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 Annotation 

This study shows the importance of the basic spectro-temporal song parameters 

in territorial contests between male songbirds. Chiffchaff and willow warbler 

were selected as model species for their phylogenetic and ecological similarity, 

strong territorial behaviour, but very different singing styles. We found that 

bigger males of both species sing lower pitched songs and that males of both 

species adjust their behaviour according to song pitch of their rival simulated 

by playback. Thus, it seems that both species use song pitch to acoustically 

assess the body size of their rivals. We also show that song length and syllable 

rate are important features of the song, probably signalling short-term 

motivation to escalate territorial conflict.  
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Song based rival assessment in songbirds 

Introduction 
Bird song has fascinated people for ages. Since the introduction of tape 

recorders and spectrographic sound analysis some 60 years ago, this 

fascination further transformed into serious scientific interest. Bird song 

has remained an important topic in animal behaviour research ever since 

providing rich opportunities to test various hypotheses on function and 

evolution of animal signals (Baker, 2001; Slater, 2003). Bird song is 

important for intra- as well as for inter-specific communication.  

 On within species level, the two principal basic functions of bird 

song were identified – to repel rivals and to attract mates. Both, males and 

females can potentially extract valuable informations from songs about a 

singing individual. It has been documented, that male song can be a rich 

source of information for females. Females could judge different qulities of 

males to select partners that guarantee the best fitness promise for their 

offspring. For example, males with long songs, high song rate and rich 

reprtoire pair earlier and have higher reproduction success (see W A 

Searcy & Yasukawa, 1996 for a review of song preferences by females). 

Males, on the other hand, could profit from correct assesment of 

fighting abilities / RHP (rersource holding potential) of their rivals 

(Maynard-Smith & Harper, 2004; Parker, 1974). Males involved in 

aggressive encounters could for example distingusih whether it is worth to 

escalete conflict in case the chances of winning are high or stakes are high, 

or whether they should retreat and spare energy for more suitable 

occassions (Parker, 1974; Smith & Parker, 1976). Assessment of the rival is 

apparently a very important aspect of ritualized behaviour sequences 

preceding fights. On the other hand, males must deal with the fact that 

ritualized behaviours and signals can provide only estimate of their rival's 

RHP. It is immediately apparent that  disentangling signals and direct 

confrontation leaves space for uncertainity and even for exaggerating of 
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RHP by signalling males. In turn, mechanisms ensuring honesty of signals 

should evolve.         

Males and females could use similar strategies and follow very same 

features when assessing singers or each of the sexes could focus on 

different aspects of the song revealing an important information for a 

single sex only. In many cases, song carries multiple messages for multiple 

receivers (Leitão & Riebel, 2003). For example, females should prefer 

males possesing the resources that allow successfull breeding and power 

to defend these resources over breeding period (RHP). But the same trait is 

also of a crucial importance for males during fights over these resources. 

But in this case, same trait should repell not attract the other males. It is 

very likely that for such traits with dual function, female preference for a 

certain trait is implied by the role of the trait in competition between 

males (Berglund, Bisazza, & Pilastro, 1996) which is subsequently used for 

female choice. And it is reasonable to assume that it is the intrasexual 

context that better ensures reliabillity of these signals through social 

controll of deception in aggressive situations (Berglund et al., 1996). 

Studying signals in male-male competition can therefore provide important 

background information for understanding sexual selection. 

When preparing the topic of my PhD thesis, I had an impression that 

the literature was full of examples for female preferences (Andersson, 

1994; e.g. W A Searcy & Yasukawa, 1996), many of which should also play 

important role in male-male competition, but their function in itrasexual 

context was far less studied (Berglund et al., 1996). Of course, many nice 

studies focused on signals in male-male competition in birds and 

songbirds. Field playback experiments with territorial males became and 

still are very frequently used to study signal function between males. 

Teritorial response of males to playback of songs was used to investigate 

many aspects of male interactions like localization and ranging (estimating 

the distance from the intruder), recognition of territorial neighbours from 

strangers, functional aspects of geographic variation in songs, strategies for 

mediating aggressive interactions - song overlapping, song matching, song 

swiching, etc. However, the question whether songs could carry 
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information about fighting abilities such as strength, endurance, size, 

etc. was mostly overlooked.  

Also, very little information was available on fucntion of basic song 

parameters that actually might provide information on some aspects of 

RHP and fighting abilities like song duration, song amplitude, song rythm 

and song pitch. Some of these traits were studied early on but mostly in 

relation with species recognition (Dabelsteen & Pedersen, 1985; e.g. 

Schubert, 1971), not within the context of male-male interactions. 

Therfore, I decided to focus the topic of my PhD thesis on simple song 

features and I asked whether the basic song parameters could provide 

information about fighting ability of the singer and whether the other 

males do use this information in aggressive interactions. I especially 

focused on the question whether the song pitch could work as an index of 

body size in songbirds. 

I focused on the two related species of small songbirds: chiffchaffs 

Phylloscopus collybita and willow warblers P. trochilus. The selection of 

these species was both for theoretical and practical reasons. Theoretical 

reason was that both species are related, share very similar ecology but 

have very different songs. Very apparent aspect of willow warbler song is a 

declining pitch and very low pitched ending part of the song. Therefore, I 

assumed that the pich might have important signalling function in willow 

warblers. Chiffchaffs on the other hand, have song that are composed of 

monotonically repeated alternating syllables. Song length and song rythm 

could therefore be more important for signalling than pitch in chiffchaffs. 

Both species also had large populations on the former military training 

area right in the vicinity of the University ensuring reasonable sample sizes 

for observations and playback experiments.      

Factors affecting RHP 
Factors that influence the results of the aggressive encounters are of the 

two types: 1) Inherent factors of contestants, for example, size, 

aggressiveness, endurance, strength, etc. Especially, size seems to be a 

crucial factor affecting RHP and fighting ability in many cases (reviewed in 

Archer, 1988). 2) Factors associated with the fight context affecting 
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motivation and preparation of both contestants for a fight, for example, 

knowledge of the environment, prior territory ownership, phase of the 

breeding cycle, etc. (Jonart, Hill, & Badyaev, 2007). Both, inherent and 

context factors are important (Hyman, Hughes, Searcy, & Nowicki, 2004). 

In my disertation work I further focus on the inherent factors. 

Body size counts among factors that are crucial for the RHP. This is 

true especially in case of species that continue to grow over the whole life, 

like some invertebrates, fish, amphibians, and reptiles. In these species, 

size differences between young and old males can be very large and have a 

large impact on fight outcomes (Bradbury & Vehrencamp, 1998). But body 

size is also important for species with determinated growt like birds and 

mammals (Bradbury & Vehrencamp, 1998). Accordingly, fighting rituals of 

many bird and mammals involve behaviours allowing size assessment or 

exagerating size (Parker, 1974). Contests between red deer stags represent 

a good example of such behaviours. Males first signal to each other with 

vigorous roaring. Spectral properties of roars and roaring intensity 

immediately informs involved males about the RHP (size, weight, age) of 

their rivals (Clutton-Brock & Albon, 1979; D Reby & McComb, 2003). If both 

males signall similar RHP and the contest cannot be settled in this stage, 

males escalate conflict and proceed to parallel walk display allowing size 

and antler assessment for both males (Clutton-Brock, Albon, Gibson, & 

Guinness, 1979; Clutton-Brock & Albon, 1979). Only if the the RHP 

assymetry is not apprent from these ritualized behviours only then males 

will start fighting. The presence of ritualals preceeding real contests 

probably results in relatively low number of injuries within a population of 

red deers (Clutton-Brock et al., 1979). Body size is also an important factor 

in bird contests (Jonart et al., 2007; e.g. W. Searcy, 1979).  

Another factor that could contribute to RHP might be related to the 

level of aggressive motivation of the male. Aggressivness and boldnes are 

considered as a valid interconnected personality traits which are useful in 

some contexts but with potential trade-offs in other contexts (Sih, Bell, & 

Johnson, 2004). Clearly, agressiveness and boldness could also play an 

important role in male-male competition, although they are not 
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contributing to RHP directly in most cases. It has been suggested that 

larger males are likely to escalate conflicts because they judge themselves 

as having superior RHP. But there is also evidence that aggressivenes and 

hence willingnes to escalate conflicts can be associated with increase in 

growth in sheepshead swordtail, Xiphophorus birchmanni (Wilson, 

Grimmer, & Rosenthal, 2013). Aggressiveness thus might not be merely the 

function of size and might represents independent factor that can affect 

overall RHP. In sea anemones, Actinia equina, the RHP increases with 

boldness (measured as short startle response) independently on their size 

(Rudin & Briffa, 2012). It seems that one of the mechanisms how 

aggressiveness interfere with RHP assessment of self and the others is that 

it increases self-assessment of own RHP (Tibbetts, Vernier, & Jinn, 2013). 

Although we generally see the assymetry in RHP of both contestants as the 

most important for fight outcome, the self assessment (own-RHP) might be 

more important than we previously thought and could be more relevant 

than RHP assymetry for many animals (P. . Taylor & Elwood, 2003). 

Body size and vocalization frequency 
In previous section, body size has been identified as an important 

component of RHP. I also presented examples from which it is apparent 

that assessment of body size is an important part of contests between 

males. Intuitively, rivals can assess each other by visual means as in case of 

parallel walk of red deers. However, visual assessment of body size 

requires that the two contestants approach close enough to see each other 

well and such proximity might already bring serious risks to both males. 

Because information about body size is often inherently present in animal 

vocalizations and allows for remote, acoustic sizing of the signallers, 

vocalizations became an important part of the initial stages of fights 

(Bradbury & Vehrencamp, 1998). 

Mechanisms behind sound production and transmission predict 

existence of inverse relationship between sound frequency and body size 

(inverse size-pitch allometry). Generally, the bigger the vibrating and 

resonating structure, the longer waves (and hence lower frequencies) can 

be effectively transmitted into the environment (Bradbury & Vehrencamp, 
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1998; Fletcher, 2004). Body size can be manifested in different spectral 

properties of vocalizations depending on whether the body size correlates 

with sound source (vocal folds), or resonant structures (vocal tract), or 

both of them. Fundamental frequency (F0, frequency at which vocal folds, 

or similar sound generating tissues vibrate) and formants (the highlighted 

parts of the spectrum due to resonance of vocal tract) are the most often 

cited parameters indicating body size (A. M. Taylor & Reby, 2010). Also, 

dominant or peak frequency (the frequency carrying maximum energy 

within spectrum), distribution of energy within a spectrum (q25; q50; q75 - 

frequency thresholds deviding the spectrum in quartiles with equal energy 

within spectrum), or absolute minimum frequencies are often measured as 

body size indicators.  

Body size can, but does not neccessarily need to, affect vocalization 

frequency. The crucial condition, of course, is that size of the structures 

enabling vocalization (vibrating and resonating structures) is associated 

with overall body size.  

The relationship between body size and vocalization frequency is 

working very well when comparing higher taxonomic units, mostly species, 

among themselves. Big species use low voices; small species use high 

voices. In birds, the size-pitch allometry has been studied and found in 150 

tropical species by Ryan and Brenowitz (1985); in songbirds by 

Wallschlager (1980); also, the expected negative correlation between body 

size and song spectral features has been found in Phylloscopus and 

Hippolais genera (Badyaev & Leaf, 1997) and in Corvus and Nucifraga 

genera (Laiolo & Rolando, 2003). However, it is unknown whether the size 

of heterospecifics is of any importance for birds, althought, in case of 

hearing unknown sound, individuals could judge potential threat by 

assessing the likely motivation (aggressive, non-agressive) and the size of 

the signaller and prepare for the encounter. However, individuals might 

profit much more from assessing the size of their conspecifics with whom 

they directly compete rather than unknown heterospecifics. This task 

becomes more challenging because the size differences between species 
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can be much bigger than size differences between individuals within a 

single species. 

The size-pitch allometry within single species was first studied in 

frogs. In most cases, there was convincing inverse relationship between 

body size and vocalization pitch (Arak, 1983; Davies & Halliday, 1978). 

Frogs belong among animals with indeterminated growth where largest 

males can be commonly more than  twice larger than smallest males. 

Similarly, other taxa with indeterminated growth produce large differences 

in body size between individuals and accordingly the size-pitch allometry 

has been revealed in these taxa as well (Clark & Moore, 1995; Hibbitts, 

Whiting, & Stuart-Fox, 2007; e.g. Ladich, 1998). On the other hand, birds 

and mammals determinate the growth after they become adult and 

generally, the differences in size between individuals are smaller than in 

frogs or other species with undeterminated growth. Therefore the size 

pitch allometry could be less apparent or missing in these species (Jones & 

Siemers, 2011; Patel, Mulder, & Cardoso, 2010). 

In mammals, the size-pitch allometry has been documented for 

examples in red deers (D Reby & McComb, 2003), elephant seals (Sanvito, 

Galimberti, & Miller, 2007), dogs (T. Riede & Fitch, 1999), and some 

primates including humans (Munhall & Byrne, 2007). Nevertheless, in 

humans, who were more thoroughly studied, the results are not 

consistent. Some studies found very good inverse relationship between 

frequency of vocalizations (Bruckert, Liénard, Lacroix, Kreutzer, & 

Leboucher, 2006; Evans, Neave, & Wakelin, 2006; W. Tecumseh Fitch & 

Giedd, 1999), but some others did not (Collins, 2000; González, 2004). 

There are two possible explanations: 1) Humans are very vocal species with 

very pronounced vocal plasticity and the relationship does not need to be 

aparent in every vocalization produced or in every context; and 2) body 

size is not the primary cause of variance in vocalization frequency, but 

there is some other factor influencing both body size, and pitch of 

vocalizations and the result of study depends on actual combination of 

underlying factors. 
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Also in birds, there are studies documenting inverse relationship 

between body size and vocalization frequency that can be found in 

literature. The inverse relationship between body size and vocalization 

frequency parameters has been found in little penguins Euyptula minor 

(Miyazaki & Waas, 2003), common loons Gavia immer (Mager, Walcott, & 

Piper, 2007), scops owl Otus scops (Hardouin, Tabel, & Bretagnolle, 2006), 

and corncrakes Crex Crex (Osiejuk & Olech, 2004). It seems that negative 

size-pitch allometry could be also common in non-songbirds. In songbirds, 

however, there is far less information and the available studies provide 

controversial findings. 

