
movements, and nocturnal vocal responses have been shown to predict territorial behavior 
during the day (Schmidt et al., 2007). We predicted a stronger vocal response by subjects 
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receiving the overlapping treatment with rapid broadband trills compared to subjects 
receiving the overlapping treatment alone. Since responses do not only depend on the 
motivation and quality of the singing rival, but also on the motivation or quality of the subject 
(Kunc et al., 2006; Schmidt et al., 2006), we further tested whether the males' subsequent 
pairing success was reflected in responses to playback. We expected male nightingales that 
successfully attracted a female to respond stronger to playback than males that remained 
unpaired throughout the season. 
 
 
METHODS 

Study site and subjects 
The playback experiment was carried out between 18 April and 2 May 2007 in the nature 
reserve Petite Camargue Alsacienne (France) in the Upper Rhine Valley, 10 km north of 
Basel (Switzerland). Here, about 240 singing male nightingales settle in a study area of 
approximately 18 sqkm, and up to half of the males may remain unpaired throughout the 
season (Amrhein et al., 2007). 

Nightingale territories are characterized by dense bushes and groves that border 
pathways, open fields or grasslands and are in close proximity to rivers or streams. Thus, 
territory boundaries usually are well defined by the habitat. Playbacks were conducted only in 
territories that were sufficiently isolated so that close neighbors would not interfere with the 
playback. 

Males usually cease singing at night after pairing, whereas unpaired males continue 
nocturnal singing throughout the breeding season (Amrhein et al., 2002; Amrhein et al., 
2004a). To map the presence and the singing activity of all male nightingales in the study 
area, we conducted standardized census rounds at midnight and at dawn throughout the 
breeding season (10 April to 20 May 2007). Thus, we were able to distinguish between 
paired and unpaired males by judging from the presence or absence of prolonged nocturnal 
singing in an occupied territory (Amrhein et al., 2002; Amrhein et al., 2004a; Amrhein et al., 
2007). All playbacks were conducted before males had attracted a female. Of the 41 
playback subjects, 21 males ceased singing at night later in the season and were considered 
as subsequently paired males. The other 20 males sang nocturnal song throughout the 
breeding season and were considered to have remained unpaired (bachelors). The first male 
nightingale was heard on 11 April 2007, and each subject had been singing for at least three 
nights before the playbacks were carried out. 
 
Playback stimuli 
For the 41 playback stimuli we used nocturnal song recordings from 41 male nightingales. 
Song was recorded with a Sony TC-D5M or WM-D6C tape recorder (Sony Ltd., Tokyo, 
Japan) and a Sennheiser ME66/K6 microphone (Sennheiser electronic GmbH, Wedemark, 
Germany) between 2003 and 2007 and digitized with Cool Edit 2000 (Syntrillium Software 
Cooperation, Phoenix, Arizona, USA, sampling frequency: 44.1 kHz, resolution: 16 bit). For 
each set of playback stimuli, 20 different song types were selected from one male using the 
sound analysis software Avisoft SASlab Pro 4.4 (R. Specht, Berlin, Germany). For the first 
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treatment group, we randomly chose 10 song types containing rapid broadband trills (Figure 
3.1a and 3.1b). Rapid broadband trills used for playback had a bandwidth of 9643 ± 2648 Hz 
(mean ± SD; measured at -20 dB) and an element repetition rate of 12 ± 3 elements/s. The 
remaining 10 song types were chosen randomly (Figure 3.1c and d) from songs without rapid 
broadband trills, with the constraint that each playback contained one to four whistle songs 
(Figure 3.1e and 3.1f), i.e., songs that started with non- or only slightly modulated whistles 
(Naguib et al. 2002; Kunc et al. 2005). For the second treatment group, we proceeded 
similarly with the difference that none of the stimulus songs contained songs with rapid 
broadband trills. Even though the combined duration of the 20 songs tended to differ 
between treatments because songs containing trills tend to be longer than other songs 
(overlapping playback with trills: 62 ± 5 s (mean ± SD); overlapping playback without trills: 58 
± 7 s; Welch t-test; t36.0= 1.93, P = 0.062), the responses of our subjects were not affected by 
the duration of stimulus songs (effects of duration of stimuli when included in the statistical 
models as a covariate: all P > 0.19). 

Each song was normalized in peak amplitude using Cool Edit, to standardize the 
playback amplitude across trials. We arranged playback songs randomly, but the first of the 
20 playback songs did not contain rapid broadband trills. For playback we used the software 
Syrinx PC version 2.3 s (J. Burt, http://www.syrinxpc.com) installed on a Toshiba Satellite 
notebook (S2210CDT), in order to play each song separately. The notebook was connected 
to a Blaupunkt MPA2 amplifier and a Canton Plus X passive speaker. Sound pressure of the 
stimulus songs was adjusted to 90 dB at 1m distance measured with a Brüel & Kjær 
precision SPL meter 2223 (C-weighing, fast response), which is within the range of the 
sound pressure of singing males (Brumm, 2004). 
 
Playback protocol 
All trials took place at night, between 2345 hours and 0340 hours CEST. All males were 
singing at the onset of playback. Each male received one of the two treatments (bachelors: 
overlapping with trills N = 11 and without trills N = 9; subsequently paired males: overlapping 
with trills N = 10 and without trills N = 11). Stimuli songs overlapped almost all of the 
subjects' songs, and there was no significant difference between treatments in the number of 
songs that were overlapped by playback (treatment with trills: 95 ± 6 % (mean ± SD); 
treatment without trills: 92 ± 8 %; Welch t-test: t36.5 = 1.49, P = 0.15).  

To simulate a newly arrived opponent, stimulus songs were broadcasted from well 
outside the subjects' territories, at a distance of about 30 m from the subjects' nocturnal song 
posts. The loudspeaker was positioned on a tripod at a height of 1.5 m on open fields 
bordering the territories. Stimulus songs were obtained either from recordings made out of 
earshot from the respective focus males in the year we made the present study, or from 
recordings made in previous years in territories other than the territories chosen for the 
experiments. Thus, a subject most likely was unfamiliar with the male whose songs were 
used for playback. Subjects' song was recorded either with a Marantz PMD 660 or a Marantz 
PMD 670 digital solid state stereo recorder and a Sennheiser ME66/K6 microphone. On the 
second channel, we recorded the playback songs with a microphone of the same kind. 
 

http://www.syrinxpc.com/�
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Response measures and statistical analysis 
We measured males' singing during the three time periods preceding the playback, during 
the playback, and after playback. All analyzed periods were of equal duration as the period of 
the actual playback and did not differ significantly between treatments (overlapping playback 
with trills: 117 ± 30 s per period (mean ± SD); overlapping without trills: 124 ± 34 s per 
period; Welch t-test; t23.8 = -0.94, P = 0.36). Similar to previous playback experiments, males 
occasionally interrupted their singing, leading to inter-song intervals that differed markedly 
from the mean pause duration of silent intervals between two songs of nocturnal song 
(Naguib, 1999; Mennill and Ratcliffe, 2004b; Schmidt et al., 2006). We therefore decided to 
analyze singing interruptions separately by defining inter-song intervals as interruptions if 
they were longer than the mean +1 SD of silent intervals between two songs of normal 
nocturnal song (Naguib and Kipper, 2006). Accordingly, inter-song intervals that were longer 
than 6.1 s were considered to be singing interruptions. 

In response to playbacks or in other contexts of apparent arousal, nightingales often 
add high-frequency whistles of low amplitude at a frequency window of about 6 to 8 kHz 
before the actual song begins. We refer to these whistles as 'initial whistles'. Initial whistles 
differ from the ordinary whistles of whistle songs (Figure 3.1 e, f) in that the initial whistles are 
always sung at very high frequencies and are usually not repeated (Figure 1g, h; Naguib et 
al., 2002; Kunc et al., 2005b). Yet, initial whistles have not been quantified in previous 

Figure 3.1. Sound spectrograms of nightingale songs containing rapid broadband trills (a and b), 
of songs without such trills (c and d), of whistle songs (e and f) and of songs with high frequency 
initial whistles (g and h). 
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experiments. On the rare occasions in which initial whistles were repeated up to three times, 
males used significantly longer silent intervals between the initial whistle elements compared 
to whistle elements of ordinary whistle songs (initial whistles: 725 ± 390 ms (mean ± SD); 
ordinary whistles: 205 ± 34 ms; Welch t-test; t11.1 = -4.61, P < 0.001). Moreover, songs with 
initial whistles often were added to a series of successive songs whereas ordinary whistle 
songs are rarely sung in immediate succession. 

For analysis, we used the following song parameters as response variables: (1) 
percentage of songs with initial whistles, (2) number of singing interruptions, and (3) 
percentage of songs containing rapid broadband trills. We defined rapid broadband trills 
based on the definition we used for stimulus trills (see above). We used percentages instead 
of absolute numbers of songs because percentages account for the number of songs sung 
by a subject. We did not analyze total duration of singing interruptions, because total duration 
was highly positively correlated with number of interruptions (Spearman rank correlation; rS = 
0.99, N = 41, P < 0.001). The other analyzed song parameters did not correlate in any of the 
three playback periods (Spearman rank correlations; all P > 0.05). 

In the period before playback, males receiving different treatments did not differ in the 
use of the three song parameters (Welch t-tests; all P > 0.24). However, before playback, 
bachelors sang more songs with rapid broadband trills than subsequently paired males 
(Welch t-test; t37.6 = 2.47, P = 0.018). Males differing in subsequent pairing status did not 
differ in the other two song parameters before the playback (Welch t-tests, all P > 0.088). 

Data analysis was done using R 2.9.1 (R Develpoment Core Team, 2009). To assess 
if the playback affected singing differently depending on treatment and pairing status, we 
used generalized linear models (GLM) for each of the three response variables, by analyzing 
singing during and after playback separately using the glm function in R. As factors we 
included playback treatment, subsequent pairing status, and their interaction. In order to 
control for variation in male singing behavior prior to playbacks, we included the song 
parameter for the time period before the playbacks as a covariate. Percentage of songs with 
initial whistles and percentage of songs with trills were fitted with binomial error distribution. 
Number of singing interruptions was fitted with a Poisson error distribution. For model 
simplification we used backward selection following Crawley (2007). We removed non-
significant (P > 0.05) terms from the maximal models that included all factors, covariates, and 
interactions, starting with the least significant interaction. We selected models based on 
likelihood ratios between alternative models. For all likelihood ratio tests, the degrees of 
freedom were df = 1. We visually checked homogeneity of variance and normality of error 
using plots of standardized residuals against fitted values and of quantiles of residuals 
against quantiles from a Normal distribution. 
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RESULTS 

Effects of playback treatment 
Males increased the percentage of songs with initial whistles in response to both overlapping 
playback treatments (Figure 3.2a). During playback, males did not differ in use of songs with 
initial whistles between the playback treatments (Table 3.1). However, after playback, males 
sang a higher percentage of songs with initial whistles in response to playback with rapid 
broadband trills than to overlapping playbacks without trills (Table 3.1; Figure 3.2a). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Males generally decreased the number of singing interruptions during playback and 
interrupted their singing less frequently in response to playback with rapid broadband trills 
than to playback without trills (Table 3.1; Figure 3.2b). After playback, however, males that 
received the overlapping playback with trills interrupted their singing more often than males 
that received the playback without trills (Table 3.1; Figure 3.2b). 

Males increased percentage of rapid broadband trills in response to both treatments 
(Figure 3.2c). During playback, males sang more songs with rapid broadband trills in 
response to overlapping playbacks with rapid broadband trills than in response to 
overlapping playback without trills (Table 3.1; Figure 3.2c). After playback, males that 
received different treatments did not differ in the use of trills (Table 3.1; Figure 3.2c). Males' 
responses during and after playback also was reflected in the way they were singing before 
playback (Table 3.1). 
 
Effects of pairing status 
During playback, bachelors sang more songs with initial whistles than did subsequently 
paired males regardless of playback treatment (Table 3.1; Figure 3.3a). Moreover, males 
responded differently to the playback treatments depending on their subsequent pairing 
status (Table 3.1). During playback without trills, bachelors sang a higher percentage of 
songs with initial whistles than did subsequently paired males (bachelors: 29 ± 9 % (mean ± 

GLM 
 initial whistles (%) no. interruptions trills (%) 

 LR P LR P LR P 

during 
playback 

treatment 3.24 0.072 20.49 <0.001 6.12 0.013 

pairing status 7.82 0.005 1.56 0.21 <0.01 0.97 

song parameter before 32.38 <0.001 8.02 0.005 4.92 0.027 

treatment x pairing status 15.64 <0.001 0.72 0.40 1.34 0.25 

after 
playback 

treatment 25.07 <0.001 7.92 <0.005 0.03 0.87 

pairing status 3.25 0.070 12.65 <0.001 4.51 0.034 

song parameter before 51.10 <0.001 3.50 0.061 10.07 0.002 

treatment x pairing status 1.71 0.19 0.41 0.52 0.12 0.73 

Table 3.1. Results of generalized linear models on three song parameters 
(percentage of initial whistles, number of song interruptions and percentage of 
trills) during and after a playback, with treatment (songs with trills versus songs 
without trills) and subsequent pairing status (paired versus unpaired) as fixed 
effects and singing behavior prior to playback (song parameter before) as 
covariate.  
 

LR are likelihood ratios between alternative models, and all degrees of freedom 
are df = 1. 
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SE); paired males: 16 ± 5 %). During playback 
containing trills, however, bachelors and 
subsequently paired males did not differ strongly 
in the use of songs with initial whistles 
(bachelors: 15 ± 5 %; paired males: 13 ± 4 %). 
After playback, there was no significant 
difference in the use of songs with initial whistles 
between bachelors and subsequently paired 
males (Table 3.1; Figure 3.3a). 

During playback, subsequently paired 
males and bachelors interrupted their singing 
similarly often (Table 3.1; Figure 3.3b). After 
playback, however, bachelors interrupted their 
singing more often than did subsequently paired 
males (Table 3.1; Figure 3.3b). 

Subsequent pairing status did not have 
an effect on the use of rapid broadband trills 
during playback as both increased the number of 
trills (Table 3.1; Figure 3.3c). After playback, 
however, bachelors sang more songs with rapid 
broadband trills than did subsequently paired 
males (Table 3.1; Figure 3.3c). 
 
 
DISCUSSION 

The experiments show that males differed in 
their vocal responses to the two playback 
treatments, indicating that they differentiated 
between overlapping playback containing or 
lacking rapid broadband trills. However, this 
effect was less clear than one would expect 
when the combined signal is perceived as a 
considerably stronger threat. Furthermore, males 
that later in the breeding season successfully 
attracted a female responded differently to 
playback than did males that remained unpaired. 

The increase of songs containing rapid 
broadband trills during playback is in line with a previous study (Kunc et al., 2006) and 
supports the agonistic function of rapid broadband trills (Illes et al., 2006; Schmidt et al., 
2008). Furthermore, the higher percentage of songs containing rapid broadband trills during 
playback with such trills indicates that males differentiated between the two treatments. This 
response, on an immediate level, may have been caused by vocal matching of the category 
'songs with rapid broadband trills'. In agonistic interactions, males often match an opponent's 

Figure 3.2. Effect of playback treatment on 
the response variables a) percentage of 
songs containing initial whistles, b) number 
of singing interruptions, and c) percentage 
of songs containing rapid broadband trills 
before, during and after playback. Shown 
are means ± SE. 
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song type (Krebs et al., 1981; Beecher et al., 
2000) or certain song parameters such as the 
frequency (Otter et al., 2002) or specific song 
components (Burt et al., 2002; Anderson et al., 
2005), in order to direct their singing to an 
opponent. Consequently, the higher 
percentage of songs with trills during playback 
containing such trills could suggest that males 
perceived the playback with trills as more 
threatening than the overlapping playback 
without trills. 

Surprisingly, males responded to 
playback by singing on average with fewer 
interruptions than before the playback, rather 
than with more interruptions, as found in 
previous studies (Naguib and Kipper, 2006; 
Schmidt et al., 2006). Singing with many 
interruptions has been interpreted as signaling 
arousal and as a strategy to avoid being 
overlapped by singing more irregularly (Naguib, 
1999). Our findings may be taken to suggest 
that arousal is not necessarily reflected by 
singing with many interruptions per se, but that 
a change in singing may equally well fulfill this 
function. A change in singing interruptions may 
be advantageous especially in cases where 
males sing with comparatively many 
interruptions, like males did here before 
playback, as further increasing interruptions 
would result in very low song rates. Signaling 
arousal by a change in singing could have 
benefits as it directly signals a change in state 
that may have more information content than 
the absolute level of a singing behavior. 
Absolute levels could sometimes be more 
difficult to interpret for a receiver in traits that 
vary substantially across males or contexts. 
Fewer singing interruptions during playback 
with trills than during playback without trills then 
would suggest that males perceived the playback treatment with combined agonistic stimuli 
as a more threatening signal than the overlapping playback without trills.   

Males sustained a high percentage of songs with initial whistles only after overlapping 
playback containing rapid broadband trills. This high percentage of songs with initial whistles 

Figure 3.3. Effect of subsequent pairing 
status on the response variables a) 
percentage of songs containing initial 
whistles, b) number of singing interruptions, 
and c) percentage of songs containing rapid 
broadband trills before, during and after 
playback. Shown are means ± SE. 
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suggests that the combination of overlapping and rapid broadband trills has stronger 
persisting effects after the playback than has overlapping alone. Due to the low amplitude of 
the initial whistles, they may be functionally similar to 'soft songs' that are considered as 
agonistic signal during intra-specific interactions (Searcy and Nowicki, 2006; Anderson et al., 
2008). Soft songs may be adaptive during vocal interactions because their low amplitude 
reduces the ability of other eavesdropping individuals to intercept the signals (McGregor and 
Dabelsteen, 1996; Naguib et al., 2004). The use of low frequency whistles may even expand 
this function since adding such structural song patterns does not constrain the overall long-
range function of the regular loud song. 

The apparently stronger response to the combined stimulus compared to the stimulus 
lacking trills may be explained by the nature of the two individual signal components. The 
signal function of song overlapping is confined to vocal interactions, addressing a specific 
opponent, whereas trills can be used at any time. Consequently, the use of rapid broadband 
trills may not fully fulfill a directed agonistic function unless when it is used in a context in 
which the receiver is specified, such as during song matching or in combination with song 
overlapping. Such combinations may allow males to direct the information coded in rapid 
broadband trills at a specific opponent. Some response patterns, however, such as the 
apparently opposing courses of response between songs containing initial whistles and 
number of interruptions do not support the conclusion that combining song overlapping and 
rapid broadband trills caused stronger responses by our subjects, and remain difficult to 
interpret. Such unexpected complex patterns may be taken to suggest that not only the use 
of certain structural and temporal song traits per se, but specifically their change over time 
may play a decisive role during agonistic interactions, as argued above. Such a strategy can 
allow males to be responsive regardless of their level of arousal when being challenged. 

The results further revealed that males' singing strategies differed depending on their 
subsequent pairing status. Bachelors sang more songs containing rapid broadband trills 
before and after playback than did subsequently paired males. Given the effect on arousal by 
songs with trills in nightingales (Kunc et al., 2006; Schmidt et al., 2008), these findings 
suggest that bachelors were more aroused even when not challenged by an opponent. 
Possibly, bachelors are less competitive and thus have a higher baseline level of arousal 
when claiming their territory. This conclusion is supported by the high number of singing 
interruptions bachelors used after playback, as singing with many interruptions is considered 
to reflect a high level of arousal (Naguib and Kipper, 2006). The finding that bachelors 
generally sang more songs with trills than subsequently paired males further suggests that 
rapid broadband trills in nightingales may not be a signal of male quality that is used by 
females in their choice of mates, as was shown in other species (Draganoiu et al., 2002; 
Ballentine et al., 2004). 

Taken together, the differences in response to the two treatments suggest that adding 
rapid broadband trills to song overlapping does have some enhancing effect on the signal 
value. However, this effect was less clear than one would expect when the combined signal 
is perceived as a considerably stronger threat than when signals are used separately. 
Because trills, other than song overlapping, can also be effective during non-interactive 
situations, the use of trills may be a more general demonstration of male arousal, with 
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stronger consequences even beyond the cessation of an interaction. In contrast, song 
overlapping, which is suitable only during direct interactions, may rather signal directed 
arousal or short-term motivation. Overall, the experiment suggests that the combination of 
the two agonistic signals has enhancing effects during agonistic male-male interactions only 
to a limited extent, but may allow males to vary signal content on a fine scale. 
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ABSTRACT 
 
In communication, vocal signals are often used for long-range signaling. Yet, little 
experimental evidence is available on the role of territorial signals across territory boundaries 
and their effectiveness at different propagation distances. In many songbird species, song 
overlapping and rapid broadband trills are used and perceived as agonistic signals, yet they 
differ in their propagation distance. Trills degrade quickly over distance, suggesting that their 
agonistic function may decrease faster over distance than that of song overlapping. Here, we 
tested whether different signaling distances of a rival affect singing responses of a territorial 
male and whether such distance effects differ when a rival uses rapid broadband trills or 
song overlapping. We exposed male nightingales (Luscinia megarhynchos) to songs of 
simulated rivals broadcast from two distances outside their territories. Each subject was 
exposed either to a moderate alternating playback without trills or to an agonistic playback, 
that is, to an alternating playback with trills or to an overlapping playback without trills. 
Irrespective of the treatment, males sang more songs containing trills in response to near 
than to far playback. As expected, males responded more strongly to the two agonistic 
treatments than to the moderate treatment. However, males did not clearly decrease 
responsiveness to playback containing trills broadcast from afar. This indicates that trills 
maintain their agonistic function even at distances at which information encoded in frequency 
bandwidth is degraded. Taken together, our results show that information encoded in signals 
used for resource maintenance is important also in communication across territory 
boundaries. 
 
 
Key words: 
Bird song, distance effects, interactive playback, song overlapping, trill, vocal interactions 
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INTRODUCTION 

In competition over resources and mates, animals often use sexually selected signals that 
propagate over long ranges. Efficient propagation of signals highly depends on the signals’ 
spectral characteristics as well as on habitat characteristics and the distance between sender 
and receiver (Wiley and Richards, 1978; Forrest, 1994; Naguib and Wiley, 2001; Parris, 
2002). One of the key model systems for the study of sexually selected signals is vocal 
communication, often highlighted for its long-range signaling capacities in various taxa such 
as insects (Römer, 1993; Greenfield, 1994), anurans (Ryan, 2001; Schwartz et al., 2002; 
Bee, 2008), birds (Catchpole and Slater, 2008; Brumm and Naguib, 2009), and some 
mammals (Janik, 2000; Wich and Nunn, 2002). 

The territorial function of birdsong has been a textbook example for vocal long-range 
signaling and has mainly been studied using playback experiments that broadcast songs 
from within the territory to simulate an intruding rival (McGregor, 1991; Searcy and Nowicki, 
2005). Yet, territorial intrusions occur only rarely as males more commonly interact over long 
ranges across territorial boundaries presumably to prevent such intrusions (Krebs, 1977; 
Nowicki et al., 1998a). However, surprisingly little is known about the general function of 
birdsong at different distances beyond territory boundaries (Fitzsimmons et al., 2008). This 
applies even more so to the effectiveness of functionally similar signal components that differ 
strongly in their efficiency to transmit information over distance. 