When I started to work on the PhD. project in 2007 there were four 

studies reporting relationships between size and song spectral features 

within a songbird species available to me. The results were split exactly in 

two halves: two studies suported size-pitch allometry (Geospiza conirostris 

Bowman, 1979; Zonotrichia capensis Handford & Lougheed, 1991) and two 

studies contradicted it (Geospiza difficilis Bowman, 1979; Piranga rubra 

Shy, 1983). In the last two species, the authors indeed found relationship 

between body size and spectral song features, but it was a positive one, 

therfore, in striking contrast to the predicted inverse relationship. In all 

cases, authors also agreed that other ecological factors  (e.g. habitat, etc.) 

do have greater impact at the song parameters than body size. From these 

studies it seemed that songbirds, who are vocally very competent taxon, 

could escape the size-pitch allometry. Nevertheless, there were also 

studies indicating that song frequency could still be an important factor in 

male-male contest in songbirds whether backed up by size-pitch allometry 

or not. For instance, males of Psarocolius montezuma use lower pitched 

songs during singing duels (Price, Earnshaw, & Webster, 2006). 

Do males use the information on aspects of RHP in 

vocalizations during male-male interactions? 
In the previous section, I reviewed many published evidences that size of 

the individual can be manisfested in its vocalization. In this part of the 

thesis I will briefly review, whether other males do assess the information 

encoded in vocalizations and act accordingto this information during the 
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male-male interactions. I will mostly refer to the body size again as a 

prominent factor affecting RHP. 

How males assess RHP of their rivals from vocalizations has been 

mostly studied in frogs. As documented above, the size-pitch allometry in 

frog vocalizations is common. Further, the bigger male generally wins the 

contest and hence body size is an essential contributing factor to male's 

RHP (Arak, 1983; Davies & Halliday, 1978; Wagner, 1989a). Therefore, it is 

not surprising that males are attantive to vocalizations of other males. In 

most extreme cases, the playback of low croaking can even cause the other 

males to draw away from the simulated, big opponent (Arak, 1983; 

Wagner, 1989b). In other cases, the playback can cause change in calling 

behaviour in the males receiving playback, for example, males may 

increase the calling rate and can decrease the pitch of the calling (Bee, 

Perril, & Owen, 1999). This response is interpreted as a part of a vocal duel 

in which challenged males are pushing their vocalizations to the limits of 

their vocal abilities and try to sound as low (and hence appear as big) as 

possible. Despite the tight correlation between body size and pitch, males 

generally have some ability to adjust the pitch of their vocalizations. If 

calling low is demanding, than males would probably use lowest voices 

only in contexts when it is neccessary like during intrasexual interactions. 

In case of Rana catesbiana, males surprisingly responded similarly to 

low and high calls, eventhough there is pitch-size allometry in this species 

too (Bee, 2002). Therefore, it is apparent, that even in very vocal species 

possesing the size-pitch allometry, vocalizations do not need to play the 

crucial role in rival assessment. Definitely, acoustic signals can only 

contribute to the assessment together with other visual, chemical, and / or 

tactile stimuli. An excellent example showing the interplay of different 

aspects of rival assessment is the study by Davies and Halliday (1978). They 

chosed average-sized, non-paired Bufo bufo males. These males were 

confronted with an established pair (female carrying the male). Males in 

the pair were either big or small and they were artificially muted. Instead 

of their own vocalizations, playbacks of high and low calls were used. 

Single males would fight only with small males presented with high voices 
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playbacks. Big males with either low or high calls played back were 

challanged only rarely. Also, low call playback seemed to protect the small 

males from being challanged to some extent. It is likely, that especially 

species that can modify the pitch of calling must possess other assessment 

strategies as well to check and get more detailed information about the 

rival's RHP. 

In mammals and birds, the evidence for assessment of rival's body 

size based on vocalizations was rare in time when I begun working on the 

thesis. In mammals, red deers roared more often and were more attentive 

in response to playback of low frequency stimuli (David Reby et al., 2005). 

Human males rated imaginary men represented by playback of low voices 

as being physically more dominant and males also tended to increase voice 

pitch when having conversation with other male whom they perceived as 

physically dominant (Puts, Gaulin, & Verdolini, 2006). 

In birds, males of common loon Gavia immer (Mager et al., 2007) 

and Scops owl Otus scops (Hardouin, Reby, Bavoux, Burneleau, & 

Bretagnolle, 2007) responded diferently to low and high call variants. 

Common loon males called more in response to low call variants. In 

contrast, Scops owl males called less in response to playback of low call 

variant. They further decreased the pitch of calling. Authors also observed 

approach behaviour and found out that scops owls approached less in 

response to low stimulus. Different response to the low and high 

vocalization variants are taken as a general evidence for assessment. It 

shows that males do perceive the two variants differently.    

Other factors affecting vocalization pitch 
Vocalization frequency is primarily constrained by the size of 

vibrating and resonating structures. Generally, we would assume that the 

size of these structures increases along with increasing body size. However, 

this does not need to be true. 

Humans represent a good example.  During the puberty, larynx and 

the vocal folds go throught a period in which their size grows 

independently on body size under the influence of increased levels of 

testosterone. Some studies investigating relationship between body size 
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and vocalization frequency in humans consequently did not find size-pitch 

relationship, because they focused on analysing fundamental frequency of 

vocalizations, which reflects vocal fold dimensions and is rather reflecting 

hormonal state during the puberty and the masculinization level. In 

contrast, dimensions of vocal tract do correlate with body size. 

Accordingly, it has been shown that formant spacing (bands of resonant 

frequencies that are accentuated by vocal tract and depend on vocal tract 

dimensions) do reflect vocal tract length and hence body size. 

In birds, syrinx size can correlate with body size (e.g. Bowman, 1979) 

and hence vocalizations could indicate their body size. However, in some 

species correlation between body size and syrinx size is missing and hence 

frequency of vocalizations is probably determined by other factors too. At 

least in some species, male calls show a rapid change in vocalization 

frequency without similar increase of body size, suggesting that frequency 

of vocalizations is affected significantly by hormonal changes as in case of 

humans (Klenova, Volodin, & Volodina, 2007; Radford, 2004). Males with 

high levels of  androgens could have lower vocalizations (Cynx, Bean, & 

Rossman, 2005). Therfore, it is possible that body size does not need to be 

directly correlated with syrinx size and hence does not need to be a 

primary factor affecting vocalization frequency in birds. As mentioned 

above, fundamental frequency is not a single spectral parameter that could 

be related to size. Dimensions of vocal tract probably correlate with overall 

body size closer than syrinx size. 

Although the importance of the vocal tract has been neglected for a 

long time in birds, it is now clear that filter (vocal tract) properties affect 

bird vocalizations substantially  (Nowicki, 1987; Tobias Riede, Suthers, 

Fletcher, & Blevins, 2006). In birds with harsh or harmonically rich 

vocalizations, formant like structures were found (formants) and their 

dispersal has been even found to correlate with body size as in mammals 

(Budka & Osiejuk, 2013). It has been suggested that elongated tracheas of 

certain bird species could evolve due to sound lower in a similar way like 

descended larynges in mammals (including humans) could have evolved to 

better emitt low frequencies (W. T. Fitch, 1999; W. Tecumseh Fitch, 2003). 
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However, many bird species possess whistle like vocalizations with very 

high fundamental frequency and steep spectral slope making the formants 

indetectable and signalling size through formant dispersal inefficient. 

Despite this limitation, it is clear that vocal tract (esophagus) has very 

important function in vocal production of these species and their whistle 

like songs seem to result from close interaction between both syrinx and 

vocal tract actions (Tobias Riede et al., 2006). However, very little is 

currently known whether and how size of vocal tract constraints 

vocalizations of songbirds except that indications have been found that bill 

size (part of suprasyringeal vocal tract) affect vocalizations pitch (Huber & 

Podos, 2006). 

Other possibilities for RHP assessment from the 

vocalizations 
Despite the fact that vocalization frequency is maybe the most obvious 

song parameter associated with RHP, it is definitely not the only parameter 

found to correlate with some aspect contributing to RHP. A number of 

other song features could be potentially source of the information about 

RHP or fighting ability. Song length, song amplitude, song rate, syllable 

rate, or presence of specific costly song structures were also suggested to 

play a role in assessment of rival's fighting abilities.  

From these, song length probably represents a song trait most often 

associated with male competition qualities in past studies. Lambrechts and 

Dhondt (1986) were the first who suggested that song length could 

indicate competition qualities of males. They found that male dominance 

on feeder correlated with strophe length in Great tit Parus major.  

A series of studies on hoopoes probably represents the best example 

available how song length could be associated with aspects of fighting 

ability in birds. Martin-Vivaldi et al. (2004) carried out playback 

experiments with hoopoe Upupa epops. They compared responses elicited 

by long and short cooing sequences. Interestingly, authors did not find 

expected difference in response to the two stimulus treatments. However, 

they found that the intensity of response increased positively with the 

average length of the spopntaneous coo sequence of tested males. Males 
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singing longer coo sequences approached closer to loudspeaker and they 

sang unfinished coo sequences. Males with short spontaneous coo 

sequences stayed away form loudspeakers and responded mainly by 

singing. Length of the coo sequences has been further found to correlate 

with male condition (M Martín-Vivaldi, Palomino, & Soler, 1998) and long 

coo sequences are also attractive for females (Manuel Martín-Vivaldi, 

Martínez, Palomino, & Soler, 2002; Manuel Martín-Vivaldi, Palomino, & 

Soler, 2000).  

Vocalization duration could be constrained by body size as bigger 

lungs would provide larger air volume and hence could sustain phonation 

longer (W. Tecumseh Fitch, 2003). Besides body size alone longer 

vocalizations could also reflect large aerobic capacity (W. Tecumseh Fitch, 

2003). 

Although it is generally not known whether and how song length is 

affected by the body size or by the size of organs participating in song 

production, song length has been shown to correlate with many different 

male qualities like age, condition, parasite load and even cognitive abilities. 

Older males had longer songs in starlings Sturnus vulgaris (Eens, Pinxten, & 

Verheyen, 1991) and in barn swallows Hirundo rustica (Garamszegi, 

Heylen, Moller, Eens, & de Lope, 2005). However, other studies  do not 

show such relationship including a study on willow warblers (Gil, Cobb, & 

Slater, 2001). Comparing results from cross-sectional and longitudinal 

analyses, it seems that songs do not become longer with age but males 

with longer songs survive (Garamszegi et al., 2005). Song length might also 

indicate condition as it has been show in hoopoes (M Martín-Vivaldi et al., 

1998) but it seems that song length is not affected by condition directly 

because song length, unlike song rate, does not increase in diet 

supplemented Australian reed warbler males Acrocephalus australis (Berg, 

Beintema, Welbergen, & Komdeur, 2005) and hence seems not to indicate 

actual condition. Song length decreases with chewing louse load in barn 

swallows (Garamszegi et al., 2005) and call length decreases with parasite 

load in tawn owls (Appleby & Redpath, 1997). Interestingly, song length 

14



Introduction, thesis overview, and synthesis 

correlates with certain cognitive abilities namely with spatial learning in 

starlings (Farrell, Weaver, An, & MacDougall-Shackleton, 2012). 

Song length is also important in male-male interactions as suggested 

by several lines of evidence. First, males manipulate the song length during 

vocal contests and fights. However, studies with conflicting results were 

published. If song length indicates song quality than males would be 

expected to sing longer songs when challenged. This has been found in 

dark-eyed juncos Junco hyemalis (G C Cardoso, Atwell, Ketterson, & Price, 

2009). On the other hand, some species, like the white-crowned sparrow 

Zonotrichia leucophrys, shorten the songs when challanged (Nelson & 

Poesel, 2012), and other species were reported to give short songs when 

highly aroused or prior to attack (bobolink: Capp & Searcy, 1991; willow 

warbler: Jarvi, Radesater, & Jakobsson, 1980) suggesting that short song 

could be signal of upcoming escalated aggression.  

There is also a number of studies showing that song length is 

important for receivers. In this case, the results prevalently agree on males 

responding more intensely (closer approach, more flights, attacks, singing) 

to playback of long songs (Adhikerana & Slater, 1993; Balsby & Dabelsteen, 

2001; Lattin & Ritchison, 2009; Nelson & Poesel, 2012; Ríos-Chelén & 

Garcia, 2007). In few studies, playback song length did not seem to have 

significant effect on males’ responses (Langemann, Tavares, Peake, & 

McGregor, 2000; McGregor & Horn, 1992). In these cases song length still 

could be important though the different mechanism as males with longer 

songs may respond more intensely (M Martín-Vivaldi et al., 2004; 

McGregor & Horn, 1992). 

From the overview above it is clear that despite solid body of studies 

suggesting a role of song length in male-male competition, good examples 

linking the response in playback experiments with specific male qualities 

important in male-male competitions are almost missing. Most studies 

showing different response to long and short songs did not link the song 

duration with some aspect of male quality and in studies that found 

correlations of song length with male qualities, it is not clear whether and 

how these qualities affect male-male competition. Especially,  very few 
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studies addressed the primary factors theoretically constraining 

vocalization duration like body size. 

Regarding the nature of the chiffchaff song that consists of a series 

of rythmically repeated syllables, it seemed possible that syllable rate 

(number of song notes per time interval) could also play role in signalling. 

Nevertheless, very few studies have been published on the signalling role 

of syllable rate. As high syllable rates require precise motor coordination, it 
has been suggested that syllable rate could be an index of male qualities 

(Podos, 1996; Suthers, Goller, & Pytte, 1999; Vallet & Kreutzer, 1995). 

Nevertheless, syllable rate has been rarely studied in context of male-male 

competition or female choice. At the time when I started to work on the 

PhD thesis, Cardoso et al. (2007) published a work in which they suggest 

that in serin Serinus serinus the very high syllable rate could evolve due to 

function in male-male competition. Females seemed to be intimidated by 

songs with increased syllable rates. 

Some works did not directly assessed the importance of syllable rate 

but they considered it as a part of vocal performance. Podos suggested 

that there is a trade off between syllable rate and bandwidth - production 

of syllables with wide bandwidths require significant adjustments of vocal 

tract (low sound = closed bill; high sound = wide opened bill) which 

becomes more and more challenging with increasing rate of syllable 

repetitions in fast trills. Podos suggested that there is negative correlation 

between syllable rate and frequency bandwidth and upper limit exists that 

determines maximum syllable rate for a particular syllable bandwidth. The 

concept has been applied within species and vocal deviation (distance from 

the syllable rate per bandwidth singing) has been introduced as a vocal 

performance measure. It has been shown that females prefer males with 

high song performance and that other males respond differently to songs 

differing in their song performance. 

Despite the apparent usability of vocal performance, this measure 

has its disadvantages. It is composed from the two traits and hence it is not 

always clear whether both measures are neccessary to explain results as 

contributions of syllable rate and bandwidth are unclear. Cardoso et al. 
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(2007) suggested that bandwidth could play a minor role in signalling 

process as longer syllables (naturally repated in slower rate than short 

syllables) can accumulate more frequency modulations (and hence larger 

bandwidths) just due to the fact that they are longer. Moreover, it is well 

known that bandwidth can be very much affected by the degradation 

during sound transmission through the environment. Hence, it might be 

difficult for males and females take the bandwidth into account when 

assessing the singer as bandwidth would vary with distance from the 

signaller. On the other hand, syllable rate is very robust to degradations 

and could be more suitable as a signal of male quality. 

Thesis overview and synthesis 
The main aim of the thesis was to test whether there is a relationship 

between the song frequency and body size of the males in two songbird 

species - the chiffchaff and willow warbler - and whether males could use 

this acoustic information about body size of their rivals during territorial 

contests. I expected that there will be inverse size-pitch allometry in willow 

warblers because their songs have conspicuous decreasing pitch pattern 

and the minimum frequencies can get very low (cca 1800 Hz) relative to 

their body size. On the other hand, I expected that chiffchaffs could use 

different strategy to assess their rivals because song duration and song 

rythm are more conspicuous features of their songs. The possible role of 

song length and syllable rate was therefore tested in chiffchaffs. 

The thesis consists of three chapters. Chapters follow in a 

chronological order in which the data were collected and do not 

correspond to order in which they were published. Despite the fact that I 

had good idea about the questions of my PhD thesis the methodical 

approach developed over the course of the three studies reflecting 

increasing experience in bioacoustics field in which I started without 

significant previous experience. 

First chapter deals with size pitch allometry in willow warblers and 

reports the first results on size-pitch allometry in willow warbler and 

results of playback experiments. I planned to get correlative data to show 

possible relationships between song pitch and body size as well as 
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playback experiments that would show how willow warblers perceive the 

pitch in the intruder's songs. We show that there indeed is inverse 

relationship between song pitch and tarsus length (a proxy for body size). 

Moreover, the relationship seeems to be quite strong compared to the 

other birds and songbirds (Patel et al., 2010). We also found that response 

strength in playback experiments correlates with assymetry in song pitch 

between intruder and resident male. Males approached closer the lower 

were their songs compared to the songs of our playback stimuli. Assuming 

song pitch reflects body size, the bigger was the perceived size difference 

between resident male and simulated intruder in favor of resident male, 

the bolder response we got (closer approach). The results fit very well in 

hypothesis that body size is reflected in songs and perceived by males. 

The second chapter basically replicates similar results on chiffchaff. 

Surprisingly, we also found size-pitch allometry in songs of chiffchaffs. In 

case of chiffchaffs, the design of playback experiments was much more 

complicated. As we doubted about signalling role of song pitch in 

chiffchaffs we decided to test two song parameters: song length and song 

frequency at once. We also did not wanted to rely on simple correlation of 

response strength and song features of stimuli and/or resident males as in 

case of willow warblers. Therefore, we prepared four experimental 

treatments in a factorial setting and tested whether song duration 

(experimentally elongated and shortened songs), song frequency 

(experimentally increased and decreased frequency) and their 

combinations have an impact on response strength. Interestingly we found 

that it might be the interaction between song length and song frequency 

that matters to resident males. They responded intensively (attacks) to 

elongated songs. Approach response was intriguing. Males approached 

close only in response to elongated high pitched songs. They kept further 

off loudspeaker during playback of elongated low pitched songs, which 

might indicate that decreased pitch hindered approach response. Further, 

we considered and compared different other models that implement 

relative differences (assymetries) in song length and song frequency of 

resident males and stimuli and we found out that response based on 
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relative differences was more appropriate for song pitch but was not 

appropriate for song length. In other words males did seem to care 

whether the stimulus sung songs that were higher or lower pitched than 

their own songs but they did not do so in case of song length. We 

conlcuded that chiffchaffs responded to variation in song pitch as it would 

signal body size and hence fighting ability, because low pitched song 

hindered approach and response to pitch seemed to be driven by 

assymetries in song pitch as it would be expected in case of size. 

Apparently, song length is important song feature in context of male 

aggressive interactions. However, we were not able to link song length 

with body size or any other factor influencing fighting ability. We 

concluded that it might signal aggressive motivation.   

Both chapters brought interesting results. First, the two studies bring 

important evidence that even at the within species level, body size can be 

reflected in songs of songbirds. Very few studies have been published on 

the topic but recently the interest increases. The size pitch allometry has 

been reported from few other songbird species during the course of my 

PhD (Hall, Kingma, & Peters, 2013; Turcokova, Osiejuk, Pavel, Glapan, & 

Petruskova, 2010) but not in some other species (Goncalo C. Cardoso et al., 

2008). Our two studies also belong to very few examples examining the 

signalling function of song pitch as body size indicator in male-male 

competition. Recent review pointed out that birds represent a uniqe 

opportunity to study diversification of signal function, because in many 

species of birds high pitched vocalizations are more relevent in context of 

sexual selection (signal dominance or are prefered by females) than low 

pitched vocalizations as it would be expected (Goncalo C. Cardoso, 2012). 

It seems that supressed competition between males and female 

preference for high pitched songs in some species could relax inverse size-

pitch allometry (Goncalo C. Cardoso, 2012). However, more studies on 

signalling function of song pitch are needed to make conclusions on causes 

for evolution of such diversification in signalling role of song pitch, 

especially for songbirds, as this topic still remains understudied. 
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In the last chapter, we investigate signalling role of the third 

prominent basic parameter (besides the pitch and song length) of 

chiffchaff song - syllable rate. During previous studies we noticed that 

syllable rate can increase in aggressive context which we tested and 

proved in this last study. We again did playback experiments and 

presented three variants of syllable rate. In comparison with the approach 

in the second chapter, we manipulated syllable rate (fast, slow, and control 

= non-manipulated treatments) to extreme values  present in the 

spontanous songs in our population. In previous study we manipulated the 

song parameters in order of standard deviation up or down. Manipulation 

in order of one standard deviation gives more natural setting but also 

brings problems, for instance it probably decreases the effect of the 

treatment and complicates analysis and interpretation of results. Due to 

variation in parameters of stimulus songs and tested males it can happen 

that some birds will get songs of increased duration but which are actually 

same or even shorter than resident's songs. For these reasons we changed 

our approach and manipulated the syllable rate more dramatically. 

Males were generally able to substantially increase their syllable rate 

in aggressive context of simulated territorial intrusion. They apparently 

differentiated between fast and slow songs as they increased syllable rate 

in response to fast playback but not in response to slow playback. And 

males that attacked loudspeaker during playback had faster spontaneous 

syllable rate. These facts lead us to conlcude that syllable rate plays a role 

in male-male interactions and it conforms the criteria for agressive signal 

(William A. Searcy & Beecher, 2009). 

The studies on signallling role of syllable rate were almost missing 

until recently. Recently, there is an increase of interest in signalling 

function of syllable rate. As in chiffchaffs, the other studies found increase 

of syllable rate in aggressive context and different response to fast and 

slow song variants. However, these studies were conducted on species 

with very fast syllable rates that likely underwent sexual selection for this 

trait. Our study shows that syllable rate could be more generall signall of 

aggressive motivation. The possible reasons still need to be explored. 
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The thesis focused on signalling function of simple song parameters. 

It brought some interesting results. I show that very simple spectral and 

temporal song parameters can have important roles in acoustic 

communication of birds. Studying of these parameters has drawbacks and 

adventages over more detailed studies of strategic use of repertoires. One 

important advenatge is that they can be easily compared between species 

and comparative studies can shed more light on evolution processes. 

From my research and also from research of other people it is 

possible to conclude that size-pitch allometry can be found in songbirds. 

Due to their unusual vocal plasticity, determinated growth and small size 

differences between individuals the mere existence of size-pitch allometry 

is unexpected and puzzling in songbirds. It is stil not very clear whether the 

allometry really results from constraints imposed by sound production 

principles or emerges through interplay of some other key factors.       
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Abstract 
The inverse relationship between body size and vocalization frequency has 
been described in a number of species. Nevertheless, the existence of the 
size-pitch allometry within any song bird species is surprising due to small 
size variation between males, determinated growth and exceptional vocal 
prowess of the taxon. It was documented only for a few songbird species 
so far and consequences of the allometry remain unclear in this taxonomic 
group. In this study, we provide the evidence that song spectral features 
may be related to body size even in very small songbird species – the 
willow warbler (Phylloscopus trochilus). Moreover, territorial males 
showed bolder response the lower-pitched was their song in respect to 
playback stimulus. Our results suggest that willow warbler males may use 
song frequency to assess the body size of their rivals (i.e. fighting ability) in 
male-male competition for resources.  

Keywords: allometry, body size, song pitch, fighting ability, rival 
assessment, male-male competition, intersexual selection 
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Introduction 
Body size is a key feature of an organism affecting many aspects of its 
biology (Brown & West, 2000). Size of other conspecifics can be of critical 
importance in certain situations. For contesting males, size asymmetry 
between contestants often predicts the outcome of a fight (Arnott & 
Elwood, 2009). Also, females may have preferences for larger males 
(Andersson, 1994). Thus, both males and females should possess strategies 
allowing size assessment of other individuals. 

Vocalizations can provide information about caller’s body size for 
listeners due to the size-pitch allometry. With increasing body size, lower 
frequencies can be effectively produced and coupled to the medium 
(Bradbury & Vehrencamp, 1998). A rich body of empirical evidence exists 
for inverse relationship between body size (or body mass) and spectral 
properties of vocalizations among taxa. 

Size-pitch allometry is also apparent within species, especially in 
species with high body size variation between adult individuals and 
playback experiments showed that males and females are attentive to the 
body size related acoustic features in those species (Maynard-Smith & 
Harper, 2004).  

Size-pitch allometry might be less common in small animals with 
determined growth such as birds.  Especially, small size variation combined 
with vocal abilities in songbirds should hardly lead to size-frequency 
allometry (Patel, Mulder, & Cardoso, 2010). Nevertheless, inverse size-
pitch relationship has been found in some songbird species (Hall, Kingma, 
& Peters, 2013; Linhart, Slabbekoorn, & Fuchs, 2012). The effect of pitch 
variation on responses of potential receivers remains poorly studied 
(Gonçalo C Cardoso, 2012), especially in intra-sexual contexts (but see e.g. 
G C Cardoso, Mota, & Depraz, 2007; Linhart, Slabbekoorn, et al., 2012).  

In this study, we investigated the existence of size-pitch allometry 
and its role in male-male competition in a small (c.a. 9g) passerine species: 
a willow warbler Phylloscopus trochilus. We tested two hypotheses:  1) 
Spectral features of spontaneous songs show inverse relationship with 
tarsus length as a proxy for body size. 2) Aggressive response of males in 
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playback experiment increases the lower pitched is the males’ song in 
respect to playback stimulus song  

Material and Methods 
To investigate the relationship between body size and song pitch, we 
recorded and measured 18 males between 18th April and 2nd May 2008. 
This period corresponded to territory establishment and pairing of willow 
warblers. The detailed information about the population and locality has 
been given elsewhere (Linhart, Fuchs, Poláková, & Slabbekoorn, 2012). 
Males were recorded under same suitable weather conditions (no wind, no 
rain) between 6:00 and 11:30 a. m. We recorded males for 5 minutes and 
subsequently lured them into mist net with playback. Males were 
immediately weighted (0.1g precision; average weight ± SD = 9.4 ± 0.48g) 
and their tarsus was measured as proxy for body size (0.1mm precision; 
average tarsus length ± SD = 20.8 ± 0.45mm). Males were banded with 
standard aluminium ring and colour rings and released in good condition 
within 5 minutes. 

To investigate the potential role of size-pitch allometry in males' 
contests, playback experiments with 30 male willow warblers were carried 
out during egg laying and chick rearing phase between 11th May and 7th 
June 2008. One minute of spontaneous singing from 10 males recorded in 
2007 and not present at the study site in 2008 were used as playback 
stimuli; each one for three different birds. Stimuli contained 5 – 7 songs 
that were repeated in loop over the course of the experiment (5 minutes). 
Average song rate of stimuli was slightly higher than that of tested males’ 
(6 songs / min and 5.5 songs / min respectively). Song pitch parameters 
and duration of stimuli songs and songs of tested males were comparable 
with the exception of minimum peak F which was lower in tested males 
(Table 1). Males were observed and recorded for five minutes prior to the 
experiment. Subsequently, stimulus was played back for 5 minutes. 
Loudspeaker was placed in the middle of the territory close to the male’s 
favoured song post. During playback we noted a number of different 
behaviours (see Table 2). We did not evaluate singing behaviour. Only 
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males not previously captured and banded were used for testing because 
capturing may influence behaviour of willow warbler males (Linhart, Fuchs, 
et al., 2012). Neighbouring males were never tested within the same day.  