Vocal signals are usually characterized by temporal and structural traits (Gerhardt, 
1994; Todt and Naguib, 2000). To temporally adjust the onset of a song to that of a rival, 
males can either overlap the songs of a counterpart (i.e., starting a song before a rival has 
terminated its song) or alternate with the songs of a rival (i.e., two interactants take turns in 
singing). Empirical evidence suggests that song overlapping is perceived and used as an 
aggressive signal, whereas alternating with the songs of a rival has been shown to be 
perceived as less aggressive and thus a more moderate signal (Dabelsteen et al., 1996; 
Mennill and Ratcliffe, 2004b; Hall et al., 2006; Amy et al., 2010, see Searcy and Beecher 
2009 and Naguib and Mennill 2010 for a recent discussion on this topic). Rapid broadband 
trills are an example for a structural song trait with specific information content for females  
(Draganoiu et al., 2002; Ballentine et al., 2004) and males (Illes et al., 2006; Schmidt et al., 
2008). Similar to song overlapping, songs containing trills are often used during agonistic 
encounters (Illes et al., 2006; Cramer and Price, 2007; DuBois et al., 2009). The production 
of trills is physically constrained by the motor apparatus (Podos, 1997), and males face a 
trade-off between singing trills with a wide frequency bandwidth and at the same time using a 
high element repetition rate. Thus, singing songs with rapid broadband trills is considered as 
an honest signal reflecting male quality (Podos, 1997; Ballentine et al., 2004; Illes et al., 
2006). 

In nightingales (Luscinia megarhynchos), songs containing rapid broadband trills are 
used more during agonistic close-range interactions compared with undisturbed singing 
(Kunc et al., 2006; Schmidt et al., 2006; Schmidt et al., 2008; Sprau et al., 2010b), possibly 
because broadband trills face strong spectral degradation and thus are not suitable in long-
range communication (Naguib, 2003; Naguib et al., 2008). As the propagation characteristics 
of rapid broadband trills and song overlapping differ, song overlapping and songs with rapid 
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broadband trills might be used and perceived differently depending on the communication 
distance. 

Here, we studied distance-dependent vocal responses of male nightingales to 
nocturnal interactive playbacks broadcast from 20 to 50 m outside the subjects’ territorial 
boundaries. To examine whether trills and overlapping are assessed differently at different 
distances, we used 3 playback treatments: alternating playback without rapid broadband 
trills, alternating playback with rapid broadband trills, and overlapping playback without rapid 
broadband trills. We expected males to respond more strongly to near than to far playback 
and also to respond more strongly to the agonistic treatments (alternating with trills and 
overlapping) than to the more moderate treatment (alternating without trills). Because of the 
degradation of trills, we specifically expected males to decrease responsiveness to far 
playback containing songs with rapid broadband trill more strongly than to overlapping 
playback without trills. 
 
 
METHODS 

Study site and subjects 
Playbacks were conducted on male nightingales in the Petite Camargue Alsacienne (France) 
between 19 April and 3 May 2008. This nature reserve is located in the Upper Rhine Valley, 
10 km north of Basel (Switzerland) and accommodates about 240 male nightingales in an 
area of approximately 18 km2 (Amrhein et al., 2007). In this area, nightingales settle in 
territories characterized by dense scrubs and groves alternating with more open areas. In 
most cases, territories are located along rivers or streams, pathways, grasslands or open 
fields. Thus, territory boundaries usually are well defined by the habitat. 
 
Playback stimuli 
Stimulus songs used for playback experiments were taken from nocturnal song recordings of 
different male nightingales made between 2004 and 2007. Nocturnal song was recorded with 
a Sony TC-D5M or WM-D6C tape recorder (Sony Ltd., Tokyo, Japan) and a Sennheiser 
ME66/K6 microphone (Sennheiser electronic GmbH, Wedemark, Germany) and digitized 
with Cool Edit 2000 (Syntrillium Software Cooperation, Phoenix, Arizona, USA, sampling 
frequency: 44.1 kHz, resolution: 16 bit). Songs used for playback were obtained from 
recordings made in territories that were out of hearing range from the territories chosen for 
the experiments. Thus, a subject most likely was unfamiliar with the male whose songs were 
used for playback. 

To test for distance-dependent effects of rapid broadband trills and of song 
overlapping, each subject received one of three different playback treatments. Each subject 
received the given treatment from two distances; near and far (see below). Two of the 
treatments contained stimuli considered to be more aggressive: in the first treatment, 
playback songs alternated with the songs of the subject and additionally included rapid 
broadband trills. Songs of the second agonistic treatment lacked trills but overlapped the 
songs of the subject. In the third, more moderate, treatment, stimulus songs were alternated 
with the songs of the subject, but did not include rapid broadband trills. The stimuli were 
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constructed using the sound analysis software Avisoft SASlab Pro 4.4 (R. Specht, Berlin, 
Germany). A playback stimulus was composed of 20 randomly chosen songs from nocturnal 
recordings of one of 60 recorded males. For the alternating treatment with trills, we randomly 
chose 10 songs containing rapid broadband trills and 10 songs lacking those trills. Trills used 
for playback had a bandwidth of 9643 ± 2648 Hz (mean ± SD; measured at -20 dB) and an 
element repetition rate of 11.7 ± 3.5 elements/sec. For playback, we arranged songs 
randomly with the constraint that the first of the 20 playback songs never contained rapid 
broadband trills. The total durations of all 20 songs did not differ significantly between the 
three treatments (alternating without trills: 70 ± 3 s (mean ± SD); alternating with trills: 70 ± 3 
s; overlapping without trills: 70 ± 5 s; ANOVA: F2,58 = 0.02, P = 0.87). Each song was 
normalized in peak amplitude using Cool Edit. Sound pressure of the stimulus songs was 
adjusted to 90 dB at 1m distance measured with a Brüel and Kjær precision SPL meter 2223 
(C-weighing, fast response), which is within the range of the sound pressure of singing male 
nightingales (Brumm, 2004). 
 
Playback protocol 
We conducted the playbacks on 30 male nightingales before they were paired to females. 
Pairing dates were determined by surveying nocturnal song each night throughout the study 
period, and males usually stop nocturnal song upon pairing (Amrhein et al., 2002; Amrhein et 
al., 2004a). Males were randomly allocated to one of the three treatments, with equal sample 
sizes for each treatment (alternating without trills: N = 10, alternating with trills, N = 10, 
overlapping without trills: N = 10). 

In order to test for an effect of distance on responses to the different playback 
treatments, each male received one playback broadcast from a distance of 20 m ('near'), and 
a second playback with songs from another recorded male from a distance of 50 m ('far') as 
measured from the subjects’ nocturnal song posts, with a pause of ten minutes between 
playbacks. Playback order was balanced within treatments (i.e., per treatment 5 subjects 
received the far playback first and 5 males received the close playbacks first). All trials took 
place at night, between 2315 hours and 0320 hours CEST. Distances were measured using 
a Leica DISTOTM A5 laser distancemeter (Leica Geosystems, Balgach, Switzerland). To 
assure that both distances fell well outside males’ territories and were consistent across 
trials, we only used subjects that were singing from a bush or vegetation patch bordering the 
open field from which the playbacks were broadcast. Previous studies showed that territorial 
males respond vocally to simulated rivals singing from open fields at night (Schmidt et al., 
2006; Schmidt et al., 2007; Sprau et al., 2010b). 

Rapid broadband trills lose most information that is encoded in frequency bandwidth 
within the first 32 meters (Naguib et al., 2008). We thus chose 20 and 50 m as playback 
distances because those distances would lie within and outside the range of strongest 
frequency bandwidth degradation, respectively. By choosing 20 m as the closest distance we 
minimized the risk that males would cease singing or shift away the nocturnal song post. 
Even though trills will already be degraded to some extent at 20 m, we expected the 
differences in playback distance to be large enough to result in perceived differences in 
frequency bandwidth. In this study, none of the males changed their nocturnal song post 
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during the experiments. Distance to the nearest neighbor in the year of the present study 
ranged from 44 – 197 m (distances were measured using ArcGIS 9.3, Esri Inc., Redlands, 
USA), and distance to the nearest neighbor was shown to be even closer than 32 m in a 
previous study (Naguib et al., 2008). Playbacks were conducted only with males that were 
sufficiently isolated so that close neighbors would not interfere at close ranges with the 
playback (distance to nearest singing neighbor: 141 ± 58 m (mean ± SD)). 

For the playbacks we used a Creative Zen player (Creative Technology Limited, 
Singapore) connected to a Blaupunkt MPA2 amplifier (Blaupunkt GmbH, Hildesheim, 
Germany) and a Canton Plus X passive speaker (Canton Elektronik GmbH & Co. KG, 
Weilrod, Germany) positioned on a tripod at a height of 1.5 m. Songs were individually stored 
as wave files and played separately by the experimenter to allow an interactive mode of 
either alternating with the songs of a subject or overlapping the subject's songs. The songs of 
the subjects were recorded with a Marantz PMD 660 digital solid state stereo recorder 
(Marantz Corporation, Kenagawa, Japan) and a Sennheiser ME66/K6 microphone. On the 
second channel, we recorded the playback songs with a separate Sennheiser ME66/K6 
microphone. 
 
Response measures and statistical analysis 
We analyzed the song of the subjects preceding, during, and after the playbacks. All time 
periods used for analysis were of the same duration as the actual playback (alternating 
playback without trills: 139 ± 12 s (mean ± SD); alternating playback with trills: 141 ± 37 s; 
overlapping without trills: 115 ± 14 s). In order to determine how males responded to 
playback relative to undisturbed song, we calculated changes in singing from before to 
during as well as to after playback, by subtracting values of the measured song parameters 
before playback from the values obtained during and after playback. In contrast to previous 
experiments (Kunc et al., 2006; Schmidt et al., 2006; Kunc et al., 2007; Schmidt et al., 2008; 
Sprau et al., 2010b), pairing status was not included in the analysis due to the unequal 
distribution of subsequent pairing success of the subjects (unpaired males: N = 4; paired 
males: N = 23; unclear pairing success: N = 3). 

Of the 30 males, playbacks with two subjects were removed from the data analysis 
because of technical difficulties with the playback equipment (one of these males received 
the alternating treatment without trills and one the alternating treatment with trills). For the 
remaining 28 males, we analyzed the following four song parameters: (1) percentage of 
songs with rapid broadband trills, (2) pause duration between songs (s), (3) percentage of 
songs with initial whistles, and (4) number of singing interruptions. We chose these song 
parameters as they had been shown previously to reflect treatment differences in playbacks 
on nightingales (Naguib, 1999; Naguib and Kipper, 2006; Schmidt et al., 2006; Schmidt et al., 
2008; Sprau et al., 2010b). We did not include song overlapping by the subject as response 
variable, as it was very rare given the interactive nature of the playback. As each song was 
played during or directly after the offset of a subjects’ song, it was rarely possible for subjects 
to overlap the playback songs. Songs were defined as containing rapid broadband trills 
based on the same criteria used for the playback stimuli (Figure 4.1a-b; see above). Initial 
whistles were defined as high frequency and low amplitude whistles that are often added to 
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the beginning of songs (Figure 4.1c-f; Sprau et al., 2010b). Males occasionally interrupted 
their singing, leading to inter-song intervals that differed from the typical duration of all silent 
intervals. We therefore analyzed singing interruptions separately from pause duration by 
defining singing interruptions as silent intervals that were longer than the mean +1 SD of all 
pauses (Naguib and Kipper, 2006). Accordingly, silent intervals that were longer than 6.2 s 
were considered as singing interruptions and not as pauses. 

Data were analyzed using R 2.9.2 (R Develpoment Core Team, 2009). For each of 
the four response measures we used a linear mixed model (LMM) using the lme function in R 
(package lme4, version 0.99875-1). We included treatment and playback distance as fixed 
factors as well as their interaction. We accounted for the repeated sampling of the same 
individuals at the two distances by including subject as a random factor. As each male 
received the same treatment from the two different distances, we also included order (i.e., 
whether playbacks were first broadcast from the close or the far distance) as a fixed factor. 
For model simplification, we used backward selection following Crawley (2007). We removed 
non-significant terms from the maximal models, starting with the three way interaction. We 
visually checked homogeneity of variance and normality of error using plots of standardized 
residuals against fitted values and of quantiles of residuals against quantiles from a normal 
distribution. 
 

Figure 4.1. Sound spectrograms of different nightingale songs. Shown are two typical examples for 
songs containing rapid broadband trills (a and b), whistle songs (c and d) and one song with (e) 
and without initial whistles (f). 
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RESULTS 

Playback distance strongly affected male responses, as subjects increased the number of 
songs containing trills more strongly during near than during far playbacks (LMM; distance: 
Likelihood ratio LR = 10.43, df = 1, P = 0.001; Figure 4.2a). The main effect of distance was 
not significant for the other three singing responses during playback (all P > 0.59; Figure 
4.2b-d). Playback distance also had persistent effects as subjects increased the number of 
songs with initial whistles more strongly after near than after far playbacks (LR = 8.23, df = 1, 
P = 0.004; Figure 4.2c). The main effect of distance was not significant for the other three 
singing responses after playback (all P > 0.18; Figure 4.2a, b, and d). 

During playback, males also responded differently with respect to playback treatment. 
Subjects increased pause duration in response to the moderate playback (alternating 
playbacks lacking trills), but decreased pause duration in response to both treatments 
simulating a more aggressive rival, i.e., during alternating playback containing trills and 
during overlapping playback without trills (treatment: LR = 14.91, df = 2, P < 0.001; Figure 
4.2b). The main effect of treatment was not significant for the other three singing responses 
(all P > 0.19; Figure 4.2a, c, and d). After playback, the main effect of treatment was not 
significant for any of the four singing responses (all P > 0.17). 

Figure 4.2. Effects of distance and treatment on (a) rapid broadband trills, (b) pause 
duration, (c) songs with initial whistles, and (d) number of interruptions during playback. 
Grey bars represent responses to near playback (20 m), white bars to far playback (50 m). 
Zero values indicate no difference in singing, and positive values indicate an increase during 
playback compared to before playback. Stars indicate significant main effect of distance in 
(a) and interaction distance × treatment in (b). 
 



Communication across territory boundaries 

Page | 61  
 

Playback order did not significantly affect subjects’ response behavior during playback (all P 
> 0.17). After playback, however, subjects decreased pause duration (order: LR = 6.69, df = 
1, P = 0.01; Figure 4.3b) and increased the number of songs sung with initial whistles (order: 
LR = 6.69, df = 1, P < 0.001; Figure 4.3c) more strongly to playbacks that were presented 
first at close range. The main effect of order was not significant for the percentage of trills 
and the number of interruptions (P > 0.19; Figure 4.3a and d). 

During playback, males significantly varied pause duration with distance depending 
on playback treatment (interaction treatment × distance, LR = 7.18, df = 2, P = 0.027; Figure 
4.2b) Males that received the overlapping treatment without trills decreased pause duration 
more strongly in response to near than to far playback. In contrast, males receiving the 
alternating playback containing trills behaved in the opposite way by decreasing pause 
duration more strongly in response to far rather than to near playback (Figure 4.2b). Males 
did not significantly vary the other three response parameters during and also none after the 
three playback treatments in a distance-dependent way (interactions treatment × distance: 
during playback: all P > 0.21; Figure 4.2a, c, and d; after playback: all P > 0.07). 

Figure 4.3. Effects of playback order (i.e., whether playback from near or far was 
presented first or second) and distance on (a) rapid broadband trills, (b) pause 
duration, (c) songs with initial whistles, and (d) number of interruptions after playback. 
Grey bars represent responses to near playback (20 m), white bars to far playback 
(50 m). Zero values indicate no difference in singing, and positive values indicate an 
increase during playback compared to before playback (N = 28). Stars indicate 
significant main effect of order in (b and c) and interaction distance × order in (a). 
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After playback, subjects significantly varied the number of trills with distance depending on 
playback order (interaction distance × order: LR = 3.96, df = 1, P = 0.047; Figure 4.3a). 
Subjects decreased trills from first to second playback when the first playback was broadcast 
from near. However, subjects maintained singing with many trills also after the second 
playback, when the first playback was broadcast from far. None of the other interactions 
between distance and order neither during nor after playback was significant (all P > 0.23). 
The interaction between treatment and order was also not significant for any of the song 
parameters (all P > 0.18). 
 
 
DISCUSSION 

The experiments show that male nightingales responded more strongly to near than to far 
playback broadcast from outside their territory. Males sang more songs containing rapid 
broadband trills and songs containing initial whistles in response to near than to far playback. 
Males also sang with shorter pauses and thus with higher rates in response to the two 
agonistic treatments (song overlapping and rapid broadband trills) compared to the moderate 
playback (alternating without trills). Moreover, depending on playback treatment, males 
varied pause duration differently for the two distances. However, the effect of distance was 
not stronger in males that received rapid broadband trills than for males that received 
overlapping playback, as we had expected. 

The stronger increase in the use of songs containing trills during near than during far 
playback shows that distance matters even beyond territorial boundaries. As trills are used 
more in close-range interactions (Kunc et al., 2006) and elicit strong vocal and spatial 
responses (Illes et al., 2006; Schmidt et al., 2008), they are considered to signal arousal and 
to be used as aggressive signal in male-male interactions. Consequently, our findings 
suggest that nearer rivals are perceived as being more threatening than more distant rivals. 
This conclusion is further supported by the more frequent addition of initial whistles to songs 
after being confronted with playback broadcast from near, as initial whistles are considered 
an aggressive close-range signal similar to 'soft songs' (Sprau et al., 2010b). Surprisingly, 
distance-dependent responses to rivals outside territory boundaries have rarely been 
addressed experimentally. In a recent study, territorial black capped chickadees (Poecile 
atricapillus) responded to simulated dyadic interactions outside their breeding territory, and 
males in adjacent territories responded stronger than more distant males, indicating similar 
effects of distance as shown here (Fitzsimmons et al., 2008). Moreover, nightingales appear 
to match the pitch of whistle songs, a specific song category thought to be used specifically 
in long-range signaling, more when a simulated rival is farther away (Naguib et al., 2002). 
Yet, most playback experiments either simulated intrusions (e.g. McGregor, 1991; Searcy 
and Nowicki, 2005), or broadcast song from one standardized distance near (e.g. Brindley, 
1991; Godard, 1991; Fitzsimmons et al., 2008), or very far from the territory boundary 
(Simpson, 1985). Here, we show that differences in distance are assessed also when rivals 
are singing from outside the territory boundary, expanding on previous arguments that 
distance to rivals can be used to distinguish intruders from non-intruders (Naguib and Wiley, 
2001). Males, however, not only responded differently to simulated rivals singing from 
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different distances, but also changed their vocal behavior depending on whether a rival first 
was simulated from far and then from near or vice versa. These findings on distance effects 
complement recent studies showing that spatial movements of rivals also affect territorial 
defense by residents (Poesel and Dabelsteen, 2005; Amrhein and Lerch, 2010) and their 
neighbors (Naguib et al., 2004) emphasizing the dynamics of signaling in territorial systems. 
Taken together, our results highlight the distance-dependent function of song traits, where 
information needs to be gathered over different distances between singing males. 

The difference in pause duration further shows that males responded more strongly 
to the alternating playback with trills and to the overlapping playback than to the alternating 
playback without trills. Decreases in pause duration in response to overlapping playbacks 
had been shown previously (e.g. Schmidt et al., 2006) and may be partly explained by song 
overlapping pushing males to shorten pause duration. Yet, given that males shortened 
pauses similarly also in response to the other agonistic treatment (alternating with trills) the 
experimental song overlapping alone cannot fully explain the strength of this effect. 
Unexpectedly, males did not differ in the number of singing interruptions or in use of initial 
whistles between the different treatments, as was shown in earlier studies (Naguib and 
Kipper, 2006; Sprau et al., 2010; but see Schmidt et al., 2006 who did also not find such an 
effect). Consequently, such differential results could suggest that territorial responses such 
as the use of singing interruptions or songs with initial whistles often depend more 
individually on different signaling strategies. 

In addition to testing general effects of playback distance on responses, our study 
was specifically designed to test whether the agonistic function of trills is distance-
dependent, given their rapid degradation with distance. Even though the interaction between 
distance and playback treatment was significant with respect to pause duration, the direction 
of this effect was unexpected as males reacted differently to the two agonistic treatments at 
the near distance, but similarly at the far distance. We had expected males to respond 
similarly to the two agonistic treatments at near distance, and to decrease responsiveness to 
playbacks containing trills with increasing distance much stronger than in response to the 
overlapping playbacks. The other response measures (songs with rapid broadband trills, 
songs with initial whistles, and number of interruptions) did also not vary distance-
dependently with treatment. Thus, males appear to have assessed the arousal of rivals, 
expressed in the use of trills, even without receiving the full information encoded in the 
frequency bandwidth which is strongly degraded at 50 m (Naguib et al., 2008). 
Consequently, frequency bandwidth alone cannot be the critical trait to elicit the strong 
responses also at far distances, unless trills were already degraded substantially after 20m, a 
possibility we cannot rule out based on the current data. Yet, it is also possible that males 
extract information from other song parameters such as repetition rate, or from the remaining 
bandwidth they are able to hear, allowing them to roughly assess the source frequency 
bandwidth of the trill without being able to actually hear the full bandwidth. 

An interesting finding is that the subjects sang more rapid broadband trills in 
response to the near than to the far playbacks. In the light of the strong response of subjects 
to playback songs with trills perceived from far, we thus found a mismatch between the 
context in which males used trills and the context and intensity in which they responded to 
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such trills sung by a rival. Such contrasting findings shed new light on the use and 
assessment of signals important for competition over resources. Assessing agonistic 
motivation of distant rivals and responding adequately presumably will be adaptive as it 
increases the probability that the rival will not approach closer. Yet, active use of rapid 
broadband trills that degrade easily with distance may not pay until a rival is close, 
suggesting that trills may function to define a repelling area and warn approaching rivals to 
retreat without getting involved in costly physical fights. 

Taken together, our findings provide new insights into distance-dependent effects of 
song across territory boundaries and thus highlight the importance of song as a long-range 
signal in communication networks. Distance-dependent use of easily degradable signal traits 
may enhance the territorial function of a signal as it facilitates distance assessment at close 
ranges, so that perceiving high frequency components of the signals may be used to assess 
the risk for an escalation of a contest. Our results also suggest that signal traits such as trills 
do not necessarily lose their general function when presumed key components become 
degraded over distance by environmental transmission. The integration of signaling distance, 
signal use, and receiver response to signal traits highlights the complexity of territorial 
signaling. 
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ABSTRACT 
 
Many animals use long-range signals to compete over mates and resources. Optimal 
transmission can be achieved by choosing efficient signals, or by choosing adequate 
signaling perches. High signaling perches benefit sound transmission but can be more risky 
due to exposure to airborne predators. Perch height could thus reflect male quality, with 
individuals signaling at higher perches appearing as more threatening to rivals. Using 
playbacks on nightingales (Luscinia megarhynchos), we simulated rivals singing at the same 
height as residents, or higher. Surprisingly, residents increased song output stronger, and, 
varying with future pairing success, overlapped more songs of rivals that were singing at the 
same height. Other than expected, rivals singing at the same height may thus be 
experienced as more threatening than rivals singing at higher perches. Our study provides 
the first evidence that territorial animals integrate information on signaling height and thus on 
vertical cues in their assessment of rivals. 
 