In both experiments, Recordings were made within 15 meters from 
the singing male. We used Marantz PMD660 recorder and Sennheiser 
ME67 microphone with Rycote Softie windshield. Songs were recorded 
with 44 100 Hz sampling rate and 16-bit depth, but were down-sampled to 
22 050 Hz prior to the analysis. First 15 songs in each recording were 
analyzed. Measurements (see Figure 1) were taken manually from the 
spectrograms (FFT length = 1024, Hamming window, Bandwidth = 28Hz, 
1/bandwidth = 36ms) and power spectra derived from entire songs (peak 
F) at -55 dB relative to maximum amplitude within each song. The variables
were averaged for each individual. Peak F min and Min F min represent 
absolute minimum values among the 15 measurements. Songs were 
analysed in Avisoft SASLab Pro (Avisoft Bioacoustics, Berlin). 

Figure 1. Power spectrum and spectrogram of a typical willow warbler song and parameters 
measured. 

Because the acoustic variables as well as response variables were 
correlated, we used Principle component analysis (PCA) with varimax 
rotation to get reduced number of uncorrelated variables. Stimulus songs 
(N = 10) , songs of captured males (N = 18) and males from playback 
experiments (N = 30) were all used in a single PCA. Behavioural response 
variables (from 30 males) were used in the second PCA. We retained 
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principal components with eigenvalues >1 and interpreted them on the 
basis of variables with loadings >0.7.  

To test whether tarsus length predicted song PCs and whether 
male’s relative song pitch predicts playback response we used simple and 
multiple linear regression models. Relative male’s song pitch was defined 
as stimulus song pitch (stimulus song PC) subtracted from male’s 
spontaneous song pitch (tested male song PC). Multiple regression models 
accounting for possibly confounding variables (date, daytime, weight) did 
not change the results substantially (see Table S1 and Table S2) and hence 
only simple linear model results are presented. We used R for statistical 
analysis (R Core Team, 2012). 

Results 

Song pitch and body size 
Two principle components accounted for 62% of variance.  PC1 was highly 
loaded with start F, maximum F, and peak F which could be possibly 
interpreted as overall song pitch. PC2 was highly loaded with average 
minimum F and absolute minimum F and could thus be interpreted as 
minimum song pitch (Table 1). 

Table 1. Results of PCA on song variables. Loadings >0.70 are highlighted in bold. Means 
and standard deviations are given for song parameters of 30 males tested in playback 
experiments.     

song PC1 song PC2 mean ± SD

start F (Hz) 0.85 -0.22 6424 ± 708

end F (HZ) -0.07 0.44 3233 ± 419

max F (Hz) 0.87 -0.15 7104 ± 489

min F (Hz) -0.10 0.88 2163 ± 88

peak F (Hz) 0.71 0.35 3847 ± 237

min F min (Hz) 0.04 0.82 1952 ± 95

peak F min (Hz) 0.69 0.25 3278 ± 208

duration (s) 3.10 ± 0.34

Eigenvalue 2.47 1.91

(% variability explained) 0.35 0.27
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Larger males had lower-pitched songs. Both song components 
correlated negatively with tarsus length (song PC1: b = -0.79, CI = -1.416 to 
-0.162, adj. R2 = 0.26, F1,16 = 7.13, P = 0.017; song PC2: b = -0.83, CI = -1.548 
to  -0.107, adj. R2 = 0.22, F1,16 = 5.93, P = 0.027; see Figure 2). 

. 

Figure 2. Relationship between body size and the two composite measures of song pitch: 
the overall song pitch Song PC1 (a) and the minimum song pitch song PC 2 (b). N = 18. 
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Playback response and song pitch 
Males were clearly agitated by playback and responded with close 
approach, increased activity, flyovers, and wing flickering. (see Table 2 for 
detail). Two principle components accounted for 66% of variance. PC1 was 
highly loaded by approach related response variables andPC2 was highly 
loaded with number of flyovers and horizontal moves, hence we further 
call them “Approach” and “Activity” respectively (Table 2). 

Table 2. Results of PCA on response strength variables in 30 tested males. Loadings >0.70 
are highlighted in bold. Mean values and standard deviations of each behaviour are also 
shown. 

 Males approached closer and spent more time in a loudspeaker 
proximity and were more active the lower was their minimum song pitch 
(song PC2) in respect to stimulus minimum song pitch (Approach and song 
PC2: b = 0.38, CI = 0.082 to  0.673, adj. R2 = 0.17 F1,28 = 6.83, P = 0.014; 
Activity and Song PC2: b = 0.45, CI = 0.083 to  0.818, adj. R2 = 0.15, F1,28 = 
6.29, P = 0.018; see Figure 3).  

Approach
(Response PC1)

Activity
(Response PC2) mean ± SD

duration of wing flickering (s) 0.02 0.45 163.9 ± 84.9

number of flyovers (n) 0.03 0.80 9.3 ± 4.5

vertical moves (n) -0.33 0.65 13.8 ± 6.1

horizontal moves (n) -0.33 0.88 21.0 ± 5.3

flyover height (m) 0.84 -0.11 1.6 ± 0.6

average height (m) 0.90 -0.25 2.3 ± 0.6

average distance (m) 0.87 -0.19 4.5 ± 1.1

within 2m latency (s) 0.66 -0.43 135.4 ± 62.0

within 2m duration (s) -0.84 0.01 56.4 ± 41.6
Eigenvalue 3.62 2.33

(% variability explained) 0.40 0.26
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Figure 3. Relationship between male’s relative song pitch (= stimulus song pitch subtracted 
from tested male’s pitch) and the two composite playback response measures: Approach 
(a) and Activity (b). N = 30. 
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Discussion 
We found song pitch to correlate negatively with size in willow warblers. 
Size-pitch allometry has been reported only for a few passerines (Hall et 
al., 2013; Linhart, Slabbekoorn, et al., 2012; Patel et al., 2010). Moreover, 
in willow warblers, variability in song pitch explained by tarsus length was 
unusually high (R2 = 0.26 for song PC1 and R2 = 0.22 for song PC2) 
compared to that found in the other bird and especially songbird species 
(Patel et al., 2010).  In willow warblers, observed peak frequency is lower 
than that predicted based on body weight (average peak f  = 3894 Hz; 
predicted 4213) and frequency range exceeded several folds the predicted 
range based on the males’ weight (Wällschlager, 1980) (range of peak F = 
3309 – 4410 Hz; predicted = 4125 – 4322) suggesting the rules working on 
species level may not be applicable within species. Various reasons can 
explain why mixed results supporting or rejecting size-pitch allometry were 
reported for songbirds (Patel et al., 2010). Complex nature and plasticity of 
many passerine songs brings methodological challenges: only some of the 
song spectral parameters might be related to size (Hall et al., 2013), or the 
allometry could be revealed in certain song types or structures (Galeotti, 
Saino, Sacchi, & Moller, 1997) or contexts only (Geberzahn, Goymann, 
Muck, & ten Cate, 2009). Also, inter-sexual selection could shape 
vocalizations in the opposite direction (G C Cardoso et al., 2007).  

Willow warbler, belongs among the largest leaf warbler – a 
passerine group that exhibits inverse size-frequency relationship on an 
inter-species level and that probably underwent sexual selection for body 
size in recent evolutionary history (Mahler & Gil, 2009). Size and size 
signalling thus could be important for willow warblers and possibly for the 
whole group of leaf warblers as suggested also by the size-pitch allometry 
found in another species of leaf warblers - in chiffchaffs (Linhart, 
Slabbekoorn, et al., 2012). Further, the study on several bird species, 
including willow warbler, showed that smaller individuals replace males 
experimentally removed from their territories (Mönkkönen, 1990), 
suggesting that smaller males might be excluded from suitable territories 
in certain species. Body size has been reported to be an important factor in 
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song bird contests (e.g. Searcy, 1979) despite generally low variation in 
size. Thus size signalling would be clearly beneficial to contesting males. It 
is not known, however, whether the song pitch is really constrained by 
body-size (syrinx size, etc.) in songbirds. In willow warbler, however, males 
and females could use songs to assess the approximate body size of the 
singer.    

Willow warblers in our study were attentive to size-related 
component of acoustic variation in songs. Stimuli representing bigger 
opponents generally seem to elicit cautious response or retreat (e.g. 
Davies & Halliday, 1978; Hardouin, Reby, Bavoux, Burneleau, & 
Bretagnolle, 2007) which is in accordance with our results. Males got closer 
if their songs were relatively lower. The closer approach and lower activity 
in cases the resident male had relatively lower songs resembled the mixed 
fighting strategy found in chiffchaffs (Linhart, Slabbekoorn, et al., 2012). 
Only speaker occupation experiments could give an unambiguous answer 
whether lower songs really repel rivals.   

Studying function of simple song features, like song pitch, could give 
us information on diversification in vocal communicative systems (Gonçalo 
C Cardoso, 2012). Our study provides another example that size-pitch 
allometry, though unexpected in small passerines, might be more common 
than previously thought. Our study further suggests that low song pitch 
could be important in male-male competition of certain species. If so, 
anthropogenic noise could negatively affect biology of such vulnerable 
species (Slabbekoorn, 2013). Despite ongoing interest in mechanisms of 
song production and song pitch controlling factors in songbirds (Amador & 
Margoliash, 2013), proximate origins of the size-pitch allometry in this 
taxoniomic group remain unclear.  It is not know whether and how body 
size, syrinx or resonators' size could interact with pitch or pitch range that 
can be produced by an individual. 
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Supporting information 
Table S1 - Body size and pitch relationships. Simple and multiple linear regression models showing the 
relationships between measures of song pitch and tarsus length. Date (number of days from 1st April), 
daytime (number of minutes from sunrise), and weight (g) were included as covariates.. x = 
independent variable, y = dependent variable; b = unstandardized slope; CI = 95% confidence interval 
for b unstandardized slope; B = standardized slope; significance: + p < 0.1, * p < 0.05, ** p < 0.01. 
Adjusted R2 is given for whole models. N = 18 for all models. 

y x b CI B adj R2 t

song PC1 - simple regression
song PC1 date 0.01 (-0.040, 0.065) 0.12 -0.04 0.51

daytime 0.00 (-0.004, 0.002) -0.11 -0.04 -0.5
tarsus -0.79 (-1.416, -0.162) -0.56 0.26 -2.7 *

weight -0.16 (-0.839, 0.511) -0.12 -0.04 -0.5

song PC1 - multiple regression
song PC1 date 0.01 (-0.047, 0.073) 0.13 0.48

daytime 0.00 (-0.005, 0.003) -0.14 -0.5

tarsus -0.81 (-1.551, -0.062) -0.57 -2.3  *

weight 0.01 (-0.865, 0.882) 0.01 0.02

song PC1 - multiple regression - backward model reduction - final model
song PC1 tarsus -0.79 (-1.416, -0.162) -0.56 0.26 -2.7 *

song PC2 - simple regression
song PC2 date 0.01 (-0.049, 0.059) 0.05 -0.05 0.2

daytime 0.00 (-0.001, 0.005) 0.34 0.07 1.59
tarsus -0.83 (-1.548, -0.107) -0.52 0.22 -2.4  *

weight 0.17 (-0.590, 0929) 0.11 -0.05 0.47

song PC2 - multiple regression
song PC2 date -0.01 (-0.073, 0.062) -0.05 -0.2

daytime 0.00 (-0.003, 0.007) 0.30 1.05

tarsus -0.71 (-1.551, 0.126) -0.45 -1.8  +

weight -0.11 (-1.097, 0.870) -0.08 -0.3

song PC2 - multiple regression - backward model reduction - final model
song PC2 tarsus -0.83 (-1.548, -0.107) -0.52 0.22 -2.4  *

simple regression with original acoustic variables
start F tarsus -345.9 (-742, 51) -0.42 0.12 -1.9  +

max F -9.389 (-320, 301) -0.02 0 -0.1
peak F -270.4 (-551, 10) -0.45 0.16 -2  +

peak F min -330.8 (-562, -99) -0.60 0.32 -3 **

min F -66.4 (-188, 55) -0.28 0.02 -1.2
min F min -124.1 (-241, -7.6) -0.49 0.04 -2.3 *
end F 90.1 (-395, 575) 0.10 -0.05 0.39
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Table S2 – Relative pitch and playback response intensity. Simple and multiple linear regression 
models showing the relationships between relative song pitch (stimulus song PC1 and song PC2 
subtracted from male’s song PC1 and song PC2 respectively) and playback response (Approach – 
response PC1; Activity = response PC2).  x = independent variable, y = dependent variable; b = 
unstandardized slope; CI = 95% confidence interval for b; B = standardized slope; significance: * p < 
0.05. Final backward selection models for multiple reggression are highlighted in bold. Adjusted R2 is 
given for whole models. N = 30 for all models.  

y x b CI B adj R2 t p

Simple regression
Approach realtive song PC1 0.15 (-0.083, 0.390) 0.24 0.03 1.33 0.194

Activity 0.11 (-0.188, 0.407) 0.14 -0.02 0.75 0.459

Approach relative songPC2 0.34 (0.071, 0.614) 0.44 0.16 2.59 0.015 *

Activity 0.36 (0.017, 0.707) 0.38 0.11 2.15 0.040 *

Multiple regression
Approach date -0.04 (-0.073, -0.010) -0.46 -2.72 0.011 *

daytime 0.00 (-0.002, 0.002) -0.07 -0.35 0.732

realtive song PC1 0.09 (-0.170, 0.356) 0.14 0.73 0.474

date (final model) -0.05 -3.02 0.005 *

Activity date 0.01 (-0.030, 0.059) 0.13 0.68 0.506

daytime 0.00 (-0.004, 0.001) -0.24 -1.04 0.310

realtive song PC1 0.01 (-0.358, 0.382) 0.02 0.07 0.947

 - (final model)  -  -  -  -  -  -

Approach date -0.04 (-0.069, -0.010) -0.43 -2.76 0.010 *

daytime 0.00 (-0.002, 0.001) -0.07 -0.41 0.685

realtive song PC2 0.28 (0.030, 0.540) 0.36 2.30 0.030 *

date (final model) -0.04 -2.94 0.007 *
realtive song PC2 (final model) 0.30 2.51 0.018 *

Activity date 0.02 (-0.024, 0.059) 0.16 0.87 0.393

daytime 0.00 (-0.003, 0.001) -0.17 -0.88 0.386

realtive song PC2 0.34 (-0.025, 0.704) 0.35 1.92 0.066 *
realtive song PC2 (final model) 0.36 *
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Abstract 

Spectral and temporal measures of vocalizations have been found to 

correlate with physical parameters that affect the fighting ability in various 

species of frogs, mammals, and birds. This correlation could play a role in 

communication for inter-sexual mate attraction as well as intra-sexual 

competition. In this study, we investigated whether the frequency and 

length of territorial songs reflects the body size (tarsus length, weight) of 

males in a small passerine species, the chiffchaff Phylloscopus collybita.  

We found a tendency for a negative correlation between song frequency 

and tarsus length, but no significant links with song length. Furthermore, 

we carried out playback experiments to see whether the variation in song 

frequency and length is meaningful to receiving males, and found that both 

parameters affected the males’ responses. We found that the response 

strength was related to the frequency difference between the songs of the 

tested male and the playback stimulus, rather than only to the stimulus 

frequency manipulation (increased/decreased frequency). Males showed a 

mixed strategy of moderate attack response, combined with a low 

approach response, when relatively low-frequency song stimuli were 

played back. In contrast, manipulation of the stimulus song length 

(shortened/elongated) was a better predictor of response strength than 
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the relative differences in song length. Males attacked more and 

approached closer in response to elongated stimuli. Our data show how 

multiple messages can be encoded in different signal components; song 

frequency most likely conveys information about some aspect of fighting 

ability, while song length probably signals motivation to escalate into a 

fight among male chiffchaffs. 

Key words: acoustic communication, fighting ability, motivational 

signaling, Phylloscopus collybita, playback experiment 

Introduction 
Conflicts over resources, such as food and mates, are omnipresent in the animal 

kingdom, and they are often associated with aggression among males 

(Davies & Krebs, 1993; Dugatkin, 2008). Acoustic signals often play an 

important role in mate attraction, but males can also use them for 

moderating their aggressive interactions, and at times songs even serve 

both functions at the same time (Leitao & Riebel, 2003; Schmidt, Kunc, 

Amrhein, & Naguib, 2008). Herein, we focus on the role of song in the 

interactions between two competitive males. The benefits of avoiding or 

shortening physical fights through acoustic signaling may be mutual; saving 

energy, time, as well as the risk of injury or predation for both males 

(Bradbury & Vehrencamp, 1998; Owings & Morton, 1998). 

Acoustic signaling in male-male contests has probably been most 

thoroughly studied in birds, who can use relatively complex vocal 

behaviors such as song matching, song switching, and overlapping (Searcy 

& Beecher, 2009; Vehrencamp, 2000). In many cases, these signals inform 

receivers about the short-term motivations to escalate a conflict, and can 

be classified as conventional signals (Vehrencamp, 2000). However, 

variation in species-specific vocalizations can also be used by males to 

assess each other’s fighting abilities (e. g. Davies & Halliday, 1978); 

consequently, such information may affect the decision of the male to 

retreat or to escalate the fight (Parker, 1974). Size has been shown to be 

an important factor affecting fighting ability, and hence the outcome of a 
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fight (Jonart, Hill, & Badyaev, 2007; Richner, 1989; for songbirds see: 

Searcy, 1979).  

Spectral variation in vocalizations is a reliable indicator of body size 

in many taxa, including birds (Geberzahn, Goymann, Muck, & ten Cate, 

2009; Hardouin, Reby, Bavoux, Burneleau, & Bretagnolle, 2007; Mager, 

Walcott, & Piper, 2007; Patel, Mulder, & Cardoso, 2010; see ten Cate, 

Slabbekoorn, & Ballintijn, 2002 for review). Songbirds have more complex 

syringes than non-songbirds and usually more flexible singing capacities. 

Nevertheless, the expected negative relationship between body size and 

song frequency has also been reported in comparisons among different 

species (Badyaev & Leaf, 1997; Bowman, 1979; Mahler & Gil, 2009; Price, 

Earnshaw, & Webster, 2006; Ryan & Brenowitz, 1985; Seddon, 2005; 

Wällschlager, 1980), as well as among individuals of the same species 

(Handford & Lougheed, 1991; Galeotti, Saino, Sacchi, & Møller, 1997; 

Forstmeier, Burger, Temnow, & Derégnaucourt, 2009; Turčoková, Osiejuk, 

Pavel, Glapan, & Petrusková, 2010; but see Shy, 1983; Logue et al., 2007; 

Gonçalo C Cardoso et al., 2008).  

Despite the general occurence of body size-related variation in 

acoustic signals, the effect on the response behaviors of males during 

aggressive interactions has rarely been tested in birds, especially songbirds 

(see Gonçalo C Cardoso, 2012 for a review). Body size-related spectral 

variation among individual males has been shown to affect interactions 

among competing males in two non-passerine species: scops owls, Otus 

scops (Hardouin et al., 2007) and female African black coucals, Centropus 

grillii (Geberzahn et al., 2009). In a study of a passerine species, Cardoso et 

al. (2007) found no differences in the responses of male serins, Serinus 

serinus, to high and low-pitched songs. However, the spectral 

characteristics of serin songs are not correspondingly related to body size 

parameters (Gonçalo C Cardoso et al., 2008). Therefore, it remains an open 

question whether body size-dependent spectral variation can be used by 

males of other passerine species as an index of fighting ability.  

Similarly, song length has been found to correlate with different 

male physical or behavioral parameters that could be associated with the 
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fighting abilities in songbirds, including: tarsus length (a proxy for body 

size) in pied flycatchers, Ficedula hypoleuca (Lampe & Espmark, 1994); 

plasma testosterone levels in barn swallows, Hirundo rustica (Galeotti et 

al., 1997); and winter dominance in great tits, Parus major (Lambrechts & 

Dhondt, 1986). Congruent findings in the relationships between male 

characteristics, temporal song variations, and an appropriate behavioral 

response to this variation have been found in blue grosbeaks, Passerina 

caerulea (Lattin & Ritchison, 2009) and in the hoopoe Upupa epops 

(Martín-Vivaldi, Palomino, & Soler, 1998, 2004). Older grosbeaks had 

longer songs than younger grosbeaks did, and competing males responded 

more strongly to the playback of long songs. In the hoopoe, the length of 

the song was positively correlated with condition, and males with longer 

songs responded by a closer approach. Overall, there is a remarkable 

agreement among playback studies that longer songs (or longer parts of 

songs related to male-male interactions) elicit stronger responses, or that 

males with longer songs give stronger responses. However, the 

explanation for this consistently variable response strength differs across 

species and studies. This might be due to the song length functioning as an 

index of fighting ability (e. g. Adhikerana & Slater, 1993; Lattin & Ritchison, 

2009; Martín-Vivaldi et al., 2004) or as a signal of short-term motivation 

(Balsby & Dabelsteen, 2001; Langemann, Tavares, Peake, & McGregor, 

2000; Peter K. McGregor & Horn, 1992; Ríos-Chelén & Garcia, 2007). 

The chiffchaff, Phylloscopus collybita, has simple songs consisting of 

several repeated higher- and lower-pitched syllables, which are often 

referred to as “chiffs” and “chaffs”. A male can have several different 

“chiff” and “chaff” syllable types in its repertoire. The sequence of the 

syllable types within a song seems random; additionally,  they are likely to 

be functionally equal (Cramp and Brooks 1992). Both song parameters 

(song frequency and song length) show inter-individual variability among 

chiffchaff males; thus having, among other factors, the potential to signal 

body qualities that translate into fighting ability. McGregor (1988) tested 

whether there was a relationship between the length of spontaneous 

songs of a male chiffchaff and its subsequent response strength to 
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playback of non-manipulated songs. However, he found no such 

relationship and concluded that song length in chiffchaffs is unlikely to 

signal fighting ability. McGregor (1988) left several aspects of male-male 

interactions unexplored, such as whether there is a link of the song length 

with any physical parameters, and the signaling function of song length 

from a receiver’s perspective. 

In this study, we investigated whether spectral and temporal 

variations could be used by male chiffchaffs as a signal of body size. First, 

we examined the relationship between physical parameters (tarsus length 

and body weight as proxies for body size) and song parameters (song 

frequency and song length). We had expected: a) for the song frequency to 

be negatively correlated with body size; and b) for the song length to be 

positively correlated with the two physical parameters (assuming that body 

size limits or constrains the production of vocal variation). Second, we used 

playback of the song stimuli, manipulated both in frequency and length in 

a 2 x 2 factorial design in order to find out whether variation in the spectral 

and temporal parameters affects the aggressive behavior of territorial 

males.  

We had expected that song stimuli that are decreased in frequency 

and elongated in length would elicit a more intense response (assuming 

that song parameters reflect superior fighting ability, which in turn 

represent a greater threat to territory holders). As the level of threat from 

the playback stimulus could be influenced by the fighting ability of the 

responding male, we also tested the effect of relative song parameters, i.e. 

the differences in song frequency and song length, between the playback 

stimulus and the responding male. We expected these differences 

between the sender (test stimulus) and the receiver (test individual) to be 

a better predictor of subsequent responses than the absolute song 

parameters (assuming that these parameters signal fighting ability). 
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Materials and methods 

Study Site and Animals 
Our study was conducted in a wooded marshland about 1 km2 in size, near 

the town of Ceske Budejovice (48°59'44"N, 14°26'23"E), South Bohemia, 

Czech Republic. Until 1990, the study site had been a military training area, 

and since then has not been used for any significant recreational or other 

activities. The area consists of wooded marshland with ponds and stands of 

willow (Salix spp), birch (Betula spp), and aspen (Populus spp) trees, as well 

as some old oak (Quercus spp) avenues on the edges. The first chiffchaff 

males come into the area in the middle of March, and after the peak arrival 

period (towards the end of March) there are about 60 - 70 breeding pairs. 

Males sing and defend their territories throughout the breeding season, 

until the end of June. The first eggs can be found in the second half of 

April, hatching occurs from the beginning of May, and the birds are present 

until October.  

In 2008, we recorded and tested 48 previously non-banded adult 

males from the 14th of April until the 17th of May. The age of the males was 

unknown, as aging by plumage or by other external traits is unreliable, 

even for males in their first breeding season (Jenni & Winkler, 1994). Each 

bird was lured into a mist net immediately after the collection of song 

recordings and conducting of the playback experiments. We color-banded 

all tested males for further individual recognition, as well as to avoid 

testing the same individual twice. The two morphological measurements 

were taken using scales and calipers: the tarsus length with a precision of 

0.1 mm, and the body weight with a precision of 0.1 g. All birds were 

released in good condition within 10 minutes of being caught. 

Sound Recording and Analyses
We recorded the songs of each male for five minutes before playback. 

Typically, we collected at least 20 to 30 songs during the five minutes of 

recording. In the case that we had recorded only a few songs after five 

minutes for a particular male, we delayed the playback and prolonged the 

recording session until we had recorded a minimum of 15 songs. All males 
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were recorded from a position as close as possible to the song post, which 

was usually within a distance of 15 meters. The songs were recorded 

between 06:00 - 11:00 a.m., within the first five hours after sunrise, using a 

Marantz PMD660 solid state recorder (sampling frequency 44,100 Hz, no 

compression) and a Sennheiser ME67 directional microphone, equipped 

with a Rycote Softie windshield. 

We only used high-quality song recordings, and performed acoustic 

analyses on 17.81 ± 2.40 (mean ± SD) songs per individual. We used Avisoft 

SASLab software for the acoustic processing and analyses (Raimund 

Specht, Berlin). Before taking any measurements, all recordings were 

down-sampled to a sampling rate of 22,050 Hz, band-pass filtered between 

1,500 Hz and 9,000 Hz (well outside the frequency use of chiffchaff song: 

ca. 2,500 - 8,000 Hz), and were standardized to 90% of the maximum 

amplitude. We used the automatic measurements tool in Avisoft SASLab to 

assess the spectral and temporal characteristics of each syllable (see Figure 

1), taking -15 dB from the maximum amplitude in the song as the lower 

cut-off point. Spectrogram settings were: FFT-length: 1,024, frame: 100%, 

window: Hamming, overlap: 87.5%; resulting in a temporal resolution of 

5.8 ms, and a spectral resolution of 22 Hz. 

Figure 1. Spectrogram of a typical chiffchaff male song showing spectral and temporal 

measurements. The cumulative peak frequency (CPF) measure was the highest value in a 

cumulative power spectrum of a syllable (black arrows). We have indicated the cumulative 

spectra of a typical “chaff” (syllable #2) and a “chiff“ (syllable #10) on both sides of 

spectrogram. Song length was expressed as number of syllables within the song.  
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We measured the highest peak in the accumulated energy 

distribution over a whole syllable, which we refer to as the cumulative 

peak frequency (CPF). We obtained the mean CPF for each bird by 

averaging the syllable CPFs within, and then across the songs. The CPF 

reflects well which frequencies are emphasized in the songs (Galeotti et al. 

1997; Cardoso et al. 2008), and it is less affected by recording quality and 

relative recording levels than are the minimum and maximum frequencies. 

To assess the relationship between CPF and the other commonly-assessed 

peak frequency (PF) (defined as the frequency with the maximum 

amplitude within a sound unit, at a single sampling point in time), we 

measured PFs and CPFs of all syllables of five songs (40 - 66 syllables) in 

five individuals. The CPF of syllables is highly correlated to the PF (Pearson 

correlation: all r > 0.93).  

We described song length as the number of syllables within a song, 

following the approach of McGregor (1988); with the mean song length 

determined for every individual this way. The number of syllables is a 

crucial trait, which also directly determines the length of songs in terms of 

time duration (Pearson correlation: all r > 0.993; data on 5 males, 10 songs 

per male). Furthermore, there is low variability within and between 

individuals in syllable lengths and intervals (P K McGregor, 1988; pers. obs. 

Schubert, 1971); therefore, the syllable number is a reliable measure of 

song length between males. 