 
Keywords:  
Communication, perch height, songbird, nightingale 
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INTRODUCTION 

In animal communication, information is often exchanged over long distances. For example, 
long-range signals such as the song of songbirds can encode information about signaler 
quality, condition and motivation (Gil and Gahr, 2002). However, information can also be 
encoded in the spatial behavior of signalers. For instance, because signals degrade over 
distance and thus become less detectable (Wiley and Richards, 1978; Naguib and Wiley, 
2001), distance between sender and receiver can strongly affect the behavioral response of 
receivers (Sprau et al., 2010a). Also the location of non-moving rivals within (Giraldeau and 
Ydenberg, 1987) and outside (Simpson, 1985) animals’ territory boundaries has been shown 
to influence territory defense behavior of residents. Moreover, spatial movements of rivals 
can affect territorial behavior of resident males (Poesel and Dabelsteen, 2005; Amrhein and 
Lerch, 2010) and of neighbors (Naguib et al., 2004), thus highlighting the importance of 
spatial cues in communication. 

So far, most studies in communication and territory defense concentrated on effects 
of spatial behavior on a horizontal level. However, as animals, and in particular birds, make 
use of the three-dimensional space the vertical position of signalers is likely to also reveal 
valuable information. High signaling perches, for instance, could be favorable when 
proclaiming the ownership of a territory to a large number of rivals, because exposed 
perches are beneficial for long-range communication (Wiley and Ritchards, 1982). By 
choosing high perches, signaling males can reduce attenuation of high frequencies caused 
by foliage (Wiley and Richards, 1978). The same effect may also be responsible for 
enhanced signal reception at high perches (Dabelsteen et al., 1993). Indeed, winter wrens 
(Troglodytes troglodytes) respond to degraded song by choosing higher song perches and 
thus presumably enhance their ability to hear distant rivals and to be heard by the rivals 
(Mathevon and Aubin, 1997). 

However, higher song perches have also been shown to involve higher predation risk, 
as signalers are more easily detected by airborne predators (Krams, 2001; Møller et al., 
2006, 2008). Moreover, higher song perches are correlated with higher energy demands due 
to unfavorable microclimate at exposed perches (Ward and Slater, 2005). Song perch height 
could thus reflect the quality of a signaler, with males singing from high perches being 
assessed as high quality males, because apparently they can cope with higher energy 
demands and increased risk of predation. We would therefore predict that rivals singing from 
higher perches are perceived as more threatening during song contests than rivals singing 
from lower perches. 

Here, we examined the effect of rival song perch height on territory defense behavior 
in the nightingale (Luscinia megarhynchos). Using song playback, we simulated unknown 
rivals singing from two different heights outside the territories of males. Rivals were 
simulated as singing either at the same height as the singing resident, or three meters higher 
than the song perch of the resident. Because songbirds often respond stronger to more 
aggressive rivals, we predicted resident males to respond stronger to simulated rivals singing 
from a higher song perch than to those singing at the same level. 
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METHODS 

Study site and subjects 
Playback experiments were conducted in the nature reserve Petite Camargue Alsacienne 
(47°37'20 N, 7°32'13 E; France). In this area of approximately 18 sqkm, about 200-240 male 
nightingales occupy territories each year (Amrhein et al., 2007). Most territories are 
characterized by dense bushes or groves bordering rivers, footpaths, grasslands or open 
fields, so that territory boundaries usually are well defined by the habitat. During their hourly-
long nocturnal singing interactions, males only rarely change songs perches, which allows 
conducting experiments in standardized contexts, minimizing confounding factors such as 
changes in spatial configurations. Males usually cease nocturnal singing as soon as they get 
paired, whereas unpaired males continue to sing throughout the breeding season (Amrhein 
et al., 2002; Roth et al., 2009). This allows to distinguish between paired and unpaired males 
based on standardized census rounds that we made throughout the breeding season to 
record singing activity of individual males (Amrhein et al., 2007). 

Playbacks were conducted on 27 territorial males between 29 April and 6 May 2010. 
All subjects were unpaired during the time of playback. Seven males ceased nocturnal song 
shortly after the playbacks and were thus considered as 'paired males'. 14 males continued 
to sing until late in the breeding season and were thus considered as unpaired 'bachelors'. 
For six males we could not unambiguously determine pairing status. 
 
Playback stimuli 
To create playback stimuli, we used nocturnal song recordings of 27 different male 
nightingales made in 2007 or 2008. Nocturnal song was recorded with a Sony TC-D5M or 
WM-D6C tape recorder (Sony Ltd., Tokyo, Japan) or a Marantz PMD 660 digital solid state 
stereo recorder (Marantz Corporation, Kenagawa, Japan) connected to a Sennheiser 
ME66/K6 microphone (Sennheiser electronic GmbH, Wedemark, Germany). Tape recordings 
were digitized with Cool Edit 2000 (Syntrillium Software Cooperation, Phoenix, Arizona, 
USA), and for all recordings we used a sampling frequency of 44.1 kHz with a resolution of 
16 bit. Playback stimuli were composed of 20 different songs that were randomly chosen 
from the recordings using the sound analysis software Avisoft SASlab Pro 4.4 (R. Specht, 
Berlin, and Germany). Songs were normalized in peak amplitude using Adobe Audition 
(Adobe Audition 1.0, Adobe Systems Inc., San Jose, U.S.) and were arranged in a sequence 
of songs with 3.25 seconds pause duration between the songs, which represents the mean 
duration of silent intervals in nocturnal song of nightingales (mean ± SD nocturnal pause 
duration measured for 50 songs from each of 10 males: 3.25 ± 1.12 seconds). Playbacks 
were obtained from recordings made in territories differing from the territories chosen for the 
experiments. Thus, a subject most likely was unfamiliar with the male whose songs were 
used for playback. Sound pressure of the stimulus songs was adjusted to 90 dB at 1 m 
distance, measured with a Voltcraft digital sound level measuring meter SL-300, which is 
within the range of the sound pressure of singing male nightingales (Brumm 2004). 
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Playback protocol 
For the playbacks, we used uncompressed wav files stored on Foxpro FX5 remote-controlled 
speakers (Foxpro Inc., United States of America) that were positioned on extendable metal 
poles with a maximum length of 6.2 meters. Each of the 27 subjects received one of two non-
interactive playback treatments. In one treatment group (n = 14 males), playbacks were 
broadcast from the same height as the subjects' nocturnal song perch ('same level'). In the 
other treatment group (n = 13 males), playbacks were broadcast from three meters above 
the subjects' nocturnal song perch ('high'). Playbacks were conducted with males that were 
singing from a maximum song perch height of 3.2 meters; this led to the exclusion of two 
males because they were singing from higher song perches. There was no significant 
difference in song perch height between treatment groups (song perch height of subjects 
during 'same level' playback: 2.63 ± 0.48 meters (mean ± SD), song perch height during 
'high' playback: 2.64 ± 0.28 meters; Welch t-test: t = 0.08, df = 19, P = 0.94). The horizontal 
distance between the loudspeaker and the subjects was 15 meters. The day following the 
playback, we also measured the maximum height of the tree or shrub of the subjects' 
nocturnal song perches. All distances were measured using a Leica DISTOTM A5 laser 
distance-meter (Leica Geosystems, Germany). 

The vocal behavior of a subject was recorded during five minutes before the onset of 
the playback, during the playback, as well as five minutes after the playback, using a 
Marantz PMD 660 digital solid state stereo recorder (Marantz Corporation, Kenagawa, 
Japan) connected to two Sennheiser ME66/K6 microphones (Sennheiser electronic GmbH, 
Wedemark, Germany). On the first channel, we recorded the songs of the subject, and on 
the second channel, we recorded the songs broadcast by the loudspeaker. 
 
Response measures and statistical analysis 
From the recordings, we measured seven song parameters: (1) song rate (number of songs 
per minute), (2) song duration (s), (3) pause duration (s), (4) duration of interruptions (s), (5) 
number of interruptions, (6) percentage of songs that were preceded by initial whistles, and 
(7) percentage of songs that contained rapid broadband trills. Songbirds interrupt their 
singing occasionally and use these interruptions as a signal in response to rivals (Mennill and 
Ratcliffe, 2004b; Schmidt et al., 2006; Sprau et al., 2010b). We thus analyzed singing 
interruptions separately from the regular singing pauses, by defining singing interruptions as 
silent intervals that were longer than the mean +1 SD of all pauses measured in the 5 
minutes before the playback. Accordingly, silent intervals that were longer than 4.80 s were 
considered as singing interruptions. Rapid broadband trills are often used during close range 
male-male interactions and therefore are considered as agonistic signals (Schmidt et al., 
2008). We defined songs as containing rapid broadband trills when trills in the terminal part 
of the song had a frequency bandwidth larger than 5000 Hz (measured at -24 dB) and an 
element repetition rate faster than 8.5 elements per second. Initial whistles were defined as 
high frequency and low amplitude whistles that are often added to the beginning of songs in 
threatening situations (Sprau et al., 2010b). For the period during the playback, we also 
measured the percentage of their songs that subjects used to temporally overlap the non-
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interactive playback, as an additional measure of the males' agonistic behavior (Searcy and 
Beecher, 2009; Naguib and Mennill, 2010). 

 PC1 PC2 
song rate 0.47 -0.26 
pause length -0.50 -0.02 
duration of interruptions -0.52 -0.07 
number of interruptions -0.50 -0.06 
song length -0.02 0.65 
songs with trills 0.04 0.54 
songs with initial whistles 0.08 0.46 
Eigenvalue 1.84 1.25 
variance explained (%) 0.48 0.22 

 
Data were analyzed using R 2.10.1 (R Development Core Team 2009). With the seven song 
parameters measured during all periods of the playback experiment (i.e. before, during, and 
after the playback), we performed a principal component analysis using the function 'prcomp' 
in R, to obtain uncorrelated measures of the subjects' singing responses. We used PC-
scores as response variables in linear mixed-effects models (LMM) using the lme function in 
R (package nlme, version 3.1-97). In all linear mixed-effects models, we included three fixed 
factors as predictor variables, with two levels each: treatment ('same level' or 'high'), future 
pairing status ('paired' or 'bachelor'), and playback period (either 'before' and 'during', or 
'before' and 'after' playback). We also included all two-way interactions between the three 
fixed factors. We controlled for the height of the subjects' song perches at the time of 
playback by including subjects' relative height as a continuous covariate, measured as the 
difference between maximum height of the subjects' tree or shrub and their actual song 
perch height. By including relative instead of absolute height of the singing male, we 
additionally controlled for vegetation structure, which could determine perch height. 
Maximum height of the trees or shrubs in which the subjects' nocturnal song perches were 
located ranged from 3 to 20 meters. Because two playback periods were included for each 
subject in our models, we used individual subject as a random factor to control for non-
independence of data. Non-significant (P > 0.05) terms were removed from the models 
starting with the interactions (Crawley, 2007). The significance of the predictor variables were 
assessed using likelihood ratio tests. For all likelihood ratio tests, the degrees of freedom 
were df = 1. 

Song overlapping could only be measured during the actual song playbacks (not 
before and after the playbacks) and thus was not included into the principal component 
analysis. We analyzed song overlapping with generalized linear models using the glum 
function in R. The percentage of their songs that subjects used to overlap the playback 
songs was taken as response variable with a binomial error distribution. Models were 

Table 5.1. Principle component analysis on seven nightingale song parameters, showing unrotated 
component loadings. PC1 represents song output parameters, and PC2 represents structural song 
parameters. Loadings of variables that made an important contribution to the components are 
indicated in bold. High scores on PC1 indicate high song rate but short durations of pauses and of 
song interruptions, and low numbers of interruptions; high scores on PC2 are mainly related to long 
song durations and high percentage of songs with trills and initial whistles. 
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selected as described above, with the exception that there were only two fixed factors 
(treatment and future pairing status). 

In all models, we visually checked homogeneity of variance and normality of error 
using plots of standardized residuals against quantiles from a normal distribution. 
 
 
RESULTS 

In order to obtain uncorrelated measures of the subjects' singing responses measured from 
seven different song parameters we performed a principle component analysis. Two principal 
components (PC) with Eigenvalues larger than one explained 70% of the total variance in our 
measured song parameters (Table 5.1). Temporal song output parameters (i.e. song rate, 
pause duration, number and duration of interruptions) had high loadings on PC1, whereas all 
structural song parameters (i.e. percentage of initial whistles and percentage of rapid 
broadband trills) had high loadings on PC2. Also song length had a high loading on PC2, 
probably because songs containing trills had longer durations (songs with trills: 3.47 ± 0.06 s 
(mean ± SE, n = 270 songs pooled from 27 males); songs without trills: 2.92 ± 0.03 s (n = 
1077 songs pooled from 27 males). The two principal components were thus taken as 
reflecting song output (PC1) and structural song parameters (PC2). 

During playback, other than before playback, males differed in temporal song 
parameters (PC1) in response to rivals simulated from different heights (Figure 5.1a; 
interaction treatment × playback period: LR = 5.21, P = 0.023). Males that were challenged 
by a simulated rival singing at the same height showed an increase in PC1 during playback, 
indicating that they increased song rate but decreased pause duration and the use of 
interruptions. In contrast, when rivals were simulated as singing from high perches, males 
showed a similar song output during playback as compared to before playback (Figure 5.1a). 
Also after playback, males that received the 'same level' playback showed a higher song 
output compared to before the playback, whereas males that received the 'high' playback 
were singing with a similar song output as before playback (Figure 5.1a; treatment × 
playback period: LR = 5.20, P = 0.022). 

The use of structural song parameters (PC2) during the different playback periods 
was largely independent of playback treatment (Figure 5.1b; during playback versus before 
playback, treatment × playback period: LR = 0.63, P = 0.43; after playback versus before 
playback, treatment × playback period: LR = 0.09, P = 0.76). Also the main effects of 
treatment were not significant with respect to structural song parameters (Figure 5.1b; during 
playback versus before playback: LR = 2.00, P = 0.16; after playback versus before 
playback: LR = 1.91, P = 0.17). However, males generally showed an increase in PC2 during 
playback as compared to before playback (Figure 5.2b; main effect playback period: LR = 
9.66, P = 0.002), indicating that in response to both treatments, males increased the use of 
songs with initial whistles and trills. After playback, they used structural song parameters 
similarly as before playback (main effect playback period: LR = 2.28, P = 0.13). 

There was no significant effect of subsequent pairing status (all P > 0.16) or of 
subjects' relative song perch height (all P > 0.16) on temporal and structural song 
parameters. However, males differed in the percentage of their songs they used to overlap 
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playback songs, depending on playback treatment and on subsequent pairing status 
(treatment × pairing status: LR = 5.61, P = 0.018). Subsequently paired males used more 
songs to overlap the songs of simulated rivals when the rivals were singing from the same 
height than when rivals were singing from higher perches, whereas bachelors seemed to use 
more songs to overlap playback songs when the rival was singing from a higher perch 
(Figure 5.2). 
 

Figure 5.1. Effect of playback treatment and playback period on mean ± SE song output (a) and on 
structural song parameters (b) by male nightingales. One group of nocturnally singing males (n = 
14) received a playback from the same height as their own song perch ('same level'), the other 
group (n = 13) received a playback from 3 metres higher than their own song perch ('high'). High 
scores on PC1 (a) indicate high song rates but short pause durations and low numbers and 
durations of interruptions (see Table 5.1). High scores on PC2 (b) indicate long song durations and 
high percentages of songs with rapid broadband trills and with initial whistles. 
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DISCUSSION 

Resident male nightingales changed their vocal behavior stronger in response to playback 
broadcast from the same height than to playback broadcast from a higher perch. When rivals 
were simulated as singing from high song perches, males did not significantly change 
temporal song output parameters over the course of the experiment. In contrast, males 
increased song output during as well as after playback when songs of rivals were broadcast 
from the same height: males sang with shorter pauses and with fewer and shorter 
interruptions, and as a consequence they increased song rate. 

Song output has often been interpreted as a trait reflecting male quality (Radesäter et 
al., 1987; Saino et al., 1997) as well as quality of the singer’s territory (Gottlander, 1987; 
Alatalo et al., 1990). In vocal interactions, song output is generally considered as a song 
parameter reflecting the strength of responsiveness to simulated intruders (Peake et al., 
2002; de Kort et al., 2009) and may be used by eavesdropping females to assess potential 
mates (Collins et al., 1994; Nolan and Hill, 2004). Therefore, the increased song output in 
response to rivals singing from the same level suggests that those rivals were perceived as 
more threatening than rivals singing from higher perches. 

These findings, however, contradict our predictions. We expected that residents 
would perceive rivals at higher song perches as a greater threat, because high perches may 
preferentially be used to signal territorial claims to other males over long distances (Wiley 
and Richards, 1978). Moreover, higher song perches could reflect higher quality of a male, 
because it may honestly signal that it can cope with unfavorable microclimatic conditions 
(Ward and Slater, 2005) and with increased threat from airborne predators (Krams, 2001; 
Møller et al., 2006, 2008). 

One explanation for the indifferent 
responses of residents to rivals singing from 
high song perches could be that those rivals 
were not perceived as a territorial threat. 
Instead of signaling territorial claims towards 
other males, birds singing from high perches 
may use long-distance advertising 
predominantly to attract females. In the 
nightingale, nocturnal song of unpaired 
males likely serves to attract females that 
during the period of pair formation prospect 
the area at night (Roth et al., 2009). 
Moreover, male nightingales are thought to 
use specific structural song parameters such 
as whistle songs that begin with a series of 
repeated notes with a narrow frequency 
bandwidth to increase detectability for 
females. Whistle songs transmit over long 
distances (Naguib et al., 2008) and are 
preferentially used during nocturnal song 

Figure 5.2. Mean ± SE percentage of their songs 
that males used to overlap playback songs, in 
males that later in the season were paired (n = 
7), and in males that remained unpaired 
throughout the breeding season (bachelors; n = 
14). 
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(Kunc et al., 2005b) and less during male-male interactions (Kunc et al., 2006), suggesting 
that they serve to attract females over long distance. Thus, nocturnal songs sung from high 
song perches may be interpreted as serving in inter-sexual contexts and may not pose a 
strong territorial threat to resident males. 

Alternatively, unknown rivals singing from high perches may usually be non-territorial 
males prospecting for vacant territories. In nightingales, non-territorial males were shown to 
prospect several occupied territories before settling in a vacant territory (Amrhein et al., 
2004b) and therefore are likely to leave again after visiting an occupied territory. In a few 
cases, prospecting males were observed singing for a short time in an occupied territory, 
from the top of the bushes and above the singing territorial males (Amrhein, Kunc & Naguib, 
unpublished observations). Residents in our study may thus have perceived rivals singing 
from high perches as non-threatening prospectors and therefore may not have changed song 
output during playback. 

Another possible explanation for our findings could be that predation risk at night is 
not only caused by aerial predators, but also by ground predators (Møller et al., 2008). As a 
consequence, males singing from lower perches may have been assessed as being exposed 
to higher risk and therefore as being of higher quality. The increased song output of residents 
in response to simulated rivals singing from the lower perches thus suggests that rivals 
singing at eye-level have been perceived as more threatening. 

We also found that subsequently paired males overlapped rivals singing at the same 
height more often than rivals singing from a higher song perch, whereas bachelors showed a 
less clear pattern. Also previous studies in nightingales showed that during the period of 
mate attraction, subsequently paired males respond stronger to simulated rivals than do 
males that stay unpaired throughout the breeding season (Schmidt et al., 2006). As song 
overlapping is considered an aggressive signal (Naguib and Mennill, 2010), subsequently 
paired males appear to have perceived the playback broadcast at the same level as more 
threatening, supporting our results on song output. 

Our findings show that different song perch heights of rivals differentially affect the 
singing response of territorial males, thus highlighting the importance of spatial cues in 
communication. Earlier studies suggested that spatial movements within (Amrhein and 
Lerch, 2010) as well as across territory boundaries can have strong implications on the 
behavior of the resident (Molles and Vehrencamp, 2001; Poesel and Dabelsteen, 2005) as 
well as of neighbors (Naguib et al., 2004). Other studies showed that also the horizontal 
location of non-moving rivals within (Giraldeau and Ydenberg, 1987) and outside territory 
boundaries (Simpson, 1985; Sprau et al., 2010a) influence territory defense behavior. Our 
study provides evidence that in territorial defense, animals also integrate information on song 
perch height and thus on vertical cues in their assessment of territorial rivals. 
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ABSTRACT 
 
In communication networks, territorial neighbors often regulate social relations using long-
range signals. However, such relations may be affected when unfamiliar third parties 
threaten the territorial integrity of the neighborhood. Here we report on responses of vocally 
interacting nightingales (Luscinia megarhynchos) that were successively challenged by 
simulated rivals prospecting the neighborhood. Using playback experiments, we tested if 
territorial behavior of eavesdroppers is affected differently dependent on whether their 
neighbors were challenged with aggressively or moderately singing rivals and whether 
information on these rivals is being used in subsequent encounters. Males sang more 
moderately when close neighbors were threatened by aggressively singing rivals. When 
challenged themselves, these males then discriminated between rivals depending on how 
they had previously interacted with their neighbor. Thus, males condition their vocal behavior 
on their neighbor’s situation and use information from neighbor-stranger interactions in future 
decision making. These findings reveal that in social networks, rival behavior as well as 
distance to neighbors matter, emphasizing the importance of considering multiple individuals 
and their spatial relation when assessing the evolution of territorial signaling. 
 
 
Keywords:  
Bird song, communication networks, conditional behavior, eavesdropping, neighbor-stranger 
interaction, nightingale 
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INTRODUCTION 

In many animal species, males establish and defend a territory throughout the reproductive 
season. As a consequence, males engage in repeated signaling interactions with their 
neighbors and thus form communication networks (McGregor, 2005). Within those networks, 
familiar neighbors often behave less aggressively towards each other than towards 
strangers, a behavioral strategy that is also referred to as the dear-enemy effect (Fischer, 
1954; Godard, 1991). Reducing aggression towards familiar neighbors once boundaries are 
established can be beneficial, as such behavior reduces residents’ expenditure in time and 
energy, as well as the risk of injury in frequent escalated encounters. Moreover, settling 
adjacent to familiar neighbors has been shown to enhance reproductive success (Beletsky 
and Orians, 1989). In contrast, reducing aggression towards neighbors can also be costly, 
because defecting neighbors may benefit at the cost of a cooperative neighbor (Earley, 
2010). Consequently, males in communication networks face a trade-off between behaving 
competitively and cooperatively with their neighbors (Godard, 1993; Hyman, 2002; Olendorf 
et al., 2004; Akcay et al., 2009). 