Playback Stimuli and Experimental Design 

We used the songs of 12 chiffchaff males recorded at our study site either 

in 2006 or in 2007. Recorded males were color-banded, and none of these 

males were present at the study area in 2008. We selected one minute of 

high-quality recording during which the male sang intensively (mean ± SD = 

7.21 ± 1.24 songs). A band-pass filter was used to remove noise under 

1,500 Hz and above 9,000 Hz. If there were any sounds of other birds in the 

recording, we removed them as well, if possible without affecting the 

target signal. The high-quality song recordings were subsequently 

normalized to 90 percent of the maximum volume. There were no 

significant differences between the recorded songs of the whole study 
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population and the selection of experimental songs before manipulation 

for song length (Mann-Whitney U test: U = 281, N population = 48, N 

stimuli = 12, P = 0.91) or in the CPF measure of song frequency (Mann-

Whitney U test: U = 245, N population = 48, N stimuli = 12, P = 0.43). 

The standardized set of songs was used to generate four categories 

of manipulated songs, leading to 4 x 12 = 48 different playback stimuli. 

Song frequency was manipulated by moving the whole song up 250 Hz 

(‘increased’) or down 250 Hz (‘decreased’), using the ‘Frequency domain 

transformation’ tool in Avisoft SASLab. Song length was manipulated by 

omitting (‘shortened’) or repeating (‘elongated’) three syllables (the 3rd to 

5th syllable in a sequence), while retaining the original interval lengths 

between the syllables. The spectral and temporal manipulations led to the 

following categories: ‘increased-shortened’, ‘increased-elongated’, 

‘decreased-shortened’, and ‘decreased-elongated’. The manipulation of 

length did not affect the CPF of the songs (Matched-pair t-test: t = -0.59, N 

= 12, P = 0.567). Song CPF and the lengths in the songs of the males in our 

study population did not correlate; we therefore believe it is valid to 

manipulate both parameters independently. The scale of the 

manipulations corresponds approximately to the standard deviations for 

the two parameters within the study population (see Table 1). The final 

stimuli were within the natural range of variation for both of the 

parameters. Thus, all four treatments represented biologically relevant 

song variants. 
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Table 1. Overview of the non-manipulated experimental songs parameters, physical, and 

song parameters of tested males. 

All playback experiments were performed between 6:00 - 12:00 a.m. 

in the morning. The 48 playback stimuli (12 different song variants in 4 

treatments) were played back to 48 territorial chiffchaff males (each male 

was tested with only one stimulus) from inside their territories (within the 

area demarcated by their song perchest). Neighboring males were never 

tested in two successive experiments. The four experimental treatment 

categories were applied in four successive playback experiments, in a 

random order. Additionally, the treatment variants from the set of 12 

songs were randomly selected for the experiments. Each song variant was 

used four times, once for each treatment.  PL, who carried out the 

experiments, was blind to the actual treatment being broadcast. The songs 

were played back for five minutes from a JBL CONTROL 1X loudspeaker, at 

a peak volume of 80 dB (A) measured 1 m from the speaker. We started 

the playback from a shelter 10 - 15 m away from the speaker, while the 

focal male was in sight and singing. The response behavior was observed 

for five minutes during the playback. The following behavioral parameters 

were scored: number of fly-overs (the focal male flying over the loud-

speaker); number of attacks (focal male in physical contact with the 

loudspeaker: hitting it when flying-over, or sitting on top and pecking it); 

N mean ± SD Min Max

Morphological measures:

   Weight (g) 45 7.92 ± 0.37 7.2 8.8

   Tarsus length (mm) 45 20.48 ± 0.5 19.2 21.7

Song parameters:

   Song CPF (Hz) 48 4 351 ± 225

3 

974

4 

787

   Song length (n) 48 11.7 ± 3 6.6 21.9

Stimuli before manipulation:

   Stimuli CPF (Hz) 12 4 328 ± 395

3 

786

5 

146

   Stimuli length (n) 12 11.4 ± 3.6 5.7 18.5
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duration of wing flicking(s); latency of interest(s) (focal male stopped 

singing and moved towards the loud-speaker); latency of fly-overs(s); 

latency of attack(s); time spent within 2.0 meters from the speaker(s); and 

the latency of coming within 2.0 meters. The distance to the speaker was 

estimated with the help of two-meter markers on the ground around the 

speaker. We did not evaluate the vocal response, as the chiffchaff males 

typically remained rather silent during the playback. 

Statistical Analyses 

We used multiple linear regression when examining the possible 

relationships between song, body size, and two environmental variables: 

date (number of days since the first experimental day; mean = 20.4, SD = 

11.6) and time of the day (number of minutes after sunrise; mean = 196.0, 

SD = 96.2). We included these environmental parameters into the analysis 

to control for their possible influence on both the spectral and temporal 

song parameters. The variance inflation factor (VIF) for all of the predicting 

variables were between 1.11 and 1.36 (respective tolerance values = 

amount of variance that was not explained by the other predictors: 0.74 - 

0.90), suggesting that multicolinearity was not a problem for our data. We 

also checked the residuals from regression models to confirm that they 

were normally distributed, were homoscedastic, and did not systematically 

vary across the range of predicted values.  

We used the Bonferroni correction to correct -values for multiple 

comparisons. However, using the Bonferroni correction substantially 

increases the probability of making a Type II error, especially in the 

behavioral sciences, where the statistical power in most cases is already 

low; as highlighted in some recent discussions (Jennions & Møller, 2003; 

Nakagawa, 2004; D. R. Smith, Hardy, & Gammell, 2011).  We reported 

effect sizes along with 95% confidence intervals (CI), which allows for a 

better interpretation of significance levels (Colegrave & Ruxton, 2003; 

Jennions & Møller, 2003; Nakagawa, 2004). We computed the effect sizes 

and Cohen’s d exact CIs using R scripts as outlined by Nakagawa and Cuthill 

(2007). 
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As the first step of playback response analysis, we applied a Principal 

Component Analysis (PCA) to get a reduced number of uncorrelated 

intensity response measures (P K McGregor, 1992), based on the eight 

behavioral variables scored during the playback experiments. 

Subsequently, we used 2 x 2 factorial ANOVAs to analyze the differences in 

each of the derived response measures between treatments (manipulation 

of CPF, manipulation of song length, plus the interaction between the 

two).     

Because the receiver’s response could be influenced by the sender’s 

qualities as well as by his own qualities, we further compared models that 

only included a stimulus manipulation and/or a relative male-stimulus 

difference in the CPF and song length. We used general linear models and 

Akaike’s information criterion (AIC) model selection to find out whether 

the behavioral response was affected by the frequency manipulation (F), 

and/or the length manipulation (L) of the stimulus songs (factors: 

increased/decreased, and shortened/elongated); or by the receiver-

stimulus frequency difference (FD), and/or the receiver-stimulus length 

difference (LD) (continuous predictors defined as: tested male’s song CPF - 

stimulus CPF; tested male’s song length - stimulus song length. The 

following steps were taken: 1) We computed the statistics for all possible 

models that included single predictors only (F, L, FD, LD), their additive 

combinations (F+L, F+LD, FD+L, FD+LD), interactions (F:L, F:LD, FD:L, FD:LD), 

and the full models (F*L, F*LD, FD*L, FD*LD). Note that F*L stands for the 

original 2 x 2 factorial design that we referred to above. 2) We employed 

AIC model selection, which allows the comparing of alternative 

hypotheses, based on their relative likelihoods (Burnham, Anderson, & 

Huyvaert, 2011; Burnham & Anderson, 2002; Garamszegi et al., 2009). As 

the ratio between sample size (n) and number of estimated parameters (K) 

was < 40 we used a bias-adjusted AICc (Burnham & Anderson, 2002). We 

selected the plausible models, based on AICc, by the rule of thumb for 

each response measure (AICc < 2 suggests that there is  substantial 

evidence for the model) (op. cit.). 3) We checked for the consistency of the 
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plausible models; as those supported across response measures should be 

preferred as the most parsimonious.  

Some studies have suggested that the receiver’s response could be 

unimodal, with the most intense responses occurring when the difference 

between the sender’s and receiver’s fighting ability / motivation is minimal 

(Collins, 2004; de Kort, Eldermire, Cramer, & Vehrencamp, 2009; Searcy & 

Nowicki, 2000). Therefore, we checked the scatterplots of the response 

measures plotted against the frequency and length differences, to see 

whether the use of linear models was adequate. All scatterplots suggested 

linear, rather than unimodal, response patterns. All statistical analyses 

were done in R (Ihaka & Gentleman, 1996). 

Results 

Song and Physical Parameters 

When considering the effect of body size and environmental parameters 

on CPF in a simple regression, CPF was negatively related to the tarsus 

length (Table 2). None of the other parameters affected CPF significantly. 

Again, tarsus length was the only significant predictor of CPF in a multiple 

regression. After the stepwise removal of the insignificant variables from 

the model, only the tarsus length was retained in the model (adjusted R2 = 

0.09, F1, 43 = 5.44, unstandardized slope b = -141, 95% CI: -263 – -19, P = 

0.024) (Figure 2). The significant relationship turned into a trend after 

application of the Bonferroni correction for multiple comparisons 

(corrected  = 0.013).  
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Table 2. Results of simple and multiple regression of cumulative peak frequency (CPF) and song length on body size and environmental parameters. 

Significant predictors are highlighted in bold. Unstandardized slopes (b) along with 95% confidence intervals (95% CI) and values of adjusted R2 are 

presented. 

Simple regression Multiple regression

CPF (Hz) Song length (syllables) CPF (Hz) Song length (syllables)

b t R
2

P b t R
2

P b t P b t P

(95% CI) (95% CI) (95% CI) (95% CI)

date -1 -0.48 -0.02 0.63 0.1 1.86 0.05 0.07 -2 -0.75 0.46 0.1 1.95 0.06

(-7, 4) ( -0.0, 0.2) (-8, 4) (-0.0, 0.2)

daytime 0 -0.79 0 0.43 0 1.51 0.03 0.14 0 -1.02 0.32 0 1.58 0.12

(-1, 0) (-0.0, 0.0) (-1, 0) (-0.0, 0.0)

weight -69 -0.8 0 0.43 2.3 1.87 0.05 0.07 44 0.45 0.65 1 0.75 0.46

(-245, 106) (-0.2, 4.7) (-154, 243) (-1.8, 3.8)

tarsus -141 -2.33 0.09 0.02 0.8 0.84 -0.01 0.4 -152 -2.27 0.03 0.5 0.51 0.61

(-263, -19) (-1.1, 2.6) (-287, -17) (-1.4, 2.4)
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Song length tended to increase with both date and weight in a 

simple regression (Table 2). However, when controlled for the other 

variables in a multiple regression, there was no longer any indication for 

the effect of weight on song length. Song length seemed to be more 

affected by environmental parameters than by body size parameters. In a 

full model, there was a trend for songs getting longer with the recording 

date (Table 2). When insignificant variables were removed from the model, 

there was a significant positive effect of the date, and a trend for a positive 

effect of time of day on song length (adjusted R2 = 0.11, F2, 43 = 5.44, P = 

0.031; date: b = 0.09, 95% CI: 0.01 - 0.16, P = 0.030; daytime: b = 0.01, 95% 

CI: 0.00 - 0.02, P = 0.056). None of the relationships were significant after 

the Bonferroni correction for multiple comparisons (corrected  = 0.013). 

Figure 2. Relationship between the cumulative peak frequency (CPF) of chiffchaff males’ 

songs and their tarsus lengths. See text for details. 
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Playback Response 

The first two principal components of our analysis explained 66.33% of the 

total variation in the playback response data, and were the only ones with 

eigenvalues > 1.0. The first component (PC1) explained 45.27% and had 

particularly high loadings related to the latency of approach within 2.0 

meters (-0.85) and the time spent within 2.0 meters (0.86), and will be 

referred to as the ‘Approach Response’. The second component (PC2) 

explained 21.06% and had particularly high loadings for latency to attack (-

0.70) and number of attacks (0.82), and will be referred to as ‘Attack 

Response’. Factor loadings for all original behavioral measures are 

reported in Table 3. 

Table 3. Results of principal component analysis on separate behavioral response 

measures. The table shows loadings of original behavioral elements scored during 

experiment and variability explained by the two principal components with eigenvalues >1. 

Loadings equal to 0.70 and higher (or -0.70 and lower) are highlighted in bold and were 

used to interpret the PCs. 

On average, males approached closer (high PC1 values) to elongated 

stimuli (ANOVA: F1,44 = 6.19, P = 0.017, d = 0.73, 95% CI: 0.44 – 4.49). There 

was no significant effect of CPF on Approach Response although 

frequency-increased stimuli elicited a stronger Approach Response 

(ANOVA: F1,44 = 1.33, P = 0.254, d = 0.34, 95% CI: -0.83 – 3.11); however, 

PC1 PC2 

Approach 

Response

Attack 

Response

latency of interest -0.59 0.31

time spent within 2m 0.86 0.15

within 2m latency -0.85 0.15

number of flyovers 0.64 -0.51

latency of flyovers -0.81 0.33

number of attacks 0.48 0.82

latency of attacks -0.61 -0.7

duration of wing flickering 0.37 -0.14

Eigenvalue 3.62 1.68

(% variability explained) 45.27 -21.06%
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the interaction of the two effects was significant (ANOVA: F1,44 = 4.19, P = 

0.047). Post-hoc comparison of all level combinations revealed that males 

approached significantly closer in response to ‘increased-elongated’ songs 

(Fisher LSD test: ‘increased-elongated’ vs. ‘increased-shortened’ P = 0.003; 

‘increased-elongated’ vs. ‘decreased-elongated’ P = 0.029; ‘increased-

elongated’ vs. ‘decreased-shortened’ P = 0.013). There were no other 

significant differences between the four treatment groups (Fisher LSD test: 

all P > 0.350). 

Males also attacked more (higher PC2 values) in response to long 

stimuli (ANOVA: F1,44 = 4.50, P = 0.040, d = 0.63, 95% CI: 0.10 – 4.11). 

Neither the stimulus frequency manipulation (ANOVA: F1,44 = 0.00, P = 

0.955, d increased = -0.10, 95% CI: -2.01 – 1.91) nor the interaction between 

stimulus frequency and length manipulation affected the attack response. 

(ANOVA: F1,44 = 0.75, P = 0.390). There was only one significant difference 

in post-hoc comparisons of factor level combinations. Males attacked more 

in response to ‘increased-elongated’ than to ‘increased-shortened’ stimuli 

(Fisher LSD test, P = 0.040). There were no significant differences between 

the other level combinations (Fisher LSD test, all P > 0.131). 