Often, social networks involve third parties, so called audiences, that eavesdrop on 
others' interactions without actively interfering (Matos and Schlupp, 2005). Audiences may 
affect the mutual relations between neighbors, and indeed, several studies have shown that 
interacting individuals behave differently depending on the presence and the kind of an 
audience (Doutrelant et al., 2001; Earley and Dugatkin, 2002; Freed-Brown and White, 2009; 
Milner et al., 2010). However, an audience may not only affect the way others interact, but 
the audience itself can use information obtained by observing differences in signaling 
behavior between the interactants. For instance, territorial songbirds that attend to 
interactions between unfamiliar conspecifics have been shown to perceive rivals that are 
dominant over others as more threatening (Naguib and Todt, 1997; Naguib et al., 1999; 
Peake et al., 2001; Mennill and Ratcliffe, 2004a; Illes et al., 2006; Fitzsimmons et al., 2008). 

Another situation arises when third parties actively interfere with interacting neighbors 
(Connor, 2010), such as in an attempt to establish a territory within an existing neighborhood. 
Territory-seeking rivals that are new to a neighborhood prospect different territories of a 
neighborhood (Amrhein et al., 2004b), and thereby may challenge the territory holders. 
Territory holders can be expected to benefit from attending to challenges of novel rivals in 
the neighborhood before actively being challenged themselves, as they could use the 
gathered information in subsequent encounters with those rivals. Research on territorial 
singing has shown repeatedly that males in communication networks attend to each other’s 
vocal interactions (Peake, 2005; Naguib et al., 2011). However, whether territorial males also 
use information they could have obtained by eavesdropping on previous interactions 
between familiar neighbors and unfamiliar rivals in subsequent encounters with the same 
rivals, remains unclear. Likewise, only little is known about how social relations between 
neighbors change when one of them is being challenged by a stranger (Detto et al., 2010; 
Milner et al., 2010). Understanding how neighbor relations are affected by territorial 
challenges of unfamiliar others, however, is an integral component in understanding the 
benefits of territorial neighborhoods. A challenge to any territory holder may have 
consequences to the whole neighborhood, as established relations will change if new rivals 
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will succeed in settling on the costs of others (Mesterton-Gibbons and Dugatkin, 1992; 
Naguib, 2005; Connor, 2010). Thus, males in communication networks may benefit from 
behaving conditionally on the situation of the neighbor. For instance, behaving less 
aggressively when their neighbor is challenged by a threatening rival may enable the 
neighbor to focus on that rival and thus increase the probability of maintaining the stability of 
the neighborhood. Assuming that established neighbors benefit from preventing a novel rival 
settling too close, neighbors may interact with each other differently during any such external 
threat, to signal strong mutual relations to others. Such neighbor relations and how they are 
affected by territorial challenges of third parties are a central feature in territorial systems, yet 
have not received attention in experimental research on communication networks. 

Another important aspect for the strength of mutual relations in social networks is the 
distance between interactants. Assessing the distance to conspecifics can be important to 
discriminate between intruding and non-intruding rivals and as such the threat that a rival 
poses (Naguib and Wiley, 2001). Yet, distance also is important to discriminate between 
rivals singing from different distances outside territory boundaries (Simpson, 1985; Sprau et 
al., 2010a). In an experiment on Carolina wrens (Thryothorus ludovicianus), where territorial 
neighbors were housed in cages at different distances, Simpson (1985) showed that 
neighbors switched song types and matched songs with neighbors more frequently at close-
range, suggesting that distance between neighbors strongly affects vocal behavior and as 
such social relations. Moreover, distance may not only affect territorial behavior of interacting 
individuals but also of eavesdroppers. Because territory-seeking rivals often prospect 
different territories (Amrhein et al., 2004b), males that eavesdrop on their neighbors 
defending their territory against such prospecting rivals may behave less aggressively in 
order to minimize the probability of being the next target. 

In the present study, we tested the effect of neighbor-stranger interactions on the 
behavior of eavesdropping neighbors when they are challenged subsequently, as well as on 
the subsequent interactive behavior between the two neighbors. We recorded nocturnally 
singing interactions between nightingales (Luscinia megarhynchos), and subsequently 
challenged one of the interactants with aggressively and moderately singing unknown rivals. 
In the first playback, songs of one of the neighbors were either overlapped or alternated with 
playback songs, whereas in the second playback, playback songs were alternated with the 
songs of the other neighbor. Compared to song alternating, song overlapping has been 
shown in previous studies to elicit characteristic and often aggressive responses (see Searcy 
and Beecher, 2009; and Naguib and Mennill, 2010 for discussion on this topic). We here 
investigated two aspects of eavesdropping on neighbor-stranger interactions. First, we tested 
whether neighbor-stranger interactions affect singing behavior of eavesdropping males 
dependent on whether the neighbor is challenged by a more a less aggressively singing rival. 
Assuming that neighbors seek for stable neighborhoods, we expected eavesdroppers to 
behave less aggressively when their neighbors are threatened by aggressive rivals and thus 
to behave conditional upon their neighbors’ situation. Second, we tested whether males use 
information gathered during eavesdropping on neighbor-stranger interactions, when being 
challenged themselves by the same strangers. We expected males to respond more 
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aggressively when they already had observed the rival being aggressive towards their 
neighbor. 
 
 
METHODS 

Study site and subjects 
The experiments were conducted between 13 April and 2 May 2009 in the nature reserve 
Petite Camargue Alsacienne (47°37’20 N, 7°32’13 E; France). In this area of approximately 
18 sqkm, about 200 male nightingales occupy territories characterized by dense scrubs 
(Amrhein et al., 2007). Usually, these territories are located along rivers or streams, 
pathways, grasslands or open fields. Thus, most territory boundaries are well defined by the 
habitat. 

Male nightingales sing for many hours at night once they have arrived on the 
breeding grounds. Males then usually, cease nocturnal song upon pairing, whereas 
bachelors continue to sing at night throughout the breeding season (Amrhein et al., 2002; 
Amrhein et al., 2004a; Roth et al., 2009). Thus, nocturnal singing activity allows 
distinguishing between paired and unpaired males ('bachelors'), and up to half of the males 
in our study area can remain unpaired throughout the breeding season (Amrhein et al., 
2007). By conducting standardized census rounds at midnight and at dawn, we were able to 
determine the subsequent pairing status of males used for the experiments (for details of the 
methods see Amrhein et al., 2002). Playbacks were conducted before pairing to a female, so 
that all males were still unpaired at the time of playbacks. 

For the experiments, we selected 30 dyads of interacting males (i.e., a total of 60 
males). In order to reduce interference with neighboring males in the vicinity, interacting 
males were either the only singing males in audible range, or they were further away from 
other singing males than twice the distance between the interacting males. Males’ nocturnal 
song posts during interactions had a mean distance of 100 m ± 78 (mean ± SD; min = 33 m, 
max = 180 m; as measured after mapping the nocturnal song posts of males on detailed 
maps of the area). Experiments were conducted only after both interacting males had been 
singing for at least three consecutive nights. Thus they had well settled and had sufficient 
time to become familiar with each other prior to the experiments. 
 
Playback stimuli 
Stimulus songs used for playback experiments were taken from nocturnal song recordings of 
30 different male nightingales made between 2004 and 2007. Nocturnal song was recorded 
with a Sony TC-D5M or WM-D6C tape recorder (Sony Ltd., Tokyo, Japan) and a Sennheiser 
ME66/K6 microphone (Sennheiser electronic GmbH, We demark, Germany) and digitized 
with Cool Edit 2000 (Syntrillium Software Cooperation, Phoenix, Arizona, USA, sampling 
frequency: 44.1 kHz, resolution: 16 bit). Playbacks were obtained from recordings made in 
territories differing from the territories chosen for the experiments. Thus, a subject most likely 
was unfamiliar with the male whose songs were used for playback. Stimuli were made using 
the sound analysis software Avisoft SASlab Pro 4.4 (R. Specht, Berlin, Germany). All stimuli 
were composed of 20 randomly chosen songs from the nocturnal recordings, and stimulus 
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songs were randomly arranged for the experiments. Each song was normalized in peak 
amplitude using Adobe Audition (Adobe Audition 1.0, Adobe Systems Inc., San Jose, U.S.) 
to standardize the playback amplitude across trials. Sound pressure of the stimulus songs 
was adjusted to 90 dB at 1 m distance measured with a Voltcraft digital sound level 
measuring meter SL-300. This sound pressure is within the range of the sound pressure of 
singing nightingales (Brumm, 2004). 
 
Playback protocol 
Nocturnal dyadic vocal interactions between two neighboring birds were recorded throughout 
the experiment using a Marantz PMD 660 digital solid state stereo recorder and two 
Sennheiser ME66/K6 directional microphones, each recording one of the two singing 
neighbors. After recording the singing interaction for 15 minutes, one of the birds received 
one of two playback treatments ('neighbor A', Figure 6.1); playback songs were either 
alternated with the subject to simulate a more moderately singing unfamiliar rival (N = 15; 
mean ± SD; overlapped songs: 1.1 ± 1.9 %), or playback songs overlapped those of the 
challenged male, simulating a more aggressive rival (N = 15; overlapped songs: 76.7 ± 11.0 
%) (see Searcy and Beecher, 2009; and Naguib and Mennill, 2010 for discussion on this 
topic). 15 minutes after the termination of the playback, the second male ('neighbor B', Figure 
6.1) received an alternating playback, simulating the same rival that had previously been 
used on the neighbor. After the second playback, singing interactions between both males 
were recorded again for another 15 minutes. Because we standardized the number of songs 
for all playbacks, total playback durations of the first playback were shorter for the 
overlapping treatment than the alternating treatment (mean ± SD; overlapping treatment: 129 
± 22 s, alternating treatment: 157 ± 41 s, Welch t-test: t = 2.25, df = 21.79, P = 0.035). During 

Figure 6.1. Playback setup. Loudspeakers for each of the two subsequent playbacks were 
arranged in a triangular shape between the neighbors and the loudspeaker, to assure that both 
males could hear the playback while at the same time the playback addressed one of the males. 
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the second playback, all 'neighbors B' (Figure 6.1) received the same alternating playback 
treatment, and thus the playback duration did not significantly differ between the two 
treatments (previously overlapping playback: 144 ± 19 s; previously alternating: 157 ± 22 s; 
Welch t-test: t = -0.38, df = 26.55, P = 0.71). 

The position of the loudspeakers was carefully chosen to assure that both interacting 
males could hear the broadcast songs while at the same time assuring that the playback was 
directed at the recipient and not the eavesdropper (Figure 6.1). Playbacks were broadcast 
from 20 m from the males’ nocturnal song post, outside the territory boundary on adjacent 
open fields. Distances were measured using a Leica DISTOTM A5 laser distance meter (Leica 
Geosystems, Germany). 

All trials took place at night, between 2350 hours and 0330 hours CEST. Because 
nightingales change their song post only rarely at night, nocturnal playbacks allowed us to 
standardize the distance between males’ song posts and the playback loudspeakers. In this 
study, none of the males changed their nocturnal song post during the experiments. 

For the playbacks, we played each song (wav file) separately using a Creative Zen 
digital player (Creative Labs Ltd, Ireland). Thus, we were able to alternate and overlap 
subjects' songs, and assured that no song was played twice. The digital player was 
connected to a Foxpro FX5 speaker (Foxpro Inc., USA) positioned on a tripod at a height of 
1.5 m on the open fields. 
 
Response measures and statistical analysis 
We measured nine different song parameters of all males (supplementary Table 6.A1): (1) 
song rate (number of songs per minute), (2) song duration (s), (3) pause duration (s), (4) 
number of singing interruptions, (5) total duration of interruptions (s), (6) latency between the 
end of the song of one neighbor until the start of the song of the other neighbor (s), (7) 
percentage of songs males used to overlap their neighbors, (8) percentage of song type 
matches, and (9) percentage of songs with rapid broadband trills. As in previous studies 
(Naguib, 1999; Mennill and Ratcliffe, 2004b; Schmidt et al., 2006; Sprau et al., 2010a; Sprau 
et al., 2010b), males occasionally interrupted their singing, leading to inter-song intervals that 
differed substantially from the mean duration of all silent intervals. We therefore decided to 
analyze singing interruptions separately from the regular pause durations by defining singing 
interruptions as silent intervals that were longer than the mean +1 SD of all pauses 
measured in the 15 min before the playback (Naguib and Kipper, 2006; Sprau et al., 2010a; 
Sprau et al., 2010b). Accordingly, silent intervals that were longer than 4.75 s were 
considered as singing interruptions. Pauses were considered as silent intervals that were 
shorter than 4.75 s. Songs were defined as containing rapid broadband trills when trills in the 
terminal part of the song had a frequency bandwidth larger than 5000 Hz (measured at -
24dB from the peak in a power spectrum) and an element repetition rate faster than 8.5 
elements per second (Naguib et al., 2008). Song type matches were defined as singing the 
same song type the interactant just sang, (Kipper et al., 2006; Sprau and Mundry, 2010).  

For analysis of the responses to playback, we used the song parameters measured 
within a period of 2.5 min before and after the playback (which corresponds to the average 
duration of all periods during playback, i.e., 2.51 ± 0.35 min), as well as the entire period 
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during playback. Data were analyzed using R 2.10.1 (R Develpoment Core Team, 2009). 
With the nine song parameters we performed a principal component analysis over the entire 
duration of the experiment (i.e., before during and after the playback) in order to summarize 
males’ responses with the least possible composite variables. Several of the song 
parameters were highly correlated, and PCA reduces these into fewer non-correlated 
variables (Stamps and Krishnan, 2001). We used components with Eigenvalues greater than 
1 to explain variation in response to the playbacks (Stamps and Krishnan, 2001). The 
principle component analysis was conducted using the rda function in R (package vegan, 
version 1.17-4), and significance of PC-scores was determined using the broken stick 
distributions with the function PCAsignificance (package BiodiversityR, version 1.4.2). The 
principal component analysis generated two PC scores that explained 56 % of the total 
variance and 55% of the total broken stick distributions (supplementary Table 6.A2). All 
temporal song parameters (i.e., song rate, song duration, pause duration, number and 
duration of interruptions, latency to start a new song, and song overlapping) had high 
loadings in the first PC-score (PC1), whereas all structural song parameters (i.e., song type 
matches, rapid broadband trills) had high loadings in the second PC-score (PC2, 
supplementary Table 6.A2). 

The two principal components were then taken as reflecting temporal (PC1) and 
structural responses (PC2) in singing, and were used as response variables for linear mixed-
effect models (LMM) using the lme function in R (package nlme, version 3.1-97). In all 
models we included three fixed factors as predictors: treatment (alternate or overlap), future 
pairing status (paired or bachelor), and playback period (either before and during, or before 
and after). Playback periods during and after the playback were tested separately (while in 
both cases also accounting for the playback period before), in order to obtain a clearer 
picture of the male’s responses. Distance between the two neighbors was fitted as 
continuous variable, and we further included the PC-score of the neighbor as a covariate, to 
test whether singing of the neighbor would affect the singing of the analyzed male. Full 
models included the two-way interactions treatment × pairing status, treatment × playback 
period, treatment × playback period, and distance × playback period. If treatment would 
affect vocal behavior of males we expected treatment × playback period interactions to be 
significant. As each male was measured twice (before and during/after the playback), 
individual was taken as random effect. One of the 30 trials was excluded due to technical 
problems during field work. One male stopped singing before the second playback and thus 
could not be included in the analysis. We removed non-significant (P > 0.05) terms from the 
models starting with the least significant interaction and the three-way interaction, 
respectively (Crawley, 2007). The model assumptions for all final models were tested by 
visual inspection of residuals plotted against fitted values (Quinn and Keough, 2002). 
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  PC1 PC2 

  
during after during after 

response predictor LR P LR P LR P LR P 
          

A. challenged 
male 
 1st PB 

treatment 2.62 0.11 1.51 0.22 3.22 0.07 0.30 0.58 
pairing 0.40 0.53 0.92 0.34 2.52 0.11 0.58 0.45 
period 3.40 0.07 3.47 0.06 0.89 0.35 3.52 0.06 
distance \ \ 0.20 0.65 \ \ 0.002 0.97 
neighbor \ \ 8.34 0.004 \ \ 5.55 0.02 
treatment × pairing 0.03 0.85 0.10 0.75 0.93 0.34 0.53 0.47 
treatment × period 4.19 0.041 1.47 0.22 3.14 0.08 0.70 0.40 
treatment × distance \ \ 0.54 0.46 \ \ 0.01 0.94 
period × distance \ \ 0.33 0.57 \ \ 1.34 0.25 

B. focal male 
 1st PB 

treatment 0.99 0.32 0.11 0.74 0.001 0.97 0.97 0.32 
pairing 0.03 0.86 <0.001 0.96 0.05 0.82 0.94 0.33 
period 1.14 0.28 0.11 0.74 1.65 0.20 1.38 0.24 
distance 1.25 0.26 1.80 0.18 <0.001 0.99 0.97 0.33 
neighbor 0.92 0.34 6.62 0.01 10.56 0.001 9.29 0.002 
treatment × pairing 0.62 0.43 0.31 0.58 2.69 0.10 3.59 0.06 
treatment × period 0.81 0.37 0.15 0.70 0.05 0.82 0.50 0.48 
treatment × distance 2.54 0.11 4.61 0.03 0.13 0.72 0.48 0.49 
period × distance 2.92 0.09 0.99 0.32 0.73 0.39 0.002 0.96 

C. focal male 
 2nd PB 

treatment 0.02 0.90 0.36 0.55 0.06 0.80 0.10 0.75 
pairing 0.01 0.94 0.08 0.77 0.01 0.94 0.87 0.35 
period 6.89 0.01 1.08 0.30 0.71 0.40 0.13 0.72 
distance 0.03 0.86 0.54 0.46 0.10 0.75 0.02 0.88 
neighbor 5.85 0.02 12.02 <0.001 9.99 0.002 2.03 0.15 
treatment × pairing 6.78 0.01 1.90 0.17 0.01 0.92 0.002 0.97 
treatment × period <0.001 0.99 0.72 0.40 0.02 0.90 0.04 0.84 
treatment × distance 5.11 0.02 1.47 0.22 0.22 0.64 0.07 0.79 
period × distance 5.94 0.01 3.40 0.07 1.98 0.16 0.06 0.80 

 
RESULTS 

Responses to the first playback 
Males that were challenged by the first playback ('neighbor A'; Figure 6.1) responded 
differently to the two playback treatments. Males showed an increase in PC1-scores 
(temporal song parameters) when they were overlapped, indicating that they sang with 
higher song rates, longer songs, shorter pauses and with fewer and shorter interruptions 
(Table 6.1A; Figure 6.2). Irrespective of playback treatment, the challenged males tended to 
show an increase in PC1 also after playback (Table 6.1A). After playback, challenged males 
also tended to show an increase in PC2-score (structural song parameters), indicating that 
they tended to sing more songs with rapid broadband trills and matched more songs of their 
neighbors, compared to before playback (Table 6.1A). 

During playback, 'neighbors B' (Figure 6.1) that could eavesdrop on the interaction 
between the subject and the playbacks did not show significant changes in PC-scores 
(temporal and structural song parameters) depending on playback treatment, period, 
distance, or subsequent pairing status during the playback (Table 6.1B). There was also was 

Table 6.1. Results from linear mixed-effect models (LMM) with PC1 (i.e., compound temporal 
parameters) and PC2 (i.e., compound structural parameters) as response variables and playback 
treatment, pairing status, playback period, and distance to the neighbor as well as their two-way 
interactions as predictors. Models were further corrected for vocal behavior of the neighbor. 

LR are likelihood ratios between alternative models and all degrees of freedom are df=1. Significant 
variables are indicated in bold. 
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no main effect of treatment and playback 
period on vocal behavior of eavesdroppers 
after playback; and no effect of the 
interaction between treatment and period 
that we expected to be significant. However, 
after playback neighbors changed their 
singing behavior depending on playback 
treatment and on the distance to the 
challenged males (treatment × distance 
interaction; Table 6.1B; Figure 6.3). With 
decreasing distance to the playback subject, 
neighbors sang with lower PC1-scores 
(temporal song parameters) when the 
subject was overlapped, but sang with 
higher PC1-scores when the subject 
received an alternating playback. 

Vocal behavior of both neighboring 
males was not only directly affected by the 
playback, but both males affected each 

other’s singing. After playback, males adjusted their temporal and structural singing behavior 
to that of their neighbors, as shown by the significant effects of the covariates PC-scores of 
the neighbor on males’ singing (neighbor; Table 6.1A and B). The singing behavior of 
eavesdropping neighbors was also affected by challenged males’ vocal behavior during the 
playback (neighbor; Table 6.2B).  
 
Responses to the second playback 
When challenged themselves in the second playback, the previously eavesdropping males 
('neighbors B'; Figure 6.1) differed in temporal song parameters (PC1-scores) depending on 
which playback treatment their neighbors ('neighbors B'; Figure 6.1) had received, and on the 
distance to that neighbor (treatment × distance interaction; Table 6.1C). With increasing 
distance to their neighbors, males responded to playback with higher PC1-scores when their 
neighbors were overlapped previously, but sang with lower PC1-scores when neighbors had 
received an alternating playback (Figure 6.4a). Distance to neighbors also affected the way 
males changed in their response from before the experiment to the response during the 
second (period × distance interaction; Table 6.1C). Whereas males showed an increase in 
compound temporal song parameters with increasing distance to their neighbors before the 
experiment, they showed a decrease in PC1-scores when they were challenged themselves 
by these rivals (Figure 6.4b). As in the first playback, the behavior of males that received the 
playback was also strongly affected by the other male’s singing in the second playback. 
Males adjusted their temporal and structural singing behavior to that of their neighbors as 
represented by the covariate PC-score of the neighbor (neighbor; Table 6.1C). 

Figure 6.2. Effects of playback treatment and 
period (before or during playback) measured as 
composite temporal song parameters (PC1) on 
challenged males ('neighbors A') singing during 
the first playback. Shown are means ± SE. 
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Moreover, subsequently paired males and 
bachelors responded differently depending 
on the playback treatment their neighbor 
had received previously. Subsequently 
paired males sang with higher PC1 scores 
(temporal song parameters) than bachelors, 
thus responded stronger, when their 
neighbors had received an alternating 
playback but with lower PC1-scores when 
their neighbors were overlapped (treatment 
× pairing interaction; Table 6.1C; Figure 
6.4c). 
 
 
DISCUSSION 

The experiments reveal that playback 
treatment (i.e., song overlapping and song 
alternating) affected the vocal response of 
males that received the playback, and, 
dependent on the distance to the neighbor, also the vocal response of males that could 
eavesdrop on these neighbor-stranger interactions. Moreover, when eavesdroppers were 
challenged themselves by the same simulated stranger, their responses depended on 
whether the rival had previously behaved more or less aggressively towards their neighbor 
and on distance towards that neighbor. These experiments show that eavesdropping 
territorial males adapt their vocal behavior to the situation of their neighbors when they are 
challenged and use information gathered during neighbor-stranger interactions in future 
decision making. 