The above results indicate that males pay attention to the variation 

in song length, and to a lesser extent to the variation in CPF, as well (for 

elongated songs). However, it might be that these results are influenced by 

the fact that they only account for the variation in the sender’s CPF and 

song length; however, they do not account for the variation in these 

parameters on the receiver’s side of the interaction. Therefore, we further 

compared AIC values for models consisting of stimulus manipulation 

effects (frequency increased / decreased, elongated / shortened) and the 

effects of relative differences in song parameters between the tested male 

and the stimulus. We also considered models combining stimulus 

manipulation of one parameter and male-stimulus differences for the 

other parameter.    

There were six candidate models for the Approach Response (PC1) 

and three candidate models for the Attack Response (PC2) that passed the 

threshold level of AICc < 2 (see Table 4). The candidate model consisting 
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of additive main effects of receiver-stimulus difference and stimulus length 

manipulation (FD+L) was the best candidate model for both the Approach 

Response as well as Attack Response. Furthermore, it was the only 

candidate model that passed the threshold for both response measures. 

These results indicate that chiffchaffs responded to stimulus frequency 

based on a relative criterion (receiver-stimulus frequency difference), while 

they responded to stimulus length based on an absolute criterion (stimulus 

length manipulation).  

Table 4. Akaike’s information criterion comparison of all possible models of response 

composite measures on stimulus modification or relative receiver-stimulus differnece. 

Single predictors alone (F – stimulus frequency manipulation, L – stimulus length 

manipulation, FD – receiver-stimulus frequency difference, LD – receiver-stimulus length 

difference), additive combinations of predictors (F+L, F+LD, FD+L, FD+LD), interactions 

between predictors (F:L, F:LD, FD:L, FD:LD), and full models (F*L, F*LD, FD*L, FD*LD). 

Models are sorted in ascending order by the bias adjusted Akaike’s information criterion 

(AICc) and the models below the threshold level AICc < 2 are highlighted in bold. We 

report the number of estimated parameters (K), the difference from the minimum AICc 

model (AICc), the Akaike’s weight () and the evidence ratio (ER). 

PC1 (Approach Response) PC2 (Attack Response)

model AICc K ?AICc ω ER model AICc K ?AICc ω ER

FD+L 133.6 4 0.19 FD+L 136.2 4 0.3

F:LD 133.9 4 0.3 0.17 1.13 L 137.2 3 1 0.18 1.62

F*LD 134.3 5 0.7 0.14 1.4 FD 138.2 3 2 0.11 2.73

FD*L 135.3 5 1.7 0.08 2.35 FD*L 138.7 5 2.5 0.09 3.47

F*L 135.3 5 1.7 0.08 2.38 FD+LD 138.8 4 2.6 0.08 3.78

F:L 135.3 5 1.7 0.08 2.38 F+L 139.5 4 3.3 0.06 5.36

L 136.1 3 2.5 0.05 3.52 FD:L 140.6 4 4.4 0.03 8.94

FD*LD 136.6 5 3 0.04 4.42 LD 141.1 3 4.9 0.03 11.35

FD:LD 137.1 3 3.5 0.03 5.76 FD*LD 141.2 5 5 0.02 12.29

F+L 137.2 4 3.6 0.03 5.94 F*L 141.2 5 5 0.02 12.29

FD+LD 137.5 4 3.9 0.03 7.04 F:L 141.2 5 5 0.02 12.29

LD 137.6 3 4 0.03 7.31 FD:LD 141.2 3 5 0.02 12.29

FD 138.1 3 4.5 0.02 9.5 F 141.8 3 5.6 0.02 16.39

F+LD 138.5 4 4.9 0.02 11.88 F:LD 142.6 4 6.4 0.01 26.82

FD:L 140.1 4 6.5 0.01 27.14 F+LD 143.4 4 7.2 0.01 36.88

F 140.6 3 7 0.01 31.67 F*LD 145.1 5 8.9 0 98.33
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The model indicated that elongated stimuli elicited a significantly 

stronger response for both response measures (Approach response: d = 

0.78, 95% CI: 0.59 – 4.66; Attack response: d = 0.61, 95% CI: 0.05 – 4.06). 

However, the effect of relative CPF difference between the male and the 

stimulus is more complex. Males approached more when their song CPF 

was lower, relative to the stimulus CPF (Approach response: standardized 

slope  = -0.30, 95% CI: -0.56 – -0.03). However, in contrast, they seem to 

attack more if their song CPF was higher, relative to the CPF of the stimulus 

song (Attack response:  = -0.25, 95% CI: -0.03 – 0.52) (Figure 3).  
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Figure 3. Effect of receiver-stimulus frequency difference (x-axis) and song length 

manipulation (shortening: filled circles, full line; elongation: empty circles, dashed line) on 

Approach (a) and Attack Response (b). Note that positive values of response strength 

measures represent more intense response (closer approach - PC1; and more attacks - PC2). 

Negative values of receiver-stimulus frequency differences represent males singing lower 

than the playback stimulus. 
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Discussion 

Our study on acoustic communication in chiffchaffs revealed a tendency 

for a correlation between the sender and signal characteristics, as well as 

experimental evidence of signal variation having behavioral relevance to 

the receivers. Song frequency showed a trend for a negative correlation 

with tarsus length of males, while there was no correlation between body 

characteristics and song length. Nevertheless, both song frequency and 

song length influenced the behavior of males during playback. Males 

discriminated between frequency-increased and frequency-decreased 

stimuli in our Approach Response measure, but only with the elongated 

stimulus variants, while they consistently discriminated between the 

shortened and elongated stimulus variants in both response measures. 

Further comparisons of hypothetical response models suggested that, in 

the case of frequency, males responded to differences between their own 

songs and those of the stimulus, while this receiver-sender difference did 

not appear as important for males in the context of song length. It seemed 

that spectral information, indicating relatively strong competitors, caused 

more moderate response levels, and more cautious response strategies, 

than did signals of relatively weak competitors; while temporal information 

on highly motivated signal senders were matched with high response levels 

from the signal receivers, independent of their own pre-playback 

motivation, as reflected in song length.  

Sender characteristics reflected in song parameters 

Signal frequency variation can play a role in size assessment among males 

if acoustic and morphometric parameters covary within a population. A 

negative relationship between the body size or body mass parameters and 

the vocalization frequency within a population has been found in different 

taxa including insects, fish, birds, and mammals (Gonçalo C Cardoso, 2012 

for review; see ten Cate et al., 2002). Correlative studies in songbirds have 

led to mixed results (correlation present: Galeotti et al., 1997; Forstmeier 

et al., 2009; Turčoková et al., 2010; correlation absent: Logue et al., 2007; 

Gonçalo C Cardoso et al., 2008). In our study, we found no strong pattern, 
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but there was a tendency for spectral characteristics of song to negatively 

correlate with the tarsus length of male chiffchaffs.  

However, it is apparent that this relationship is not as obvious as in 

several non-passerine species (Hardouin et al., 2007; Mager et al., 2007; c. 

f. Miyazaki & Waas, 2003). The explanation for this may lie in the fact that

passerines possess a relatively complex syrinx, which allows them to 

produce highly variable sounds of a facultative wide bandwidth (Gaunt, 

1983). Further, spectral parameters in the songs of passerines show some 

degree of plasticity depending on e.g. environmental conditions. For 

instance, it has been shown that chiffchaffs can actively increase song 

frequency in response to natural and experimental variations in 

environmental noise conditions (Verzijden, Ripmeester, Ohms, 

Snelderwaard, & Slabbekoorn, 2010). Also, variability in body size is much 

smaller in chiffchaffs than in most of the other species that have been 

investigated so far, which is particularly relevant to the reliability of signals 

related to body size (Patel et al., 2010). These facts can all blur the 

relationship between song frequency and body size. On the other hand, 

the effect of size for the tarsus length - CPF relationship in chiffchaffs is 

relatively large compared to other songbirds (Patel et al., 2010). 

A correlation between the characteristics of the song and the body 

of the singer may also depend on the social context of singing. The 

chiffchaff songs in the current data set were recorded when males were 

singing spontaneously and not obviously interacting with other males. It is 

possible that the males do not push their vocal abilities to their limits in 

this context, and that size- or strength-related correlations would become 

stronger during the vocal interaction. For example, Montezuma 

oropendolas, Psarocolius montezuma, decrease the frequency of their 

songs during vocal contests (Price et al., 2006), as also occurs in females of 

the African black coucal, a species with reversed size dimorphism, where 

the relationship between body size and song frequency is only apparent in 

songs recorded during agonistic interaction (Geberzahn et al., 2009). A 

similar analysis for chiffchaffs has to wait for future studies, as we only 

recorded songs before playback. We aimed primarily to get strong 
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behavioral responses by using playback from well within the territory 

boundaries, which seemed to inhibit a vocal response (pre-playback: 4.5 

songs / min; playback: 1.4 songs / min, with many males not singing at all). 

Therefore, future experiments presenting the stimuli at or just outside the 

territory boundaries might better capture the potential dynamics in vocal 

response variations.  

Although in our study on chiffchaffs, song length was not correlated 

with physical features; other studies in other species do report such 

correlations. Song length has been found to be correlated with several 

male attributes that could be associated with superior fighting abilities, 

such as: tarsus length (Lampe & Espmark, 1994), age (Lattin & Ritchison, 

2009), winter dominance at feeders and survival (Lambrechts & Dhondt, 

1986), condition (Martín-Vivaldi et al., 1998), or blood androgen levels 

(Galeotti et al., 1997). We cannot exclude the possibility that song length in 

the chiffchaff is correlated with some other parameter of male quality (e.g. 

age) that was not measured in our study.  

Signal variation affecting receiver responses 

Studies in many animal species have reported variations in response levels 

to the playback of high- and low-frequency variants of acoustic signals, 

typically representing relatively small and large males respectively (Arak, 

1983; e. g. toads: Davies & Halliday, 1978; owls: Hardouin et al., 2007; 

loons: Mager et al., 2007; deer: Reby et al., 2005). However, in songbirds 

there is an apparent lack of experimental data on the signaling function of 

frequency in male-male contests (Gonçalo C Cardoso, 2012). We are aware 

of only one published study on this specific topic. Serin males (Serinus 

serinus) did not show different responses to frequency-increased and 

frequency-decreased variants of the stimulus songs (G C Cardoso et al., 

2007). This is in contrast with our findings in chiffchaffs, who did respond 

to variations in spectral parameters and specifically to the difference in 

receiver-stimulus song frequency. Although Cardoso et al. (2007) did not 

consider such relative measures, we do not think that this is the only factor 

that explains the discrepancy in the findings of the two studies, as the 

stimulus manipulation in a study by Cardoso et al. was much greater (+/- 
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1000 Hz) than ours; therefore, the overlap between the stimulus song 

versions and receivers’ songs was much lower.  

Instead, spectral song parameters could have different signaling 

functions in different species. Serins possess unusually high-frequency 

songs relative for their body size, and do not exhibit a correlation between 

body size and spectral song parameters (Gonçalo C Cardoso et al., 2008). 

High songs also seem to be attractive to females in this species (G C 

Cardoso et al., 2007). Therefore, it is possible that intersexual selection has 

shaped the spectral parameters of songs in serins, while intrasexual 

selection has driven signal evolution in the case of chiffchaffs. In 

chiffchaffs, it has been suggested that females choose the place for the 

nest after arrival to the breeding area, and males follow them and 

monopolize females by defending the neighboring area (Rodrigues, 1996a; 

Wesolowski, 1987). This favors the use of songs primarily in male-male 

competition and corresponds to their unusually high song rates throughout 

the season (Rodrigues, 1996b). Furthermore, a relationship between song 

frequency and body size has not been found in several other Serinus 

species (GonçAlo C. Cardoso & Mota, 2007), while there is such a 

relationship in Phylloscopus warblers (Mahler & Gil, 2009). This is 

congruent with the hypothesis that song frequency has been under 

different selection pressures in serins and chiffchaffs. We therefore predict 

that female chiffchaffs prefer low-pitched songs, in contrast with the 

female preferences for high-pitched songs as has thus far been found in 

most of the songbirds studied (Gonçalo C Cardoso, 2012).   

In many songbird species, territorial males respond more strongly to 

those stimuli that represent a greater threat (see Searcy & Beecher, 2009 

for review); however, response behavior may be more complex, and 

response intensity curves may vary depending on species or signals under 

study (de Kort et al., 2009). We had expected to get a more intense 

response to the relatively lower (or frequency-decreased) song stimuli. Yet, 

we only found a tendency in this direction for the Attack Response 

measure, and not for the Approach Response measure (which was stronger 

to song stimuli, with frequencies higher than those of the receiver). This 
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suggests that chiffchaff males confronted with a high-risk intruder 

(assuming a lower song means a bigger body, which in turn means a higher 

threat) have a mixed strategy consisting of a slightly higher attack response 

combined with a lower approach response. Hence, males might 

compensate for the higher risk associated with attacks by reducing the 

time spent close to an intruder. A very similar divergent response pattern 

was found for banded wrens approaching songs with faster trills first; yet 

spending less time in close proximity to these songs, which presumably 

represented stronger birds and a greater threat (Illes, Hall, & Vehrencamp, 

2006). Other studies have also suggested that such mixed response 

strategies may be widespread across taxa, including toads and birds (Arak, 

1983; e. g. Davies & Halliday, 1978; Geberzahn, Goymann, & ten Cate, 

2010; Hardouin et al., 2007); this may reflect the fact that spending more 

time exposed in close proximity to the stronger competitor may be risky. 