Males that were challenged with the overlapping treatment in the first playback 
showed an increase in compound temporal song parameters, indicating that they sang with 
higher song rates, longer songs, shorter pauses, and with fewer and shorter interruptions 
than those males that were challenged with the alternating treatment. These findings show 
that challenged males responded to the simulated rivals dependent on their vocal behavior, 
and suggest that overlapping playback was considered as more threatening (see Searcy and 
Beecher, 2009; and Naguib and Mennill, 2010 for discussion on this topic). Even though 
playback treatment itself did not have the expected effect on the behavior of males that could 
eavesdrop on their neighbors interacting with the simulated rivals (i.e., there was no 
significant treatment × playback period interaction), treatment did affect vocal behavior of 
eavesdroppers in a distance-dependent way. Close eavesdroppers sang more moderately 
after their neighbors were challenged with an aggressively singing rival. These findings 
suggest that males attended to others’ interactions and thus support findings of studies that 
simulated interactions between two strangers (Naguib and Todt, 1997; Naguib et al., 1999; 
Peake et al., 2001; Mennill and Ratcliffe, 2004a; Illes et al., 2006; Fitzsimmons et al., 2008; 
Amy and Leboucher, 2009). Naguib et al. (2004) further showed that eavesdropping 

Figure 6.3. Effect of playback treatment and 
distance between neighbors measured as 
composite temporal song parameters (PC1) on 
males that eavesdropped on neighbor-stranger 
interactions ('neighbors B') after the first 
playback. Removal of the outlier (bottom left) 
still leads to a significant interaction between 
treatment and distance (LR = 4.03, P = 0.045). 
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nightingales use interactions of their neighbors with unfamiliar strangers as a yardstick for 
their own response. Conditioning its behavior on the situation of the neighbor may be 
adaptive, as it may stabilize the neighborhood. One possibility for eavesdroppers to help 
maintaining the integrity of the neighborhood in threatening situations is to behave 
aggressively. Increased aggression, 
however, could also be perceived by 
challenged neighbors as additional threat 
against themselves so that they would have 
to decide whether to reply to the neighbor or 
the unfamiliar rival. Consequently, behaving 
less aggressively when neighbors are at risk 
to lose their territory against others may be 
another strategy to stabilize the 
neighborhood, because decreased 
aggression could enable challenged 
neighbors to focus on defending their 
territory. 

The findings that males behaved less 
aggressively towards close neighbors may 
be taken to suggest that neighbors form 
defensive coalitions (Getty, 1987; 
Mesterton-Gibbons and Sherratt, 2009). 
Neighbors can benefit from building such 
defensive coalitions, as they would not have 
to renegotiate a new dear-enemy 
relationship with an unknown rival that 
acquired the territory of a familiar male, 
especially since these new rivals may also 
be stronger than a displaced male (Backwell 
and Jennions, 2004; Detto et al., 2010). In 
general, influences of third parties on social 
relations between neighbors, as 
documented here, are still poorly understood 
(Naguib et al., 2004; Akcay et al., 2010). 
Thus, our findings showing that territorial 
males condition their vocal behavior on their 
neighbors’ situation provide new insights in 
social regulations between neighbors in 
communication networks. 

The less aggressive behavior of 
territorial males towards close neighbors 
that were challenged by aggressive rivals, 
however, may not only be advantageous for 

Figure 6.4. Effects on composite structural song 
parameters (PC1) used by males that were 
challenged during second playback ('neighbors 
B') of (a) playback treatment and distance 
between neighbors, (b) of distance between 
neighbors and playback period on temporal 
song parameters (PC1), and (c) of treatment 
and pairing status. Shown are means ± SE. 
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the stability of the neighborhood. Behaving less conspicuously when neighbors are 
challenged by rivals may also be beneficial for the males themselves, as they may well 
expect to be challenged by the same rivals in subsequent encounters. Territory-seeking 
males that are new to a neighborhood have been shown to successively prospect other 
territories (Amrhein et al., 2004b). Therefore, males in communication networks may have to 
use anticipatory strategies to avoid too much attention, such as behaving less aggressively 
when an aggressive rival challenges a neighbor. Such anticipatory behavior may then also 
explain that playback treatment did not only affect eavesdroppers’ vocal behavior during the 
first playback, but also during the second playback. Males discriminated between rivals that 
had previously interacting aggressively or moderately with their neighbors, when they were 
challenged themselves by the same simulated rivals, even though rivals did not differ in their 
challenging behavior. Even though, we cannot exclude that males' singing during the second 
playback resulted from long-term consequence of the first playback, such persistence 
discriminative behavior indicates that males extract information from singing interactions 
involving their neighbor also affecting subsequent responses according to the threat an 
unfamiliar rival imposed on the neighbor. Similar two-loudspeaker experiments on great tits 
showed that males respond stronger to intruders that had previously been more dominant in 
interactions with another rival than to intruders that were less dominant (Peake et al., 2001, 
2002; Peake, 2005). Two-loudspeaker experiments, simulating interactions between two 
unknown rivals, most likely reflect situations early in the season when not all territories are 
occupied yet. Later in the season, when the first territories have been established, males will 
most often be exposed to song of neighboring individuals. In a recent study on song 
sparrows (Melospiza melodic), Akcay et al. (2010) showed that territory owners attend to 
simulated intrusions of familiar neighbors into another neighbor’s territory, and use that 
information during subsequent interactions with these defecting neighbors. At such later 
stages of the breeding season, late arriving males that are still non-territorial may yet 
constitute a different situation, because information gathering and processing includes both, 
familiar and unfamiliar conspecifics. Our experiments simulated this latter situation and thus 
complement previous findings by showing that resident males also use information on 
challenging strangers that had previously been interacting with familiar neighbors. Such 
coordinated behavior may well be adaptive as it can reduce costs for residents in defending 
and maintaining resources against any newly arriving male attempting to establish a territory. 

Similar to previous studies, subsequently paired males and bachelors responded 
differently to playback (Kunc et al., 2006; Schmidt et al., 2006; Kunc et al., 2007; Schmidt et 
al., 2008). In the present study, however, response behaviors between subsequently paired 
males and bachelors did not differ when males directly experienced the different playback 
treatments, but only when they experienced rivals that had previously behaved aggressively 
or moderately during interactions with their neighbors. These findings suggest that 
information gathered from eavesdropping on interactions also affects paired males and 
bachelors differently. Extending on earlier findings showing that eavesdropping females can 
affect males’ reproductive success (Otter et al., 1999; Mennill et al., 2002), our results 
suggest that singing responses of eavesdropping males can also predict subsequent 
reproductive success. 
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Taken together, our experiments reveal that territorial males behave vocally conditionally 
upon their neighbors’ situations and sing less aggressively when the territorial integrity of 
neighbors is being threatened. Such behavior may well be adaptive as it may help stabilizing 
established neighborhoods. Our experiments also show that males integrate information on 
rivals obtained during previous encounters of these rivals with their neighbors and use that 
information in subsequent contexts. Thus, these findings provide new insights in information 
gathering and processing in communication networks and show how social relations of 
interacting neighbors are being affected when audiences take action. 
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SUPPORTING DATA AND MATERIAL 
 

Table 6.A1. Descriptive statistics of the song parameters measured during 15 minutes before the 
experiments started. 

song parameter mean SD 
song rate (no/min) 9.13 1.35 
song duration (s) 2.92 0.30 
pause duration (s) 3.35 0.45 
no. interruptions 17.40 16.43 
total duration interruptions (s) 119.08 129.18 
latency (s) 1.50 0.25 
song overlapping (%) 34.05 6.66 
song type match (%) 2.47 3.00 
trills (%) 19.23 5.44 

 
 
 
Table 6.A2: Results of the principal component analysis of nine song parameters for 58 males, 
showing unrotated component loadings, Eigenvalues, percentage of total variance and broken stick 
percentage explained by each component. PC1 represents temporal song parameters, and PC2 
represents structural song parameters. 
 

song parameter PC1 PC2 
song rate (no/min) 0.48 -0.10 
song duration (s) 0.66 -0.19 
pause duration (s) -0.37 -0.14 
number interruptions -0.48 -0.12 
duration interruptions (s) -0.47 -0.11 
latency (s) -0.46 -0.07 
overlap (%) 0.29 0.18 
type match (%) 0.05 0.88 
rapid broadband trills (%) 0.12 0.27 
Eigenvalue 3.43 1.03 
percentage of variance 42.89 12.86 
broken-stick percentage 33.97 21.47 
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ABSTRACT 
 
In territorial animals, establishing and defending a territory against rivals is commonly seen 
as a prerequisite for successful reproduction. Yet, often non-territorial, prospecting males 
coexist in the neighborhood of residents. During prospection forays, these non-territorial 
males may intrude into occupied territories and repeatedly challenge residents in order to 
test their resource holding potential. Such repeated challenges may have long-term 
consequences for the prospectors as well as for the residents. Here, we tested whether 
territorial nightingales (Luscinia megarhynchos) use information on the persistence of 
intruding rivals they had obtained from previous encounters for decisions in future territory 
defense behavior. Using playback experiments, we simulated rivals either behaved 
persistently (by singing from different song perches within the territory) or less persistently 
(by first singing inside, then outside the territory). In a second playback one hour later, we 
then simulated the rivals singing from a different location at the territory boundary. During the 
second playback, residents approached the loudspeaker closer, changed their song perches 
more often, sang more songs in close proximity to the loudspeaker, and sang more trills 
when prospectors were previously simulated as having behaved persistently. Our findings 
show that songbirds integrate spatial information on prospecting rivals differing in their 
persistence during intrusions and use that information in subsequent contexts. This study 
thus emphasizes the importance of considering how territorial defense is affected by the 
outcome of previous encounters to understand the evolution of behavioral strategies in 
territorial systems. 
 
 
Keywords: 
Animal communication, birdsong, spatial movement, prospecting behavior, intrusion, 
persistence 
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INTRODUCTION 

Territorial animals defend and maintain resources such as food, mates and space against 
others, and occupancy of a territory is usually essential for reproduction (Grant, 1993; Maher 
and Lott, 2000). In many animals, territoriality is a seasonal phenomenon with the 
consequence that at the onset of the breeding season, space has to be divided up between 
individuals (Stamps, 1994). Early in the breeding season, territorial systems thus are 
characterized by residents, i.e., males that already have established a territory, and by non-
territorial individuals that have not yet settled (Smith, 1978; Stamps, 1994; Amrhein et al., 
2004b; Piper et al., 2006; Roth et al., 2009; Hughes and Hyman, 2011). 

Non-territorial individuals that are seeking to establish their own territories may gather 
information about possible breeding sites by actively prospecting different territories before 
deciding where to settle (Reed, 1999; Amrhein et al., 2004b). Prospecting territories of others 
can provide non-territorial males with information on habitat characteristics (Bruinzeel and 
van de Pol, 2004) and on social relations between neighboring residents (Smith, 1978; 
Doligez et al., 2004). Prospection of occupied territories usually occurs silently (Arcese, 
1987; Amrhein et al., 2004b), but at some point, prospecting males may probe residents by 
advertising within occupied territories (Arcese, 1987). Such probing of residents may have 
important consequences for prospecting individuals. Persistent probing is probably 
necessary to acquire an occupied territory and thereby provides the basis for successful 
reproduction of the prospector (Parker and Rubenstein, 1981). On the other hand, behaving 
less persistently may reduce risks of injuries during encounters with residents. Moreover, 
less persistent probing may increase the probability of being tolerated by residents 
subsequently (Davies and Houston, 1981), and thus be beneficial for settling in the 
neighborhood of residents. Therefore, prospecting males will have to trade-off whether or not 
to be persistent when initially challenging residents. 

However, persistent challenges may cause severe costs for residents, because they 
may lose their territories to prospectors, and thereby lose the basis for survival and 
reproduction (Hixon, 1980; Norton et al., 1982; Arcese, 1987). In fact, the number of 
intrusions into an occupied territory has been shown to determine the success of intruders in 
gaining control over nesting sites (Arcese, 1987; Stutchbury, 1991), suggesting that 
motivation and quality of a non-territorial male may also be reflected in the persistence of 
prospecting behavior. Residents that have been persistently challenged by prospecting 
intruders may be alerted and thus behave differently in future challenges than residents that 
were challenged by less persistent intruders. Yet, the effects of persistence during intrusions 
on current and future territorial behavior in residents are poorly understood. Hall et al. (2006) 
and Schmidt et al. (2007) showed that rivals that are simulated as behaving aggressively in a 
first encounter elicit stronger responses in subsequent simulated encounters the following 
days than less aggressive rivals. Moreover, Amrhein and colleagues showed in a series of 
studies on winter wrens (Troglodytes troglodytes) that territorial encounters affect future 
decision making in territorial advertisement and territorial defense (Amrhein and Erne, 2006; 
Erne and Amrhein, 2008; Amrhein and Lerch, 2010). Yet, the question remains whether the 
actual outcome of an interaction between a resident and an intruder has long-term effects on 
territorial behavior of residents. For instance, less-persistent rivals, i.e., rivals that instantly 
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signal when they have left a territory after an intrusion, may be assessed by residents as 
having lost the interaction and thus may elicit different responses in future encounters, 
compared to rivals who behave more persistently during an intrusion and do not signal a 
retreat but instead are signaling again from inside the territory. Understanding how residents 
respond to intruders depending on the outcome of a previous encounter is necessary to 
understand complex territorial systems and the evolution of strategies used by territory-
seeking males. 

In the present study, we tested whether the persistence in intrusion behavior of 
prospecting male nightingales (Luscinia megarhynchos) affects future encounters between 
residents and intruders. Using playback experiments, we simulated rivals that either behaved 
persistently by moving within the territory of a resident or that behaved less persistently by 
retreating from the territory after an intrusion. We then simulated rivals singing from a 
different location at the territory boundary one hour later and compared the residents’ 
behavior dependent on the previous persistence of simulated intruders. We expected 
residents to respond stronger to rivals that had been simulated to be persistent in the 
previous encounter. Such behavior would indicate that males use information from the 
outcome of previous challenges in their territorial responses. 
 
 
METHODS 

Study site and subjects 
We conducted playback experiments in a population of nightingales in the nature reserve 
Petite Camargue Alsacienne (47°37’20 N, 7°32’13 E; France) between 12 April and 11 May 
2009. In this area of approximately 18 sqkm, about 200-240 males occupy distinct territories 
each year (Amrhein et al., 2007). Most territories are characterized by dense bushes or 
groves that border rivers, footpaths, grasslands, or fields, so that territory boundaries usually 
are well defined by the habitat. Throughout the breeding season we conducted census 
rounds at midnight and at dawn, to map the occupancy of the territories and the residents’ 
singing activity. Like other songbird species, male nightingales sing at dawn throughout the 
breeding season. At night, however, male nightingales cease nocturnal singing as soon as 
they become paired, whereas unpaired (bachelor) males continue to sing at night (Amrhein 
et al., 2002; Amrhein et al., 2004b; Roth et al., 2009). Thus, pairing status can be assigned to 
the territory holders by examining their nocturnal singing activity. Playbacks were conducted 
during the day on 45 territorial males that were also singing at night at the time of playback 
and thus were considered to be unpaired. Subsequently, 32 of the males ceased nocturnal 
song and were considered as males that became paired. 13 males continued to sing at night 
throughout the breeding season and thus were considered as having remained unpaired 
(bachelors). 
 
Playback stimuli 
We used nocturnal song recordings of 45 different male nightingales made between 2004 
and 2008 to create playback stimuli. Songs were recorded with a Sony TC-D5M or WM-D6C 
tape recorder (Sony Ltd., Tokyo, Japan) or a Marantz PMD 660 digital solid state stereo 
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recorder (Marantz Corporation, Kenagawa, Japan) connected to a Sennheiser ME66/K6 
microphone (Sennheiser electronic GmbH, Wedemark, Germany). Tape recordings were 
digitized using Cool Edit 2000 (Syntrillium Software Cooperation, Phoenix, Arizona, USA), 
and for all recordings we used a sampling frequency of 44.1 kHz and a resolution of 16 bit. 
Playback stimuli were composed of 20 different songs that were randomly chosen from the 
recordings using the sound analysis software Avisoft SASlab Pro 4.4 (R. Specht, Berlin, 
Germany). Songs were normalized in peak amplitude and arranged in a sequence of songs 
with 3.25 seconds pause duration between the songs (mean ± SD nocturnal pause duration 
measured for 10 males and 50 songs: 3.25 ± 1.12 s) using Adobe Audition (Adobe Audition 
1.0, Adobe Systems Inc., San Jose, U.S.). Playbacks were obtained from nocturnal 
recordings made in territories differing from the territories chosen for the experiments. Thus, 
a subject most likely was unfamiliar with the male whose songs were used for playback. 
Sound pressure of the stimulus songs was adjusted to 90 dB at 1 m distance measured with 
a Voltcraft digital sound level measuring meter SL-300, which is within the range of the 
sound pressure of singing male nightingales (Brumm, 2004). 
 
Playback protocol 
Playbacks were conducted on 45 territorial males between 0800 and 1300 hours CEST 
(Central European Summer Time). For the non-interactive playbacks we used uncompressed 
wav files stored on Foxpro FX5 remote controlled speakers (Foxpro Inc., United States of 
America) that were positioned on tripods at a height of 1.5 m. Before the playbacks, we 
measured and noted the distances between marked trees and bushes and the loudspeakers 
on maps of the territories using a Leica DISTOTM A5 laser distancemeter (Leica Geosystems, 
Germany). Residents were first exposed to lure playbacks broadcast from ten meters outside 
the territory boundary to simulate an approaching rival and to alert the resident (Figure 7.1). 
Five minutes after termination of the lure playback, males were exposed to a second 
playback using the same stimuli broadcast from a second loudspeaker 10 meters inside the 
territory boundary. Another five minutes 
after termination of the second playback, 
residents were exposed to a third playback 
with the same songs, simulating either a 
rival that remained within the territory but 
changed the song perch and thus behaved 
persistently ('persistent') or that retreated 
from the territory and thus behaved less 
persistently ('non-persistent'). Songs of 
intruders that moved inside the territory 
were broadcast from a third loudspeaker 
inside the territory and 10 meters away from 
the second loudspeaker. Songs of intruders 
that retreated were broadcast from 20 
meters outside the territory boundary. One 
hour after the third playback, the same Figure 7.1. Experimental setup. 
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stimulus songs were broadcast in a fourth playback from the territory boundary. We recorded 
resident’s vocal behavior using a Marantz PMD 660 digital solid state stereo recorder 
(Marantz Corporation, Kenagawa, Japan) connected to a Sennheiser ME66/K6 microphone 
(Sennheiser electronic GmbH, Wedemark, Germany) throughout the experiments. At the 
same time, we recorded the spatial behavior of territory holders by recording the distance of 
the birds relative to the loudspeaker. 16 out of the 22 males that were exposed to the 'non-
persistent' playback became paired later in the season and six remained unpaired throughout 
the season (bachelors). Seven bachelors and 16 paired males received the 'persistent' 
playback. One paired male that had received the 'non-persistent' playback had to be 
excluded from the analysis since it was not responding to the fourth playback. 
 
Response measures and statistical analysis 
We analyzed resident’s behavior during and 10 min after the fourth playback that was 
broadcast from the territory boundary. In order to test for vocal differences in response to 
playback that followed persistent or non-persistent prospectors, we measured the following 
song parameters: (1) song rate (no/min), (2) percentage of songs used to overlap playback 
songs, (3) percentage of songs containing rapid broadband trills, (4) percentage of songs 
sung within 4 m of the loudspeaker. Furthermore, we measured (5) minimum distance (m), 
as well as (6) number of song perch changes (SPC) in order to obtain measures of the 
residents' spatial responses to the simulated intruders. Songs were defined as containing 
rapid broadband trills when trills in the final section of the song had a frequency bandwidth 
larger than 5000 Hz (measured at -24 dB), at least 5 repeated elements, and an element 
repetition rate larger than 8.5 elements per second (Naguib et al., 2008). 

Data were analysed using R 2.13.1 (R Development Core Team 2009). We used 
generalized linear models using the function glm and included the two fixed factors treatment 
(non-persistent or persistent) and pairing status (paired or bachelor), as well as the 
interaction between these factors. We removed non-significant (P > 0.05) terms from the 
models starting with the interaction (Crawley, 2007). The significance of the predictor 
variables was assessed using F-tests. Song rate and closest approach were fitted with 
Gaussian error distribution; percentages of songs used for overlapping, percentages of 
songs with trills and of songs sung at different distance classes were fitted with Binomial 
error distribution; and number of song perch changes was fitted with Poisson error 
distribution. In all models, we visually checked homogeneity of variance and normality of 
error using plots of standardized residuals against quantiles from a normal distribution. 
 
 
RESULTS 

There was no significant effect of the residents’ subsequent pairing success on the 
responses to the simulated intruders (Table 7.1). However, when being challenged by rivals 
from the territory boundary (fourth playback), resident males differed in their response 
depending on how they were challenged previously. Residents tended to sing at higher song 
rates, and they used more songs with rapid broadband trills, when previous simulated 
intruders had behaved persistently, i.e., when the intruder had moved within the territory of 
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the resident rather than leaving the territory (Table 7.1; Figure 7.2a and b). Males also sang 
more songs within 4 m of the loudspeaker, when previous simulated rivals were persistent 
(Table 7.1, Figure 7.2c). Furthermore, males approached the loudspeaker closer and 
changed their song perches more often when previous rivals were persistent (Table 7.1; 
Figure 7.3a and b). 

response Predictor df res. df F P 

song rate 
pairing status 1 42 0.21 0.65 
treatment 1 43 3.76 0.059 
pairing status × treatment 1 41 0.00 0.99 

trills 
pairing status 1 43 0.00 0.98 
treatment 1 44 4.94 0.03 
pairing status × treatment 1 42 0.83 0.37 

songs within 4 m 
pairing status 1 43 0.21 0.65 
treatment 1 44 6.38 0.02 
pairing status × treatment 1 42 2.99 0.09 

overlap during 
pairing status 1 43 3.34 0.07 
treatment 1 42 0.15 0.70 
pairing status × treatment 1 41 0.43 0.52 

minimum distance 
pairing status 1 42 0.26 0.62 
treatment 1 43 24.44 <0.001 
pairing status × treatment 1 41 1.89 0.18 

no song perch changes 
pairing status 1 43 0.62 0.43 
treatment 1 44 8.91 0.005 
pairing status × treatment 1 42 1.26 0.27 

 
 
DISCUSSION 

Resident male nightingales responded differently to intruders depending on the outcome of 
previous encounters. Males responded stronger to an intruder when they were previously 
challenged by a persistent rival that had moved within the territory than when they had been 
challenged by a less-persistent rival that had left the territory after intrusion. Residents sang 
at higher song rates, and they sang more songs with rapid broadband trills when rivals had 
been simulated previously as behaving persistently. Moreover, they sang more songs in 
proximity to the loudspeaker, approached the loudspeaker closer, and changed their song 
perches more often when they had been challenged previously by a more persistent intruder. 
Even though we did not explicitly test whether males perceived the 'returning' male of the last 
playback as the same individual that was simulated during the previous playbacks, this may 
well be the case, given that we used the same songs during all four playbacks. Yet, whether 
residents in our study generalized experience with an unfamiliar rival (initial playbacks) to 
encounters with another individual (last playback), or whether the observed long-term effects 
were modulated by individual recognition remains to be tested, as no study to date has 
investigated whether song birds discriminate among different strangers (see also Schmidt et 

Table 7.1. Results of linear and generalized linear models using Gaussian, Binomial or 
Quasi-Binomial error distributions. 
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al., 2007). Overall, the stronger response of residents depending on the outcome of a 
previous encounter suggests that nightingales perceived persistent rivals as more 
threatening than less persistent rivals. Likewise, rivals that were simulated to have left the 
territory may have been perceived by residents as having successfully been expelled. Such a 
won interaction may result in positive feedback of the territorial defense behavior of 

residents, leading to intensified defense 
behavior in future territorial encounters, 
regardless of whether the residents 
recognized the last playback as the same or 
as a different individual subject as simulated 
before. 

From the intruder’s perspective, the 
different responses of residents to intruders, 
dependent on the outcome of previous 
encounters implies that intruders should 
consider long-term consequences when 
challenging residents. Other studies showed 
that the probability of residents to give up at 
least parts of their territories increases with 
intrusion pressure by rivals (Norton et al., 
1982; Eberhard and Ewald, 1994). Moreover, 
empirical studies on purple martins (Progne 
subis) (Stutchbury, 1991), as well as on song 
sparrows (Melospiza melodia) (Arcese, 
1987), showed that persistent prospectors 
are more likely to gain control over nesting 
sites than less persistent rivals; a result that 
may have arisen through a 'war of attrition' 
between residents and prospectors (Maynard 
Smith, 1974; Bishop and Cannings, 1978). 
Prospectors may repeatedly challenge or 
retreat from a resident and thereby engage in 
an asymmetric 'war of attrition', where 
prospectors that behave most persistently are 
being most successful (Parker and 
Rubenstein, 1981). However, persistent 
prospectors may also run the risk of having 
less chances to settle close-by, if an 
attempted takeover failed. As shown in this 
study, intruders will then have to deal with a 
more aroused and more aggressive resident 
and potential neighbor in future encounters 
(Naguib et al., 2004). In contrast, if 

Figure 7.2. Treatment effects for the vocal 
response parameters (a) song rate (no/min), (b) 
songs with rapid broadband trills (%), (c) songs 
sung within 4 m. Shown are mean ± SE. 
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prospecting individuals probe residents without attempting to initially stay but rather with the 
aim of settling in the neighborhood, they should benefit from behaving less persistently, e.g. 
by signaling that they have left the territory, as such behavior apparently reduces aggression 
in future encounters. Thus, less persistent intrusions may allow prospectors to better 
maintain the option to settle in the neighborhood of the challenged residents. These 
considerations emphasise that prospecting males have to trade-off whether to initially 
behave persistently and thereby increase their chances of taking over an occupied territory, 
or to behave less persistently and thereby to increase the chances of being tolerated when 
settling in the neighborhood. 

From the resident's perspective, the persistence of intruders may well be used to 
assess the threat that intruders pose on their territorial integrity. In the present study, rivals 
that were simulated as having behaved more persistently may thus have been considered as 
a greater threat, as they may be more likely to acquire the territory of challenged residents 
(Parker and Rubenstein, 1981). Given that residents responded stronger to an intruder when 
previously being challenged persistently within rather than outside their territory, our 
experiments show that resident males also integrate spatial information on the outcome of 
previous encounters and use it in later contexts. Songbirds have been shown to memorize 
information on vocal behavior of rivals over time (Godard, 1991; Amrhein and Erne, 2006; 
Erne and Amrhein, 2008) and may even use that information in different situations (Hall et 
al., 2006; Schmidt et al., 2007). Moreover, songbirds may also use information on spatial 
behavior of rivals in later contexts (Amrhein and Lerch, 2010). Expanding on this, our study 
shows that the actual outcome of a previous interaction, i.e., whether or not a rival was 
successfully expelled, affects subsequent responses to territorial challenges. Mechanistically, 
these results could have been caused by memory effects, i.e., residents may have 
memorized the previous behavior of the intruder, or by physiological mechanisms, i.e., 
residents may have maintained high testosterone levels after a previous territorial intrusion 
(Wingfield, 1984; Wingfield and Hahn, 1994; Goymann et al., 2007). Yet, regardless of the 

Figure 7.3. Treatment effects for spatial response parameters (a) minimum approach distance to 
loudspeaker (m), and (b) number of song perch changes. Shown are mean ± SE. 
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mechanisms, such insights into the long-term effects of previous experience with rivals and 
the subsequent use of that information in different contexts is important for understanding 
social relations in communication networks. 

Our findings that residents’ subsequent pairing status did not affect the way they 
defended their territories is in line with a previous diurnal playback study that also did not find 
differences in response behavior between bachelors and subsequently paired males 
(Schmidt et al., 2007). In contrast, several nocturnal studies on nightingales did reveal 
differences in territorial behavior between paired males and bachelors (Kunc et al., 2006; 
Schmidt et al., 2006; Sprau et al., 2010a; Sprau et al., 2010b). This apparent difference 
between diurnal and nocturnal responses support the idea that diurnal song is equally 
important for territory defense both in unpaired and paired males, while nocturnal song 
serves mate attraction and thus is likely to reveal differences between males (Amrhein et al., 
2004b; Roth et al., 2009; Naguib et al., 2011). 

Taken together, our study shows that territorial nightingales perceive persistent rivals 
as more threatening than less-persistent rivals. Moreover, expanding on previous knowledge 
our findings show that residents use information on the outcome of previous encounters, i.e., 
on whether an intruder was successfully expelled or not, in future situations. Our experiments 
thus suggest that differences in persistence of prospecting behavior may have different 
consequences for both, the residents that may lose their territories against persistent rivals, 
and for prospectors that may have better chances in taking over occupied territories when 
behaving persistently or in establishing a new territory in the neighborhood when behaving 
less persistently. These considerations spread new light on the consequences of prospecting 
behavior in communication networks by showing that spatially different intrusion behavior 
affects subsequent interactions. 
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The enormous diversity of signaling behavior in animal communication has evolved through 
a variety of selective forces deriving from preferences of receivers and manipulative abilities 
of signalers (Johnstone, 1997). The general aim of this thesis was to elucidate how song 
structure and rival location can affect territorial behavior of receivers and thus to better 
understand how individual, ecological, and social characteristics may have shaped the use 
and function of vocal and spatial behavior in communication networks. 

Findings from the first part of the thesis that addressed the importance of particular 
aspects of signal characteristics revealed that the performance of physically challenging trills 
can be used as an indicator to reliably predict age and thus quality-indicating aspects of 
signalers (chapter 2). Besides encoding signaler quality, trills are also valuable traits to 
express motivational aspects such as aggression during territorial encounters. However, the 
efficiency of trills may be restricted because they lack a directive function. In chapter 3, I 
show that residents responded strongly to simulated rivals that combined the use of trills and 
song overlapping, a signaling strategy that is also used in aggressive encounters and that 
enables addressing specific receivers by the accurate timing of songs. These findings 
suggest that signalers can overcome the restriction of non-directionality, presumably 
because trills obtain a directive function through the addition with song overlapping. 

In the second part of this thesis, I focused more on ecological and social influences 
on vocal and spatial signals. Chapters 4 and 6 revealed that distance between individuals 
strongly impacts the use and the perception of signaling strategies. The experiment from 
chapter 4 showed that residents increase the use of songs containing trills more strongly the 
closer an unfamiliar rival was, thus highlighting the close-range function of trills. Surprisingly, 
however, when simulated rivals used trills from far distance, where information encoded in 
frequency bandwidth was degraded, they still elicited strong responses in residents. These 
findings suggest that trills are most efficient during aggressive close-range interactions but 
maintain their agonistic function at distance. Whereas in chapter 4, I focused on distance 
effects between residents and unfamiliar rivals, results from chapter 6 indicate that distance 
between neighbors can also strongly affect signaling behavior. When the integrity of the 
neighborhood was threatened by aggressive rivals, close eavesdroppers behaved more 
moderately, suggesting that distance between neighbors affects social relations in 
communication networks. Motivation of simulated rivals in this particular case was initiated by 
temporal adjustments of songs, namely by the aggressive signaling strategy of song 
overlapping. Rivals, however, may also express motivation in spatial behavior such as in 
their persistence during intrusions. In chapter 7, I could show that simulated intruders that 
behave persistently and switch song perches within the territory subsequently elicited 
stronger responses from residents when returning to the territory than less persistent rivals, 
i.e., those that instantly left the territory after intrusion. Another possibility to express 
motivation in spatial behavior is the vertical use of space, i.e., signaling height. As seen in 
chapter 5, males that were confronted with rivals singing at different perch heights responded 
stronger to rivals that were simulated at the same height as the residents than to rivals that 
were simulated from exposed song perches, suggesting that interactions on eye-level are 
perceived as more threatening. 
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The importance of these findings and the way they contribute to a better understanding of 
signal evolution and the principles of communication will be discussed in detail in the 
following sections, beginning with ecological influences on signaling behavior. 
 
Ecological characteristics affecting vocal and spatial behavior 
Sender-receiver distance 
Ecological conditions such as availability, spatial configuration, and characteristics of suitable 
habitats influences patterns of spacing between senders and receivers and therefore can 
have important consequences for communication. Distance between sender and receiver is 
particularly important for acoustically communicating animals because of restricted 
propagation characteristics of acoustic signals. Sound becomes less distinct during 
transmission because of spherical spreading, frequency-dependent attenuation, amplitude 
fluctuation, and reverberation (Wiley and Richards, 1978; Wiley and Ritchards, 1982; Wiley, 
2006). Distance between sender and receiver thus can have strong implications for the use 
and perception of acoustic signals. 

Even though acoustic communication is often highlighted for its long-range signaling 
capacities, individuals also frequently exchange information at proximity that may require the 
use of different signals (reviewed in Catchpole and Slater, 2008). Trills, for instance, i.e., 
rapidly repeated elements with high frequency bandwidth, are considered to be useful in 
close-range interactions (Kunc et al., 2006). In contrast to whistle songs, which are more 
designed for long-range communication (Richards, 1981; Naguib et al., 2008), trills degrade 
quickly over distance (Naguib et al., 2008), and elicit strong territorial responses (Illes et al., 
2006; Kunc et al., 2006; Schmidt et al., 2008). The stronger increase in the use of songs 
containing trills in response to rivals simulated from near than from further, as shown in 
chapter 4, confirms their importance in aggressive close-range interactions. However, 
despite the limited propagation distance (Naguib et al., 2008), trills also elicit strong 
responses when being received from far distance (chapter 4, this thesis), suggesting that 
their agonistic function is maintained even at distances where most information encoded in 
frequency bandwidth is lost. Consequently, song traits other than frequency bandwidth, such 
as repetition rate may allow receivers to assess the signals and their contents. The 
conspicuous mismatch between the context in which males use (i.e., mostly at close range) 
and perceive (i.e., no apparent distance restriction) trills sheds new light on functional 
aspects of signals important for competition over resources. Adequately assessing the 
agonistic motivation of distant rivals and only responding strongly in case of imminent threat 
may be most efficient in keeping rivals off their territories. In fact, the active use of physically 
demanding trills (chapter 2) may function to define a repelling area and warn approaching 
rivals to retreat without getting involved in costly physical fights. Therefore singing songs with 
trills only pays when a rival is close. 

Another signaling trait that appears to be useful in close-range interactions is the 
addition of high frequency-whistles of low amplitude to songs. As shown in chapter 4, 
challenges of close rivals elicit more frequent use of initial whistles than challenges of far 
rivals. The functional importance of initial whistles was first described in chapter 3, where 
challenged males frequently added initial whistles to songs in response to threatening rivals. 
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Because initial whistles are prone to frequency-dependent attenuation (Wiley and Richards, 
1978; Wiley and Ritchards, 1982; Wiley, 2006), these findings suggest that initial whistles are 
most effectively during aggressive close-range interactions. Consequently, initial whistles 
seem to be functionally similar to soft song that has been described in other songbird species 
(Dabelsteen et al., 1998; Searcy and Nowicki, 2006; Anderson et al., 2007; Ballentine et al., 
2008; Hof and Hazlett, 2010). Soft song is considered to signal high aggression in close-
range encounters, while at the same time reducing the probability that others receive the 
signal content (McGregor and Dabelsteen, 1996). Initial whistles could expand on this 
function, because the low amplitude may signal high arousal only to close rivals while hiding 
this arousal from more distant individuals that are exposed to the regular songs. 

The distance-dependent use of aggressive vocal signals as shown in the experiment 
conducted in chapter 4 further demonstrates that close rivals are perceived as more 
threatening than distant rivals. Distance to rivals thus seems to be a crucial factor affecting 
territory defense, presumably because distance allows assessment of motivational aspects 
of the rival. Relative distance of intruders to the territory boundary is well known to affect 
territory defense of residents with rivals simulated at the center of a territory being perceived 
as more threatening than those simulated at the edges (Giraldeau and Ydenberg, 1987; 
Price, 1994; Darden and Dabelsteen, 2008). Surprisingly, however, the effect of distance on 
vocal interaction across territory boundaries has been rarely investigated experimentally so 
far. Territorial Carolina wrens (Thryothorus ludovicianus) have been shown to discriminate 
between rivals simulated to sing from different distances (Richards, 1981; Naguib, 1995) and 
between intruding rivals and those that were singing from a neighbor’s territory (Simpson, 
1985). The experiment of chapter 4 instead showed that residents also discriminate between 
rivals that sing from different distances outside territory boundaries. Such discrimination may 
well be important for successful defense of resources. Rivals such as non-territorial 
prospectors seeking to establish a territory may frequently change location and occasionally 
intrude into the territory of residents (Reed, 1999; Amrhein et al., 2004b; Doligez et al., 
2004). Residents, however, should benefit from avoiding intrusions in the first place, and 
therefore also account for relative distance to rivals outside territory boundaries before actual 
intrusions take place. 

Distance may not only be a crucial factor that determines defense behavior against 
unfamiliar rivals, but distance between familiar neighbors may also affect their signaling 
behavior. As shown in the experiment conducted in chapter 6, males that could eavesdrop 
on their neighbors being challenged by aggressive rivals behaved more moderately the 
closer their territories were to those of their neighbors. These findings suggest that distance 
between neighbors affects social relations in communication networks (see below). Several 
studies have shown that proximity to the neighbor can affect song acquisition such as the 
number of shared song types (Bradley, 1981; Hultsch and Todt, 1981; Schroeder and Wiley, 
1983), and therefore can be important for behavioral strategies such as song type matching 
(Beecher et al., 2000; Todt and Naguib, 2000). In an intriguing experiment on Carolina 
wrens, where territorial neighbors were housed in cages at different distances, Simpson 
(1985) showed that neighbors switched song types and matched songs with neighbors more 
frequently at close ranges. Observing the effects of distance on the use of signaling behavior 
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in free-living birds is difficult, because animals frequently change signaling positions. In that 
sense, nightingales are a good model to test effects of different distances between neighbors 
on singing, because at night neighbors engage in long-lasting interactions without changing 
location. The findings obtained from chapter 6 thus give novel experimental evidence for 
distance effects on signaling behavior in social networks under natural situations. These 
findings show that distance between neighbors and therefore ecological characteristics such 
as spatial distribution of suitable habitats are determining factors for signal use and thus for 
social relations in communication networks. 
 
Signaling height 
Not only horizontal distance between sender and receiver can affect the use of signals and 
thus give important information about signalers, but also vertical distance from the ground, 
i.e., signaling height, as I could show in chapter 5. Singing from exposed perches increases 
efficiency of signals during long-range communication (Wiley and Ritchards, 1982; Holland et 
al., 1998), so that singing from high perches may act as a signal to express territorial claims 
over long distance and thus to as many receivers as possible. Moreover, singing from high 
perches makes signalers more vulnerable to aerial predation (Gotmark and Post, 1996; 
Krams, 2001), and is more energy demanding due to unfavorable microclimatic conditions 
(Ward and Slater, 2005), which may be considered by receivers as honestly reflecting 
signaler quality. For these reasons, rivals signaling from high perches are presumed to be 
perceived as more threatening than rivals at lower perches. In fact, as I showed in chapter 5, 
in nightingales, quite the reverse seems to be true. Rivals singing from high perches 
apparently were perceived as less threatening than rivals at eye level. One explanation for 
these findings contrasting my initial expectations could be that rivals singing from exposed 
perches are not perceived as a territorial threat. High song perches may be a strategic 
position to attract mates rather than warning rivals about territorial claims. Therefore, 
exposed song perches may be restricted to inter-sexual contexts and thus may not be 
perceived as a territorial threat by other males. Alternatively, song perch height may reflect 
the status of males being subordinate, non-territorial males that have not yet been successful 
in acquiring space to settle. Non-territorial nightingales that prospect the area in search of 
available space are likely to leave an occupied territory after intrusion (Amrhein et al., 
2004b). When advertising in an occupied territory those prospectors usually sing from the top 
of bushes and above the singing territorial males (Amrhein, Kunc & Naguib, unpublished 
observations). Therefore, simulated rivals singing from high perches may have been 
perceived as non-threatening prospectors so that effort spent on territoriality would not have 
paid. 

Another explanation for the stronger response to rivals singing from low than from 
high perches could be that singing on eye-level is perceived as a signal expressing the 
intentions of rivals to acquire space from territory owners. Furthermore, songs of rivals 
singing at the same height are presumably perceived as being louder than rivals simulated 
from higher perches. Vocal signals acquire directionality dependent on the orientation of the 
signaller’s head, or in this case the speaker relative to the receiver (Brumm and Todt, 2003; 
Patricelli et al., 2008). Because speakers were aligned on a horizontal axis in both 
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treatments, it is conceivable that propagation characteristics signals from simulated rivals 
signing at high perches degraded stronger than that of rivals positioned on eye-level so that 
lower rivals were louder at the receiver end. Louder songs are perceived as being closer 
(Naguib, 1997a; Nelson, 2000; Naguib and Wiley, 2001), and proximity has been shown to 
positively correlate with response intensity in receivers (Sprau et al., 2010a). Moreover, 
louder songs have been shown to elicit stronger responses in territory owners (Brumm and 
Ritschard, 2011) and to attract more mates (Ritschard et al., 2010) so that rivals at eye-level 
may have been perceived as more threatening than rivals singing from higher perches. 

And finally, predation risk at night may not only initiated by aerial predators, but 
instead may be a balance between aerial and ground predators (Møller et al., 2008). 
Therefore, signaling height per se may be less important to assess boldness and as such 
quality of a signaller but rather the distance in relation to ground and tree or shrub top. As a 
consequence, lower males may have been assessed as being exposed to higher risk, 
therefore are of better quality, and as a consequence were perceived as more threatening. 
 
Limited resources 
Space is often a limiting factor affecting fitness of territorial animals, because a territory often 
is essential for successful reproduction (Shutler and Weatherhead, 1992; Stamps, 1994). 
Therefore, males that have not yet established a territory may be under pressure to acquire 
an occupied territory from residents or try to settle adjacent to occupied areas. Non-territorial 
males often prospect different occupied territories (Reed, 1999; Amrhein et al., 2004b; 
Doligez et al., 2004), which allows them to assess habitat quality (Bruinzeel and van de Pol, 
2004), and also social relations between neighboring territory owners (Smith, 1978; Doligez 
et al., 2004). Often, prospectors then return to a previously inspected territory in order to 
express their territorial aspiration. Therefore, behavior during initial intrusions into occupied 
territories is important because it can have consequences for future encounters with 
residents, as revealed by experiments conducted in chapter 7. When prospectors initially 
behaved persistently and moved within territory boundaries, they elicited stronger spatial and 
vocal responses in residents in subsequent encounters one hour later. Persistence during 
initial intrusions may be beneficial because residents may then consider prospectors a 
serious threat. As a consequence, territory owners and prospectors may engage in an 
asymmetric 'war of attrition' (Maynard Smith, 1974; Bishop and Cannings, 1978), where 
those that behave most persistently are most successful in gaining access to resources 
(Parker and Rubenstein, 1981; Norton et al., 1982; Arcese, 1987; Stutchbury, 1991; 
Eberhard and Ewald, 1994), and thereby gain important fitness benefits. Alternatively, rather 
than acquiring already occupied territories, prospectors may attempt to settle adjacent to 
territory owners and eventually return to previously inspected territories. Therefore, 
prospectors may benefit from behaving less persistently during initial intrusions, because 
unobtrusive behavior elicits less intense responses by territory owners in subsequent 
encounters (chapter 7), which may indicate higher tolerance by residents (Davies and 
Houston, 1981). 

Residents themselves should also carefully take notice of spatial behavior of 
prospecting rivals before actual intrusions take place. Indeed, as shown in chapter 4, 
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resident males discriminate between simulated rivals that were first simulated from far and 
then from near and vice versa. These findings suggest that the direction of moving rivals is 
also considered in decision making, with approaching rivals being perceived as more 
threatening than retreating rivals. The ability to assess the direction of movement could be 
seen as anticipatory behavior that may be beneficial in preventing severe territorial conflicts. 
The integration of spatial information on rivals in decision making can also be persistent over 
time (Godard, 1991; Amrhein and Erne, 2006; Erne and Amrhein, 2008) and across contexts 
(Hall et al., 2006; Schmidt et al., 2007). The experiment conducted in chapter 7 further shows 
that resident males integrated spatial information of previous encounters, i.e., whether rivals 
moved within territory boundaries or instantly left the territory after initial intrusion, and used 
that information subsequently in different contexts, i.e., when a rival was singing from a 
different location at the territory boundary. Thus, residents can also conjoin the aspects of 
long-term storage and context-independent use of spatial information, emphasizing the high 
capabilities of information storage and processing in songbirds. Similar findings result from 
the experiment that tested the effect of unfamiliar rivals on social relations between 
neighbors (see below) and the ability of eavesdroppers to integrate information on neighbor-
stranger interactions in future decision making (chapter 6). The experiment showed that 
territorial males discriminated between rivals that had previously interacted aggressively or 
moderately with their neighbors, when they were challenged themselves by the same 
simulated rivals. Such discriminative response behavior indicates that males extract 
information from singing interactions involving their neighbor and adjust their subsequent 
responses according to the threat an unfamiliar rival imposed on the neighbor. Similar two-
loudspeaker experiments on great tits showed that males respond stronger to intruders that 
had previously been more dominant in interactions with another rival than to intruders that 
were less dominant (Peake et al., 2001; Peake et al., 2005). Two-loudspeaker experiments, 
simulating interactions between two unknown rivals, most likely reflect situations early in the 
season when not all territories are occupied. Later in the season, when the first territories 
have been established, males will most often be exposed to song of neighboring individuals 
or to vocal interactions involving at least one neighbor. Our experiments simulated this latter 
situation and thus expand on previous findings by showing that resident males also use 
information on challenging strangers that had previously been interacting with familiar 
neighbors. Such coordinated behavior may well be adaptive as it can reduce costs for 
residents in defending and maintaining resources against any newly arriving male attempting 
to establish a territory. 
 
Individual characteristics affecting vocal behavior 
The enormous singing variability of nightingales prompts several questions such as how 
information about quality-indicating and motivational aspects of signalers can be extracted 
from the different signaling traits. As shown in chapter 2, one such trait is the performance of 
trills, i.e., rapidly repeated elements with broad frequency bandwidth. The detailed analysis of 
the physically challenging trills showed that older males are capable of singing trills that were 
closer to the performance limit than younger males. Because older males often have 
increased reproductive success (Nol and Smith, 1987) and are more successful in defending 
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territories (Hyman et al., 2004), trills can be considered as reliably encoding information 
about the quality of singers. The ability of trills to predict signaler quality has been described 
in several songbird species with small repertoire sizes (Dreiss et al., 2008; Ballentine, 2009; 
de Kort et al., 2009; Derryberry, 2009; Sockman, 2009), so that the results from chapter 2 
suggest that the predictive value of trills is a more general phenomenon in songbirds, 
irrespective of repertoire size. Especially for large repertoire species, such information coding 
may be important, because it enables listeners to readily assess signalers. Similar to trills, 
repertoire size can also encode information about signaler age, where older nightingales 
possess larger repertoires (Kiefer et al., 2006). However, assessing age based on repertoire 
size may be difficult, because listeners are obliged to listen to singing conspecifics for long 
periods. Thus, trills seem to be ideally suited as indicator traits for signaler quality in large 
repertoire species. The ability of trills to encode information about signaler quality also sheds 
new light on studies that described trills as an aggressive signal (Kunc et al., 2006; Schmidt 
et al., 2008, and chapter 3 and 4). Thus, trills may not only signal high motivation during 
aggressive encounters, but may at the same time allow reliable assessment of rival quality. 
Therefore, the signal value of trills seems to be even more pronounced than previously 
thought. 

The efficiency of trills, however, may be limited, because receivers may not always be 
aware of at whom the signal is directed. Even though trills are used specifically during close-
range interactions, they are still perceived as aggressive signals from distance (chapter 4) so 
that distant rivals may mistakenly assume that they are the intended receivers. By adding 
trills to directed, functionally similar signals, males may overcome such limitations and further 
increase their efficiency. In fact, the combination of trills and song overlapping elicits 
somewhat stronger responses in challenged males than overlapping alone, suggesting that 
combining functionally similar signals may enhance the signal value (chapter 3). 
 
Social relations affecting vocal and spatial behavior 
Behavior not only depends on ecological characteristics or skills of the individual, but may 
also be determined by relations between familiar conspecifics. Through repeated 
interactions, neighbors establish social relations that foster stable neighborhoods in territorial 
systems (McGregor and Dabelsteen, 1996). The stability of social networks can be seriously 
threatened by challenges of unfamiliar rivals to territory holders, because established 
relations will change if new rivals will succeed in settling (Mesterton-Gibbons and Dugatkin, 
1992; Naguib, 2005; Connor, 2010). Therefore, residents that eavesdrop on neighbor-
stranger interactions may have to decide whether to behave cooperatively and help their 
challenged neighbors in expel less-preferred, or to behave defectively and exert additional 
leverage on their neighbors in order to help expelling disliked neighbors. Findings deriving 
from the experiment described in chapter 6, suggest that residents behave conditionally 
dependent on the situation of the neighbor, by behaving less aggressively when close 
neighbors were at risk to lose their territory against unfamiliar rivals. Moderate behavior of 
eavesdroppers may enable neighbors to focus on expelling the aggressive rival and thus 
indicates the existence of some sort of defensive coalitions (Getty, 1987; Mesterton-Gibbons 
and Sherratt, 2009). Such cooperative behavior can be adaptive, as residents would not 
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have to renegotiate territorial claims with an unknown rival that is likely to be stronger than 
the displaced neighbor (Backwell and Jennions, 2004; Detto et al., 2010). More cautious 
behavior of eavesdroppers in threatening situations, however, may have also arisen through 
by-product mutualism, where cooperators benefit from their behavior (i.e., not having to 
renegotiate mutual territorial boundaries), and, as a by-product, help the neighbor 
(Mesterton-Gibbons and Dugatkin, 1992; Connor, 2010). In that sense, eavesdroppers may 
have simply attempted to avoid too much attention by aggressive territory-seeking rivals that 
often prospect territories successively (Amrhein et al., 2004b), and therefore behaved less 
conspicuously in the presence of threatening rivals. Such discreetness suggests that 
eavesdroppers behave in anticipation of challenges by rivals that were in previous territorial 
encounters with neighbors. Together with the indicated awareness of direction of movement 
before rivals intrude (chapter 4), these findings indicate the existence of anticipatory 
strategies in communication networks. Regardless of whether males intended to establish 
coalitions with their neighbors or whether they were simply seeking their own benefit, 
behaving more moderately when the territorial integrity of the neighbor is at risk may help to 
stabilize the neighborhood and therefore may be an adaptive strategy in social networks. 
 
Pairing success 
The use of specific vocal signals can provide valuable information on motivation or quality of 
signalers and therefore influence mating decisions of females (Wiley and Poston, 1996). 
Because female nightingales prospect occupied territories mainly at night (Roth et al., 2009), 
nocturnal interactions between males may be particularly important for eavesdropping 
females, because they enable information gathering about relative differences between 
males, and therefore they may facilitate mating decisions. In fact, several studies showed 
that males that are unpaired at the time of playback but later become paired respond 
differently to playback than bachelors, i.e., males that remain unpaired throughout the 
breeding season. Bachelors overlap fewer songs of simulated rivals (Kunc et al., 2006), 
interrupt their singing more often when being overlapped by rivals (Schmidt et al., 2006), and 
more frequently add high frequency whistles to their songs (chapter 3) than males that will 
become paired later in the season. Moreover, increased baseline levels of trills in bachelor 
song and increased singing interruptions after territorial challenges (chapter 3) suggest that 
bachelors are generally more aroused than paired males. Bachelors and paired males also 
differ in their responses to threatening rivals at a later stage of the breeding season, i.e., 
when females of paired males have started egg-laying (Kunc et al., 2007). Paired males sing 
with a lower song rate and overlap nocturnal playback less often than bachelors, indicating 
that paired males become less aroused after pairing. Assessing relative differences between 
potential mates, however, may not always be straightforward. As I could show in chapter 6, 
males’ subsequent pairing success is also reflected in different responses to rivals that had 
previously behaved aggressively or moderately during interactions with their neighbors. 
These findings suggest that information gathered from eavesdropping on interactions also 
affects paired males and bachelors differently. Extending on earlier findings showing that 
eavesdropping females can affect males’ reproductive success (Otter et al., 1999; Mennill et 
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al., 2002), my results suggest that singing responses of eavesdropping males can also 
predict subsequent reproductive success. 

However, not only differences in vocal but also in spatial behavior of rivals can be 
reflected in the responses of paired and bachelor males. For instance, bachelors overlap 
songs of rivals singing at eye level less frequently than subsequently paired males, whereas 
the opposite was true for rivals singing from high perches (chapter 5). Because song 
overlapping is considered an aggressive signal (Naguib and Mennill, 2010), subsequently 
paired males appear to have perceived the playback broadcast at the same level as more 
threatening (see above). The less frequent use of song overlapping in bachelors reflects 
findings from an earlier study (Kunc et al., 2006) and expand them by showing that perch 
height of rivals can elicit the opposite effect. 

Whereas nocturnal song in nightingales seems to be an important opportunity for 
males to advertise and to show off to prospecting females (Roth et al., 2009), diurnal song 
may be more relevant in maintaining resources against conspecifics (Amrhein et al., 2004b). 
Because maintenance of resources is equally important to all males, pairing success of 
territory owners should not affect their defense behavior against challenging rivals during the 
day. Indeed, simulating rivals that differ in vocal (Schmidt et al., 2007) and also in spatial 
behavior (chapter 7) at daytime does not elicit different responses between bachelors and 
subsequently paired males. 
 
General conclusions 
Signaling behavior in animal communication and its enormous variability is believed to have 
evolved through a variety of selective forces on receivers and signalers (Johnstone, 1997). 
The combination of descriptive and experimental studies in this thesis provides new insights 
in the use and function of elaborate vocal and spatial behavior that can help to better 
understand the evolution of complex signaling systems and as a consequence the principles 
of communication. 

The first major conclusion of this thesis is that different signals, whether they are of 
structural or of temporal nature, whether they are used in combination or separately, whether 
they are used at distance or in proximity, have the ability to encode slightly different 
information that enables fine-tuned assessment of components of signalers’ potential fitness, 
such as parental investment and survival (Andersson and Simmons, 2006). In conflicts with 
other males, information about defendable resources or the precise assessment of an 
opponent’s competitive abilities (Hyman et al., 2004) may be used without engaging in costly 
physical fights and therefore can increase survival. Such information is important also in 
inter-sexual selection because mates can readily assess benefits relevant to offspring 
(Buchanan and Catchpole, 2000). Selective pressure on the ability of signals and their 
contents to be rapidly detectable, distinguishable, and memorable is considered to have 
shaped the intriguing diversity in signaling behavior (Gulford and Dawkins, 1991). The same 
mechanisms are presumably responsible for the variable abilities of signals and signaling 
strategies to encode and transmit valuable information as described in this thesis. 

The second major conclusion of this thesis is that variation in spatial positioning 
behavior among signalers constitutes a crucial, but hitherto largely overlooked aspect, of 
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territorial behavior in general. This has broad implications for our understanding of 
communication in social networks. My findings demonstrate the effects of sender receiver 
distance, song perch height and spatial movements on territoriality and thus highlight the 
importance of spatial and social characteristics on communication. Signaler location is 
strongly determined by ecological conditions such as availability, spatial configuration, and 
characteristics of suitable habitats and therefore has important consequences for 
communication. Limitations in resource availability is the ultimate cause of territorial disputes 
in social systems and will lead non-territorial individuals to evolve elaborate signals that may 
allow them to acquire space from others and thereby ultimately gain fitness benefits. Spatial 
configuration of territories determines sender-receiver distance, which, as I showed in this 
thesis, can have strong implications on territorial behavior and also on social relations 
between neighbors. Moreover, vegetation characteristics can impact signaling positions, 
such as perch height, which in turn influence the use and perception of signals. New insights 
in information gathering and processing as presented here, extend our view on functional 
aspects of signaling in communication systems. In conclusion, findings from this thesis 
emphasize the dynamical nature and diversity of vocal and spatial strategies in territorial 
systems and contribute to a better understanding of general principles of signaling diversity 
in communication networks. 
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In animal communication, individuals often use elaborate signals to exchange information. 
These signals affect the behavior of receivers, in a way that often has direct consequences 
for the survival and reproduction of signalers and of receivers. Bird song, in particular, is 
known to encode detailed information about the motivation, condition, and quality of 
signalers, and is therefore an established model for research on the evolution of signaling 
diversity. Information, however, may not be encoded solely in acoustic signals: how the 
signals are combined with spatial behavior, is also a central factor determining their 
consequences and function. Despite the extensive work on causes and consequences of 
communication in animals, many questions regarding the mechanisms underlying the 
gathering and processing of information encoded in vocal and spatial behavior remain 
unanswered. The aim of this thesis is to reveal how a variety of vocal and spatial behaviors 
affect territorial behavior of receivers, and thus to get new insights into the use and the 
function of signaling behavior. By combining descriptive and experimental approaches using 
nightingales, Luscinia megarhynchos, as a model species, I tested specific predictions that 
contribute to a better understanding of complex signaling systems. 

In the first part of the thesis (chapters 2 and 3), I tested predictions on how individual 
characteristics of signalers can affect song structure, and how the use of particular signals 
affects the territorial behavior of receivers. For this, I focused on two signaling traits that are 
often used to express motivational aspects of signalers in aggressive contexts: trills, i.e., 
rapidly repeated elements with wide frequency bandwidth, and song overlapping, i.e., singing 
on top of an opponent’s song. More than signaling motivation, trills can reliably encode 
information about quality-indicating characteristics of signalers, such as body condition or 
size. However, trills as a predictor of signaler quality have only been studied in species with 
small repertoires, and thus with low variability in song structure. This raises the question of 
how general the predictive value of trills is. In particular for songbird species with large 
repertoire sizes, like nightingales, a fast assessment of the signaler is important, because 
assessing signaler quality based on repertoire size requires listening to extensive portion of 
other individuals’ song and therefore is costly in terms of time. In chapter 2, I show that trills 
can reliably predict age of nightingale males and thus confirm the general validity for the 
predictive value of trills. 

On their own, trills cannot be directed at a specific opponent, so that individuals may 
not recognize that they are the targeted receivers. In chapter 3, I show that signalers can get 
around this limitation by using a combination of trills and song overlapping. Because song 
overlapping can only be used in interactions with a specific opponent, combining these two 
signal traits (trills and overlapping) enables the information encoded in trills to be directed at 
a particular adversary. Moreover, because trills and song overlapping are functionally similar 
song traits, i.e., both are used in aggressive contexts, the synchronous use of these two 
traits can enhance their signal value. Playback experiments in which I simulated male rivals 
that overlapped the songs of territorial males elicited stronger responses in challenged 
residents when the stimulus songs contained trills, thus confirming that simultaneous use of 
these song components enhances their signal value. 

In the second part of the thesis (chapters 4 to 7), I tested predictions on how aspects 
of song structure and signaler location that are determined by ecological and social 



Summary 

Page | 135  
 

characteristics affect the behavior of territorial males. For this I focused on the effects of 
distance between the sender and receiver, signaler height, and changes of sender location 
on the signaling behavior of receivers. In territorial encounters, distance between interactants 
can have important consequences for the use and the perception of signaling traits. The use 
of trills for instance, is considered to be restricted to close-range interactions because their 
broadband frequency rapidly degrades over distance. As a consequence, information 
encoded in frequency bandwidth may not be detectable at longer distances. In contrast, 
signaling using song overlapping per se is not so strongly affected by distance, provided that 
structural traits with favorable propagation characteristics are used. These differences in 
propagation characteristics between the two functionally similar signals of song overlapping 
and trills raises the question on how they are used and perceived at different distances 
outside territory boundaries. In chapter 4, I show that territorial males respond to close 
simulated rivals with an increase in trills, supporting their close-range function during 
territorial encounters. In contrast, residents respond strongly to playback of song containing 
trills at all distances. These findings are important because they show that territorial males 
are sensitive not only to whether or not a rival has intruded into a territory, as has been 
previously shown, but also to the proximity of rivals and to their signaling behavior outside 
their territory boundaries. 

The regulation of distance between territory owners and rivals, however, is not only 
important to keep rivals away, but can also be important for signaling in social contexts. For 
instance, territorial neighbors often behave less aggressively towards each other than 
towards strangers. Social relations between neighbors, however, may change in the 
presence of rivals that threaten the territory tenure of one of them, because non-threatened 
neighbors may have to consider whether to 'defect' (i.e., giving up allegiance with the familiar 
neighbor) or to behave cooperatively. The behavior of territorial individuals during challenges 
to their neighbors by unfamiliar rivals, and whether information gathered from these 
encounters is used in subsequent contexts, is to date unknown. In chapter 6, I show that 
male nightingales behave less aggressively towards close neighbors when those are 
confronted with simulated rivals that behave aggressively. These findings highlight the 
importance of distance between sender and receiver on signaling behavior and furthermore 
suggest that males modify their behavior according to the circumstances of neighbors. 
Behaving less aggressively towards neighbors that are at risk of losing their territory to 
unfamiliar rivals may help to stabilize the neighborhood as a whole, because challenged 
neighbors can focus on defending their territories against the unfamiliar rivals. Moreover, 
when males that had previously 'eavesdropped' on interactions between neighbors and 
unfamiliar rivals were challenged themselves, they adjust their responses dependent on 
whether the rivals had previously behaved more or less aggressively. This demonstrates that 
males use the information that they had obtained previously in responding to those unfamiliar 
rivals. 

Another way for a signaler to express motivational or quality-indicating characteristics 
is to use the vertical dimension; in other words, signaling height. This factor has never before 
been experimentally addressed in bird song, even though behavior takes place in three 
dimensional space. High song perches increase the efficiency of long-range communication 
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and are also considered to be indicators reflecting male quality. Therefore, rivals singing from 
higher perches should be perceived as more threatening during territorial encounters. In 
chapter 5, I show that the reverse is true. Residents respond more strongly to simulated 
rivals singing at the same height as the residents than to simulated rivals singing from 
exposed song perches. These findings show the importance of song perch height on receiver 
response, and suggest moreover that rivals at lower perches are perceived as more 
threatening than that at exposed perches. 

Spatial movement, i.e., the change of location, is yet another aspect that can encode 
information about rival motivation. For instance, rivals seeking to acquire space may be more 
of a threat to territory owners if they are persistent in their territorial intrusions. Such 
persistence could have important consequences for immediate and future territorial 
encounters. In chapter 7, I used a dynamic experimental approach and simulated rivals that 
move within or outside the territories of residents. This novel approach revealed that spatial 
movements have long-term consequences on the territorial behavior of residents. Simulated 
intruders that moved singing locations elicited stronger responses from residents one hour 
later when the second singing location was within the territory rather than outside its 
boundaries. 

The playback experiments and the detailed analysis of songs not only show how 
song structure, and singer location, can affect singing and territorial behavior in residents, but 
also highlight the importance of vocal and spatial behavior for signalers to achieve 
reproductive success. Males that were unpaired at the time of playback but later became 
paired, had responded differently to nocturnal playback than males that subsequently 
remained unpaired that breeding season (chapters 3, 5 and 6). This relation between 
successful pairing and signaling behavior suggests that females obtain information from 
listening to interactions between males and use such information in their mating decisions. 

Taken together, the singing of territorial males and their responses to simulated rivals 
that differed in song structure and spatial behavior provide new insights into the use and the 
functions of signaling strategies. The research presented here thereby contributes to a better 
understanding of the evolution of signaling diversity in animal communication. First, I show 
how species with high singing versatility are able to signal information on their quality or 
motivation in a rapidly appraisable form. Assessment of conspecifics can be important for 
males, because it may resolve conflicts with other males without engaging in costly physical 
fights. Females may also benefit from rapidly appraisable information on aspects of mate 
quality affecting reproductive fitness because it may help in their mating decisions. Second, I 
reveal new ways in which rival location affects the territorial behavior of residents. My 
findings demonstrate the effects of sender receiver distance, song perch height, and spatial 
movements on territoriality, and thus highlight the importance of ecological and social 
characteristics on communication. In conclusion, findings from this thesis contribute to a 
better understanding of the principles of information gathering and processing in animal 
communication, and give novel insights into the evolution of signaling diversity. 
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Als dieren met elkaar communiceren maken ze gebruik van complexe signalen. Deze 
signalen kunnen het gedrag van de ontvanger beïnvloeden en hebben vaak directe gevolgen 
voor de overleving en reproductie van de zender. De zang van vogels in het bijzonder, bevat 
gedetailleerde informatie over de motivatie, conditie en kwaliteit van de zender. Vogelzang 
heeft zich daarom ontwikkeld tot een model voor de studie naar de evolutie van diversiteit in 
signalen. Er is echter meer dan alleen het akoestische signaal. Akoestische signalen worden 
vaak gecombineerd met ruimtelijk gedrag en deze twee componenten bepalen samen de 
functie en de consequenties. Ondanks de vele studies naar de oorzaken en gevolgen van 
communicatie tussen dieren, is er weinig bekend over het mechanisme achter het 
verzamelen en verwerken van de informatie die gecodeerd is in het akoestische en 
ruimtelijke deel van het signaal. Het centrale thema van dit proefschrift is hoe akoestisch en 
ruimtelijk gedrag van de zender het territoriale gedrag van de ontvanger beïnvloed. De 
resultaten geven vernieuwende inzichten in het gebruik van signalen en de functie van 
signaaloverdracht. Door de combinatie van een beschrijvende en experimentele benadering, 
gebruik makende van de nachtegaal (Luscinia megarhynchos) als modelsoort, heb ik 
verschillende hypothesen getest die bijgedragen aan een beter begrip van complexe 
communicatie systemen. 

In het eerste deel van mijn proefschrift (hoofdstukken 2 en 3) test ik voorspellingen 
hoe de structuur van zang afhangt van individuele eigenschappen van zenders, en hoe het 
gebruik van specifieke signalen het gedrag van de ontvangers beïnvloed. Hiervoor heb ik mij 
geconcentreerd op twee types signalen die veelal gebruikt worden in het uitdrukken van de 
motivatie van de zender in agressieve situaties. Als eerste zogenaamde “trills”; dit zijn snel 
herhaalde elementen met een wijde frequentiebandbreedte. Ten tweede “zang overlap”; dit 
beschrijft het fenomeen als een individu begint met zingen voordat zijn rivaal eindigt met zijn 
zang strofe. Naast motivatie van de zender bevatten trills informatie over de kwaliteit van de 
zender, zoals lichamelijke conditie of grootte. Trills als een voorspeller van kwaliteit van de 
zender zijn vooral bestudeerd in soorten met een beperkt zang repertoire, en dus een lage 
variabiliteit in zangstructuur tussen individuen. Dit roept de vraag op hoe algemeen de 
voorspellende eigenschappen van trills zijn. Vooral in zangvogels met een groot repertoire, 
zoals nachtegalen, kan een snelle beoordeling van de kwaliteiten van de zender belangrijk 
zijn, aangezien een beoordeling op basis van repertoire alleen gemaakt kan worden na het 
beluisteren van een groot deel van de zang van de zender, wat dus kostbaar is qua tijd. In 
hoofdstuk 2 laat ik zien dat trills een goede voorspeller zijn van de leeftijd van de zender 
waarmee ik aantoon dat de voorspellende eigenschappen van trills niet afhangen van 
repertoiregrootte. 

Omdat trills niet gericht kunnen worden naar specifieke ontvangers bestaat de 
mogelijkheid dat individuen zich niet realiseren dat de informatie bedoeld is voor hen. In 
hoofdstuk 3 laat ik zien dat nachtegalen dit probleem oplossen door trills te combineren met 
het overlappen van de zang van de geadresseerde. Het overlappen van zang kan per 
definitie alleen gebruikt worden indien gericht op specifieke individuen. Trills en zangoverlap 
zijn beide agressieve signalen en kunnen, door ze tegelijkertijd te gebruiken, elkaar 
versterken. Dit laat ik zien in een playback experiment waarbij ontvangers langer en sterker 
reageren op playbacks als de overlappende zang ook trills bevat. 
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In het tweede deel van mijn proefschrift (hoofdstukken 4-7) laat ik zien hoe specifieke 
aspecten van zangstructuur en de locatie van de zender, welke afhangt van ecologische en 
sociale aspecten van de omgeving, het gedrag van de ontvanger beïnvloed. Hierbij richt ik 
me vooral op de afstand tussen zender en ontvanger, hoogte van de zender en gedrag van 
de ontvanger afhankelijk van de verplaatsingen van de zender. De afstand tussen zender en 
ontvanger in territoriale ontmoetingen kan invloed hebben op het gebruik en de perceptie van 
signaaleigenschappen. Het gebruik van trills bijvoorbeeld is alleen effectief op korte afstand, 
omdat de frequentiebandbreedte snel afneemt met oplopende afstand waardoor informatie 
gecodeerd in frequentiebandbreedte verloren gaat. In tegenstelling tot trills wordt het 
overlappen van zang niet sterk beïnvloed door afstand, zolang gebruik wordt gemaakt van 
zangonderdelen die niet snel in kracht afnemen met toenemende afstand. Het verschil in de 
mate van afname tussen deze twee functioneel vergelijkbare signalen roept de vraag op hoe 
ze gebruikt en ontvangen worden afhankelijk van de afstand tot het territorium. In hoofdstuk 
4 laat ik zien dat territoriale mannen reageren op toenaderende playbacks buiten het 
territorium door meer trills te gebruiken. Daarnaast laat ik zien dat territoriale mannen altijd 
sterk reageren op playbacks die trills bevatten, onafhankelijk van afstand tussen zender en 
ontvanger. Deze resultaten zijn belangrijk, want ze laten zien dat territoriale nachtegalen niet 
alleen gevoelig zijn voor een rivaal die het territorium binnen is gekomen (wat al bekend was 
uit voorgaand onderzoek), maar ook gevoelig is voor de nabijheid van de rivaal buiten het 
territorium. 

De afstand tussen territoriabezitters is niet alleen van belang om eventuele indringers 
op afstand te houden, maar ook voor het uitwisselen van informatie in een sociale context. 
Bijvoorbeeld, buren reageren vaak minder agressief op elkaar dan naar vreemden. Sociale 
relaties tussen territoriale vogels kunnen actief veranderd worden, aangezien een individu de 
buurman kan helpen een indringer te verdringen, maar ook een indringer kan helpen met het 
verdrijven van de buurman. Het gedrag van territoriale mannen waarvan de buurman 
aangevallen wordt door een indringer, en of en hoe informatie verzameld uit deze interacties 
gebruikt wordt bij latere interacties, is grotendeels onbekend. In hoofdstuk 6 laat ik zien dat 
mannelijke nachtegalen zich minder agressief gedragen naar buren als deze geconfronteerd 
worden met een (gesimuleerde) agressieve rivaal. Deze bevindingen laten het belang van 
afstand tussen zender en ontvanger zien, maar daarnaast ook dat het gedrag van individuen 
afhangt van de omstandigheden waarin de buurman zich bevind. Minder agressief zijn naar 
de buurman die zijn territorium dreigt kwijt te raken aan een indringer kan stabiliserend 
werken op het totale sociale netwerk, omdat de aangevallen individuen zich daardoor beter 
kunnen richten op de indringer. Verder laat ik zien dat agressiviteit van een territoriumhouder 
naar een indringer afhangt van eerdere (‘afgeluisterde’) interacties tussen deze indringer en 
buren. 

Een andere manier waarop de zender informatie kan geven over zijn motivatie / 
kwaliteiten is door gebruik te maken van de derde dimensie, namelijk hoogte. Hoewel gedrag 
zich in een drie dimensionale wereld afspeelt, is hoogte nooit eerder experimenteel bekeken. 
Een hoge zangpost vergroot de effectiviteit van lange afstand communicatie en worden ook 
beschouwd als indicator voor individuele kwaliteit. Indringers die zingen vanuit hoge 
zangposten kunnen daarom gezien worden als extra bedreigend, maar in hoofdstuk 5 laat ik 
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zien dat het tegendeel waar is. Nachtegalen reageren meest agressief op gesimuleerde 
rivalen die op gelijke hoogte zingen, en minder op rivalen die zingen van een hogere 
zangpost. Deze bevinden laten het belang van zangposthoogte zien in interacties, en 
suggereren dat lagere zangposten gezien worden als extra bedreigend. 

Verplaatsingen van de rivaal kunnen ook informatie geven over de zijn motivatie. 
Bijvoorbeeld, indringers op zoek zijn naar een territorium zijn meer bedreigend als ze een 
territorium meerdere malen proberen binnen te dringen en dat kan consequenties hebben 
voor toekomstige ontmoetingen. In hoofdstuk 7 simuleer ik een indringer die na het 
binnendringen van het territorium in het territorium blijft, of zich buiten de territorium grenzen 
verplaatst. Deze nieuwe benadering onthulde dat verplaatsingen als deze consequenties 
hebben op het gedrag van territoriumhouders op lange termijn, waarbij deze sterker 
reageerden als de indringer één uur na de eerste playback wederom in het territorium zong.  

Deze playback experimenten en de gedetailleerde analyses van zang in nachtegalen 
laten zien hoe zangstructuur en locatie het gedrag van de ontvanger beïnvloed, en benadrukt 
het belang van akoestisch en ruimtelijk gedrag bij het verkrijgen van een partner. 
Nachtegalen zonder partner, die echter later in het seizoen wel gepaard raken, reageren 
anders vergeleken met mannen die het gehele seizoen ongepaard blijven. De relatie tussen 
het vinden van een partner en gedrag suggereert dat vrouwelijke nachtegalen informatie 
onttrekken en gebruiken door te luisteren naar interacties tussen mannen. 

Samengevat, heeft mijn studie naar de zang van territoriale mannelijke nachtegalen 
en hun reactie op gesimuleerde rivalen met verschillen in zangstructuur en ruimtelijk gedrag 
nieuwe inzichten opgeleverd in het gebruik en de functie van communicatiestrategieën. Het 
beschreven onderzoek draagt bij aan het begrip van de evolutie van de variatie in signalen 
gebruikt in communicatie. Ten eerste laat ik zien dat ook soorten met een grote 
zangvariabiliteit in staat zijn informatie over kwaliteit en motivatie over te brengen binnen een 
kort tijdsbestek. Het snel kunnen beoordelen van de kwaliteit van soortgenoten is belangrijk 
in interacties tussen mannen, omdat het conflicten kan beslechten zonder in escalerende 
gevechten te geraken. Vrouwen kunnen een snelle beoordeling van mannen gebruiken voor 
het kiezen van de juiste partner. Ten tweede onthul ik nieuwe inzichten in hoe de locatie van 
de indringer van invloed kan zijn op het gedrag van de territoriumhouder. Mijn bevindingen 
benadrukken het belang van de afstand tussen zender en ontvanger, zangposthoogte en 
ruimtelijke verplaatsingen voor territoriaal gedrag, en benadrukken dat ecologische en 
sociale componenten in communicatie in acht dienen te worden genomen. Bevindingen in dit 
proefschrift dragen bij aan een beter begrip van het verzamelen en gebruik van informatie in 
de communicatie tussen dieren en geven nieuwe inzichten over de evolutie van 
signaaldiversiteit. 
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Kommunikation, d.h. der Informationsaususch zwischen Individuen, findet häufig durch 
komplexe Signale statt. Diese Signale beeinflussen das Verhalten von Empfängern in einer 
Weise, die oftmals direkte Folgen für das Überleben und die Reproduktion von Signalgebern 
als auch den Empfängern hat. Insbesondere Vogelgesang ist bekannt dafür, detaillierte 
Informationen über die Motivation, den Zustand, und die Qualität von Signalgebern 
verschlüsseln zu können. Damit ist Vogelgesang ein bewährtes Modell um Aufschlüsse über 
die Entwicklung von Signalvielfalt zu erlangen. Informationen sind jedoch nicht ausschließlich 
in akustischen Signalen verschlüsselt. Auch räumliches Verhalten, in Kombination mit 
Signalübertragung, ist ein zentrales Merkmal, das die Kommunikation zwischen Individuen 
beeinflussen kann. Trotz umfangreicher Arbeiten über die Ursachen und Folgen von 
Kommunikation zwischen Tieren, bleiben viele Fragen in Bezug auf die zugrunde liegenden 
Mechanismen der Erfassung und Verarbeitung von Informationen, die in vokalem und 
räumlichem Verhalten kodiert sind, unbeantwortet. Ziel der vorliegenden Arbeit ist es 
aufzuzeigen, wie unterschiedliche akustische und räumliche Verhaltensmerkmale, 
territoriales Verhalten von Empfängern beeinflussen können. Dadurch sollen neue Einblicke 
in die Nutzung und die Funktion der Signalübertragung gewonnen werden. Mit einer 
Kombination aus deskriptiven und experimentellen Vorgehensweisen habe ich Vorhersagen 
getestet, die zu einem besseren Verständnis der Komplexität von Signalsystemen beitragen. 
Als Modellorganismus diente dazu die Nachtigall, Luscinia megarhynchos. 

Im ersten Teil der vorliegenden Arbeit (Kapitel 2 und 3), stand die Frage im 
Mittelpunkt, wie individuelle Merkmale von Signalgebern die Gesangsstruktur beeinflussen 
können und wie sich der Gebrauch von bestimmten Signalen auf das territoriale Verhalten 
von Empfängern auswirkt. Dafür habe ich zwei Signale ausgewählt, die häufig verwendet 
werden, um Motivation von Signalgebern in aggressiven Kontexten auszudrücken: Dies sind 
einerseits sogenannte Trills, d.h. sich schnell wiederholende Elemente mit großer 
Frequenzbandbreite, und andererseits das sogenannte song-overlapping, d.h. das zeitliche 
Überlappen des Gesanges eines Kontrahenden. Trills übermitteln die Motivation von 
Sendern, können aber auch zuverlässige Informationen über qualitative Eigenschaften von 
Signalgebern, wie z. B. über körperliche Verfassung oder Größe, geben. Allerdings sind Trills 
als Qualitätsanzeiger bisher nur an Arten mit kleinen Repertoires, und damit geringer Trill-
Variabilität in der Gesangsstruktur, untersucht worden. Es war daher zu prüfen, ob und in 
welchem Ausmaß Trills einen allgemein gültigen Vorhersagewert besitzen. Insbesondere für 
Singvogelarten mit großer Gesangsvariabilität, wie sie die Nachtigall auszeichnet, ist es für 
den Signalempfänger wichtig, Sänger anhand von charakterisitischen Signalmerkmalen 
schnell und einfach zu beurteilen. In Kapitel 2 wird deutlich, dass aus Trills zuverlässig das 
Alter von Nachtigall Männchen abgeleitet werden kann. Dies zeigt, dass Trills unabhängig 
von der Repertoirgröße der jeweiligen Art als Qualitätsanzeiger dienen können. 

Der alleinige Gebrauch von Trills ermöglicht es einem Sänger jedoch nicht, die darin 
kodierte Information an einen bestimmten Kontrahenden zu richten. Individuen können also 
oft nicht erkennen, dass sie die beabsichtigten Empfänger sind. In Kapitel 3 zeige ich, dass 
Signalgeber diese Einschränkung jedoch reduzieren können, indem sie eine Kombination 
aus Trills und song-overlapping benutzen. Da song-overlapping nur in direkter Interaktion mit 
einem bestimmten Kommunikationspartner verwendet werden kann, ermöglicht es die 
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Kombination dieser beiden Signalmerkmale (Trills und song-overlapping) die Information die 
in Trills kodiert ist, an einen bestimmten Kontrahenten zu richten. Darüber hinaus kann die 
synchrone Verwendung dieser beiden Signale deren Signalwert verbessern, da Trills und 
song-overlapping funktionell ähnliche Gesangsmerkmale sind, d.h. beide in aggressiven 
Kontexten verwendet werden. Anhand von Playback-Experimenten, in denen männliche 
Rivalen simuliert wurden, die den Gesang von territorialen Männchen überlappen, konnte ich 
zeigen, dass jene Rivalen eine stärkere territoriale Reaktionen hervorrufen, deren Gesang 
zusätzlich Trills beinhaltet. Dies bestätigt, dass die gleichzeitige Verwendung beider 
Gesangskomponenten den Signalwert erhöht. 

Im zweiten Teil dieser Arbeit (Kapitel 4 bis 7), habe ich Voraussagen getestet, auf 
welche Weise unterschiedliche Aspekte der Gesangsstruktur in Abhängigkeit von der 
räumlichen Position des Signalgebers, das Verhalten von territorialen Männchen beeinflusst 
und inwieweit diese Position von ökologischen und sozialen Eigenschaften bestimmt ist. Das 
Forschungsinteresse lag in diesem Zusammenhang insbesondere darauf, wie sich der 
Abstand zwischen Sender und Empfänger, wie sich die vertikale Position von Signalgebern 
(die sog. Singwarte) und wie sich Veränderungen in der räumlichen Position von Rivalen auf 
das Verhalten von Empfängern auswirkt. In territorialen Auseinandersetzungen, kann der 
Abstand zwischen Interaktionspartnern entscheidende Auswirkungen auf den Gebrauch und 
die Wahrnehmung von Signalmerkmalen haben. Der Einsatz von Trills zum Beispiel, gilt als 
auf den Nahbereich beschränkt, weil sich die hohe Frequenzbreite der Trillelemente schnell 
über die Distanz abschwächt. Als Folge davon kann Information, die in der 
Frequenzbandbreite kodiert ist, in größerer Entfernung nicht mehr nachweisbar sein. Im 
Gegensatz dazu unterliegt der Gebrauch von song-overlapping per se nicht solch starken 
entfernungsabhängigen Einschränkungen, vorausgesetzt, dass strukturelle Merkmale mit 
günstigen Übertragungseigenschaften verwendet werden. Diese unterschiedlichen 
Übertragungseigenschaften zwischen den beiden funktionell ähnlichen Signalen song-
overlapping und Trills wirft die Frage auf, wie sie in unterschiedlichen Entfernungen 
außerhalb von Territoriums-Grenzen verwendet und wahrgenommen werden. In Kapitel 4 
wird deutlich, dass territoriale Männchen auf nahe Rivalen mit einem Anstieg von Strophen 
mit Trills reagieren, was deren besondere Funktion für den Nahbereich untermauert. Wenn 
diese Rivalen jedoch selbst Trills gebrauchen, so reagieren ortsansässige Männchen 
ebenfalls mit erhöhter Gesangsaktivität, egal aus welcher Entfernung der Rivale singt. Dies 
stellt eine Diskrepanz zwischen Gebrauch und Wahrnehmung von Trills dar. Diese 
Erkenntnisse sind wichtig, weil sie zeigen, dass territoriale Männchen nicht nur empfindlich 
darauf reagieren, ob ein Konkurrent in ein Territorium eingedrungen ist, was bereits in 
früheren Studien gezeigt wurde, sondern dass Männchen auch die Nähe zu Konkurrenten 
und deren Signalverhalten außerhalb ihres Gebietes bei der Entscheidungsfindung für ihr 
eigenes Verhalten berücksichtigen. 

Die Regulierung der Entfernung zwischen Territoriumsinhaber und Rivale ist aber 
nicht nur wichtig, um Rivalen davon abzuhalten in ein Territorium einzudringen, sondern 
kann ebenfalls in sozialen Kontexten von Bedeutung sein. Territoriale Nachbarn verhalten 
sich oft weniger aggressiv untereinander, als gegenüber Fremden. Soziale Beziehungen 
zwischen Nachbarn können sich jedoch in Anwesenheit von unbekannten Rivalen sehr 
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schnell verändern, da sich Nachbarn entscheiden müssen, ob sie sich abtrünnig oder 
kooperativ gegenüber ihrem Nachbarn verhalten sollen. Wie das Verhalten von territorialen 
Individuen beeinflußt wird, wenn ihre Nachbarn von einem unbekannten Rivalen 
herausgefordert werden, und ob Informationen, die aus diesen territorialen 
Auseinandersetzungen gesammelt werden, in zukünftigen Situationen verwendet werden, 
war bisher nicht bekannt. In Kapitel 6 präsentiere ich Ergebnisse, nach denen sich 
Nachtigallen weniger aggressiv gegenüber nahen Nachbarn verhalten, wenn diese mit 
aggressiven Kontrahenten konfrontiert werden. Dieses Ergebnis untermauert die Bedeutung, 
die die Entfernung zwischen Sender und Empfänger für die Wahl von Signalverhalten hat, 
und zeigt darüber hinaus, dass Männchen ihr Verhalten in Abhängigkeit von der Situation 
ihrer Nachbarn verändern. Weniger aggressives Verhalten gegenüber Nachbarn, die in 
Gefahr sind, ihr Gebiet an unbekannte Rivalen zu verlieren, kann dabei helfen, die 
Nachbarschaft als Ganzes zu stabilisieren. Diese Nachbarn können sich voll auf die 
Revierverteidigung konzentrieren, ohne gleichzeitig anderen Männchen gegenüber 
aufmerksam zu sein, was die Wahrscheinlichkeit der bedrohten Nachbarn erhöht ihr 
Territorium zu behalten. Gleichzeitig verringern Männchen, die Auseinandersetzungen 
zwischen Nachbarn und unbakannten Rivalen zuhören, die Wahrscheinlichkeit selbst von 
diesen Rivalen angegriffen zu werden, wenn sie sich weniger aggressiv und somit unauffällig 
verhalten. Ein weiteres Ergebnis dieser Studie ist, dass Männchen, die zuvor Interaktionen 
zwischen Nachbarn und Rivalen zugehört haben und anschließend selbst von diesen 
Rivalen bedroht werden, abhängig davon reagieren, ob sich die Rivalen in den vorherigen 
Situationen mehr oder weniger aggressiv verhalten haben. Dies zeigt, dass Männchen 
Informationen, die sie in vorausgegangenen Situationen über bisher unbekannte Rivalen 
gesammelt haben auch tatsächlich in territorialen Auseinandersetzungen mit diesen Rivalen 
nutzen. 

Eine weitere Möglichkeit für Signalgeber ihre Motivation oder ihre Fähigkeiten zum 
Ausdruck zu bringen liegt darin, die vertikale Position, d.h. die Höhe der sogenannten 
Singwarte zu variieren. Erstaunlicherweise wurde die Höhe der Singwarte als ein 
Kommunikationssignal bislang noch nie experimentell untersucht, obwohl die Erforschung 
von Verhalten im dreidimensionalen Raum dies nahelegt. Hohe Singwarten steigern die 
Effizienz von Kommunikation über große Distanzen hinweg und erhöhen das 
Prädationsrisiko eines Sängers, sodass die Höhe der Singwarte auch als Indikator für die 
Qualität eines Sängers angesehen werden kann. Deshalb sollten Rivalen die von 
exponierten Singwarten singen, so wäre zu erwarten, als bedrohlicher wahrgenommen 
werden als solche von niedrigen Gesangswarten. In Kapitel 5, stelle ich dar, dass das 
Gegenteil der Fall ist. Territorieninhaber reagieren stärker auf simulierte Rivalen, die auf 
gleicher Höhe singen, als auf Rivalen, die von exponierten Singwarten singen. Diese 
Ergebnisse zeigen, dass die räumliche Höhe des Signalgebers bedeutsam für die Reaktion 
von Empfängern ist. Sie deuten darüber hinaus darauf hin, dass Konkurrenten niedrigerer 
Singwarten bedrohlicher wirken als Konkurrenten von exponierten Gesangswarten. 

Der Positionswechsel eines Individuums relativ zu den Territoriengrenzen anderer, ist 
eine weitere Möglichkeit um Informationen über die Absichten von Konkurrenten zu erhalten. 
Beispielsweise können Rivalen, die auf der Suche nach noch verfügbaren Territorien sind, 
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eine größere Bedrohung für die Territorieninhaber darstellen, je ausdauernder sie sich in 
territorialen Auseinandersetzungen verhalten. Die Ausdauer eines Eindringversuches, 
könnte entscheidende Konsequenzen für unmittelbare, sowie für zukünftige territoriale 
Begegnungen haben. In Kapitel 7, wird ein dynamisch- experimenteller Ansatz benutzt, um 
Rivalen zu simulieren, die sich entweder innerhalb eines besetzten Territoriums bewegten, 
oder die nach Eindringsversuch das Territorium wieder verließen. Durch diesen neuartigen 
Ansatz zeige ich, dass räumliche Bewegungen langfristige Folgen für das territoriale 
Verhalten von Territoriumsinhabern haben können. Simulierte Rivalen, die ihre Singwarten in 
vorangegangenen territorialen Auseinandersetzungen innerhalb besetzter Territoriengrenzen 
veränderten, rufen stärkere Reaktionen von Teritoriumsinhabern hervor, als Rivalen, die 
nach einmaligem Eindringen die Territoriumsgrenzen schnell wieder verlassen. 

Die Experimente und die detaillierte Gesangsanalyse der vorliegenden Arbeit zeigen 
aber nicht nur, wie gewisse Gesangsstrukturen und die räumliche Position von Signalgebern, 
den Gesang und das territoriale Verhalten von Territoriuminhabern beeinflußen. Sie zeigen 
ebenso wie vokales und räumliches Verhalten zu reproduktivem Erfolg führen kann. 
Männchen, die zum Zeitpunkt der Experimente unverpaart waren und erst später in der 
Saison ein Weibchen fanden, reagierten anders auf Playbackversuche als Männchen, die 
über die gesamte Brutsaison hinweg unverpaart blieben (Kapitel 3, 5 und 6). Diese 
Beziehung zwischen erfolgreicher Verpaarung und Signalverhalten legt nahe, dass 
Weibchen Informationen über potentielle Partner gewinnen, indem sie Interaktionen 
zwischen Männchen verfolgen und diese Informationen anschließend bei der Partnerwahl 
nutzen. 

Insgesamt liefern sowohl die Gesangsmerkmale territorialer Männchen, sowie deren 
Reaktionen auf simulierte Rivalen, die sich in Gesangsstruktur und räumlichem Verhalten 
unterschieden, neue Einblicke in den Gebrauch und die Funktionen von Strategien der 
Signalgebung. Die hier vorgestellten Forschungsergebnisse tragen somit zu einem besseren 
Verständnis bei, wie sich die Vielfalt und Komplexität von Signalen entwickeln konnte. Zum 
Einen zeige ich, wie es Individuen mit hoher Gesangsvariabilität schaffen, Informationen 
über ihre Qualität und Motivation so zur Verfügung zu stellen, dass sie für Kontrahenden 
schnell bewertbar sind. Eine schnelle Bewertung von Artgenossen kann wichtig sein, da dies 
einer schnellen Konfliktlösung dient, ohne dass kostspielige, körperliche 
Auseinandersetzungen notwendig sind. Zudem können Weibchen von schnell bewertbaren 
Informationen zur Qualität von potentiellen Partnern für die Partnerwahl profitieren. Zum 
Anderen, offenbaren die vorliegenden Forschungsergebnisse neue Einblicke, inwieweit die 
räumliche Position von Rivalen Einfluss auf das Territorialverhalten von Individuen hat. Die 
vorliegenden Ergebnisse zeigen wie sich der Abstand zwischen Sender und Empfänger, die 
Höhe der Singwarte, sowie die Veränderung der räumlichen Position auf Territorialverhalten 
auswirkt. Sie heben somit die Bedeutung der ökologischen und sozialen Besonderheiten von 
Kommunikation hervor. Die Erkenntnisse, die aus dieser Arbeit gewonnen wurden, tragen zu 
einem besseren Verständnis bei, wie in Kommunikationssystemen komplexe Informationen 
beschafft und verarbeitet werden und geben neue Einblicke in die mögliche Entstehung von 
Signalvielfalt. 
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