Our playback response data were congruent with the literature in 

showing stronger reactions to longer songs (Adhikerana & Slater, 1993; 

Balsby & Dabelsteen, 2001; Lattin & Ritchison, 2009). However, the 

interpretation of why longer songs are perceived as requiring a stronger 

response varied among studies. Basically, two main interpretations prevail: 

1) Song length serves as an indicator of fighting abilities, such as male

vigor, strength, or endurance (Adhikerana & Slater, 1993; Lambrechts & 

Dhondt, 1986); and 2) Song length serves as a signal of short-term variation 

in the motivation to escalate a conflict (Balsby & Dabelsteen, 2001; 

Langemann et al., 2000; Lattin & Ritchison, 2009; Peter K. McGregor & 

Horn, 1992). The second explanation seems the most likely for chiffchaffs, 

as we did not find any strong relationship between song length and body 

size, nor to body condition. There is also some evidence that chiffchaff 

males can alter song length extensively in both directions in different 

contexts (i.e. spontaneous / challenged singing); hence, would be suitable 

for motivation signaling (P K McGregor, 1988, pers. obs.).  

Multiple messages in different signal components 

We believe that our data suggest that chiffchaffs are able to communicate 

multiple messages in different signal components. The playback data 
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shows that response variations of chiffchaff males are related to relative 

stimulus frequency (receiver-stimulus frequency difference). This suggests 

that song frequency is involved in signaling fighting ability in this species, 

as the outcome of a contest is also dependent on the relative differences 

between the fighting abilities of both contestants (Hammerstein, 1981; 

Parker, 1974; J. M. Smith & Parker, 1976). The tendency for a negative 

correlation between body size (tarsus) and song frequency (CPF) of the 

males further supports the hypothesis that song frequency is involved in 

signaling fighting ability, just as large body size is likely to be connected 

with superior fighting abilities (e. g. Searcy, 1979). 

On the other hand, manipulation of the stimulus length was a better 

predictor of response strength than the relative song parameter of the 

length difference between stimulus song and the responder’s own song. 

We think this suggests that song length is more likely to convey the 

information about the motivational state of the signaler. The fighting 

motivation was always high for tested males, due to the resource value of 

the territory; therefore, it is the level of fighting motivation displayed by 

the intruder (stimulus) alone that should drive the male’s response 

strength (Hammerstein, 1981; Parker, 1974; J. M. Smith & Parker, 1976). 

Accordingly, we did not find a correlation between song length and 

physical features, which may be a reflection that the costs of singing 

shorter or longer songs do not vary very much (Oberweger & Goller, 2001). 

This would make song length suitable for conventional motivation signaling 

(Vehrencamp, 2000).  

Conclusions 

Our study provides more insight into the role of song frequency in 

territorial signaling about male qualities. Although we only found a 

tendency for the spectral variation to be correlated to tarsus length, the 

potential for the communicative importance of this relationship was 

emphasized by the playback response data. Song frequency differences 

between males are detected and meaningful to the birds. A better 

understanding of the relationship between spectral song characteristics 

and body measures in passerines may come from further studies on songs 
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produced in the context of increased arousal. Our data also contributes an 

additional example to the literature which show stronger responses to 

longer songs, which is a consistent pattern across species. However, in 

searching for interpretations, both a message signaling fighting ability and 

a message signaling the motivation to escalate a fight remain plausible 

avenues for future explorations.  
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Abstract 

Syllable rate has been shown to play a role in male-male aggressive 

interactions and has been proposed to serve as a male quality indicator in 

several bird species. In those with fast syllable rates, males often increase 

rates when singing in aggressive context, and respond differently to test 

stimuli of varying rates. We asked whether the syllable rate fulfils a similar 

signalling function in the chiffchaff (Phylloscopus collybita), a songbird 

species with a slow syllable rate. We confronted 36 chiffchaff males with 

one of three playback types differing in syllable rate: control (non-

manipulated rate), fast, or slow (artificially increased and decreased 

syllable rate, respectively). We recorded tested males’ songs and 

behaviour before and during the experiment. Our results indicate that 

syllable rate might be an aggressive signal in chiffchaff. Males that 

physically attacked the loudspeaker during experiments sang faster songs 

spontaneously, and those that continued singing during the playback 

responded to fast and non-manipulated stimuli with substantial increase of 

syllable rate. Indirect evidence further suggests that syllable rate in 

chiffchaff is unlikely constrained by respiratory demands; thus, we propose 
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that syllable rate in this species functions as a conventional signal of male 

aggressiveness rather than an index of quality.  

Keywords: bird song, syllable rate, vocal performance, male-male 

competition, male quality, chiffchaff, Phylloscopus collybita, playback 

experiment, conventional signalling, personality 

Introduction 

Bird song has an important function both in mate attraction and territorial 

defence (Catchpole and Slater 2008; Collins 2004). It is well documented 

that both males and females are able to assess qualities of singers based 

on their song performance (Collins 2004; Searcy and Nowicki 2005; ten 

Cate et al. 2002). This is only possible due to different costs (e.g., 

production costs, time costs, receiver retaliation) or constraints associated 

with the production of different song variants, which guarantees their 

signalling reliability (Gil and Gahr 2002; ten Cate et al. 2002; Vehrencamp 

2000). 

Certain temporal characteristics of songs, especially of repeated 

elements (expressed as syllable or trill rate), are particularly suitable 

candidates to reliably reflect intrinsic male qualities (Vallet et al. 1998). 

Good performance of such song structures apparently depends on fine co-

ordination of syringeal, respiratory, and vocal tract muscles, and has been 

documented to be constrained by respiratory demands (Podos and 

Nowicki 2004; Suthers et al. 1999). To allow continuous song renditions, 

birds insert minibreaths between syllables (Calder 1970; Hartley and 

Suthers 1989). In species examined so far, longer syllables are 

accompanied by longer minibreaths (Cardoso et al. 2007b; Hartley and 

Suthers 1989) or deeper minibreaths (Wild et al. 1998), probably 

compensating for greater air loss during production of longer syllables 

(Franz and Goller 2003; Hartley and Suthers 1989). Physiological 

constraints on the rate of syllable delivery, experimentally documented by 

Podos (1996), predetermine the syllable rate as a candidate for an index 

signal of male quality. 
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The signalling function of the syllable rate has mainly been studied in 

combination with the song bandwidth, as a compound song performance 

trait (e.g. Ballentine et al. 2004; Cramer and Price 2007; DuBois et al. 2011; 

Illes et al. 2006). Several studies found an increase in subjects’ song vocal 

performances from a non-aggressive to aggressive context and speculated 

that this effect is due to singer emphasizing its own qualities (Beebee 

2004b, 2004a; Cardoso et al. 2009; DuBois et al. 2009). Studies testing 

whether variation in the relevant parameters of song vocal performance is 

meaningful to receivers found different responses of females (Ballentine et 

al. 2004) as well as males (Cramer and Price 2007; de Kort et al. 2009; 

DuBois et al. 2011; Illes et al. 2006), generally supporting the hypothesis 

that the vocal performance may signal male quality.  

Both parameters constituting performance (bandwidth and syllable 

rate) may be also treated independently, as slower trill types (i.e., longer 

syllables) may accumulate more frequency modulation intrinsically 

(Cardoso et al. 2007b). Therefore, syllable rate alone could be a parameter 

important for the signalling process in some species (Cardoso et al. 2007b). 

Within Serinus spp., characterised by very fast songs, syllable rate is 

apparently used for assessing singer’s qualities by both females (Cardoso 

et al. 2007a; Drăgănoiu et al. 2002; Vallet and Kreutzer 1995) and males 

(Cardoso et al. 2007a). To our knowledge, experiments testing if the 

changes in syllable rate are meaningful to rivals in bird species with much 

slower rates are lacking. 

The chiffchaff (Phylloscopus collybita) is suitable for such a test, as it 

is a common species with a simple song of rather slow syllable rate (mostly 

ranging between 2.6 and 3.4 Hz; P. Linhart, unpublished data). Linhart et 

al. (2012) recently documented for this species that peak frequency of 

songs conveys information about the fighting ability, while song length 

probably signals motivation to escalate the conflict. However, males 

obviously modify also the song tempo during male-male interactions (P. 

Linhart and P. Jaška, pers. obs.). Therefore, we hypothesized that syllable 

rate might be another component of signalling in the context of male-male 

competition in chiffchaff. Given the relatively slow syllable rate of this 
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species, it was nevertheless unclear whether the apparent increase is 

sufficiently demanding to signal male quality. 

Based on these hypotheses, we made the following predictions to be 

experimentally evaluated. First, if syllable rate functions as a signal of 

aggression (Searcy and Beecher 2009), it should increase during the 

playback stimulation, and it should correlate positively with the intensity of 

singer’s response. Receiving males should also discriminate between 

stimulus types with different syllable rates. Second, if the syllable rate 

reflects male quality through song performance constrained by respiratory 

demands, longer syllables should be followed by longer syllable gaps. 

(However, other potential physiological constraints, such as those imposed 

by syrinx and oropharyngeal musculature or mechanics, would not be 

detectable by this approach.)  

Materials and methods 

Study site and population 

Our study was conducted at the edge of České Budějovice, South Bohemia, 

Czech Republic (48° 59.5’N, 14° 26.5’E). The study area (ca. 1 km2) consists 

of a wooded marshland with ponds and stands of willow (Salix), birch 

(Betula), and aspen (Populus) trees, and some old oak (Quercus) avenues at 

the edges. The first chiffchaff males arrive to the area in the middle of 

March; after the peak of arrival by the end of March, there are about 80 

breeding pairs. Males sing and defend their territories throughout the 

breeding season until the end of June. The first eggs are laid in the second 

half of April, hatching occurs from early May. 

We conducted playback experiments on 36 males from April 22 to 

May 3, 2010. This period corresponds to fertile and post-fertile period of 

chiffchaff females, when the singing activity of males reaches its peak 

(Rodrigues 1996). To avoid testing the same male twice, each bird was 

lured into a mist net (Ecotone, Gdynia) and colour-banded immediately 

after conducting playback experiments and subsequent song recordings. 

All birds were released in good condition immediately after banding and 
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noting basic physical parameters (tarsus length and weight), within 5 

minutes after capture. Banding and field playback experiments were 

approved by the Czech Bird Ringing Centre (licence no. 1067), and the 

Czech Animal Welfare Commission (permission no. 7956/2008-30).   

Preparation of playback stimuli and experimental 

design 

For preparation of playback stimuli, we used songs of 12 chiffchaff males 

recorded at our study site in 2006 or 2007, using a Marantz PMD660 solid 

state recorder (sampling frequency 44,100 Hz) and a Sennheiser ME67 

directional microphone, equipped with a Rycote Softie windshield. For 

each male, we selected one minute of high recording quality when the 

male was continuously singing (song rate: x  SD = 7.21 ± 1.24 songs. min-

1). These songs were processed in Avisoft SASLab Pro software (Raimund 

Specht, Berlin) to prepare the playback stimuli. First, all recordings were 

down-sampled to a sampling rate of 22,050 Hz, band-pass filtered between 

1,500 Hz and 9,000 Hz (well outside the frequency range of chiffchaff song: 

ca 2500 – 8000 Hz) and standardized to 90% of maximum amplitude. This 

standardized set of songs was used to generate three experimental 

categories of manipulated songs: CONTROL (songs without manipulation), 

SLOW, and FAST, leading to 3 x 12 = 36 different playback stimuli. FAST 

stimuli were prepared by shortening of syllable gap by 0.04 s (i.e., 0.04 s 

long section between syllables was cut out of the recording). To create 

SLOW stimuli, we inserted additional section of silence between the 

syllables, thus increasing the syllable gap by 0.04 s. We chose the 

manipulation interval of 0.04 s because it roughly corresponds to half of 

the range between minimal and maximal mean values of syllable interval in 

spontaneous songs in the population studied (Fig. 1). Thus, we obtained 

experimental stimuli at and slightly beyond both extremes of natural 

variation in spontaneous syllable intervals (Fig. 1). Such songs were likely 

to be still recognised as conspecific, as chiffchaffs were shown to show 

species-specific responses even to songs with highly altered syllable 

interval (Schubert 1971). 
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Figure 1. Preparation of experimental stimuli and song measures taken. The upper part 

shows two spectrograms of the same chiffchaff song in FAST (left) and SLOW variant (right). 

Three measurements were taken: syllable duration, syllable gap, and syllable interval as 

indicated. Histogram in the lower part of the picture shows distribution of syllable interval 

values within our study population (Natural) from two years 2008 (Linhart et al., 

unpublished data) and 2009 (current dataset) and within experimental songs (FAST and 

SLOW). 

All playback experiments were conducted in the morning within six 

hours after sunrise, i.e., between 6 and 12 AM. Each of the 36 

experimental songs was played back only once, to a single chiffchaff male. 

Neighbouring males were never tested in two successive experiments. 

Song stimuli were played back in a loop for five minutes from a JBL Control 

1x loudspeaker at a peak volume of 80 dB(A) SPL, measured at 1 m 

distance (using a Voltcraft SL-200 sound level meter, with Fast response 

setting). The loudspeaker was placed inside the tested male’s territory. We 

started the playback from a shelter 10 to 15 m away from the loudspeaker 

while the focal male was in sight and singing.  

The response behaviour of tested males was observed for five 

minutes during the playback. The following behavioural parameters were 

scored: time spent within 2 meters from the speaker (s), latency of 

approach within 2 meters (s), number of fly-overs (the focal male flying 

over the loudspeaker), latency of fly-overs (s), time spent attacking (focal 
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male being in physical contact with loudspeaker), and latency of attack (s). 

Distance of the male from the speaker was estimated with the help of 2-

meter markers on the ground around the speaker. We particularly focused 

on occurrence of physical attacks, as these are the most intense and clearly 

aggressive type of response, while other responses that may be considered 

a general “agonistic” response do not have to be necessarily aggressive 

(Searcy and Beecher 2009). 

Some recent studies based on playback experiments used an 

artificial dummy or a taxidermic mount together with acoustic stimuli 

(Ballentine et al. 2008; Petrusková et al. 2007; Searcy et al. 2006; 

Turčoková et al. 2011), and even recommended using such visual stimulus 

to allow the tested bird to focus aggressive response (Akçay et al. 2011; 

Petrusková et al. 2008). We did not use mount in the experiments, 

however, our observations suggest that chiffchaff males respond similarly 

during experiments with and without a taxidermic mount. The loudspeaker 

attacks are very similar to mount attacks; the latter are nevertheless more 

severe (up to the intensity that may quickly result in a destruction of the 

mount). In both cases, similar set of behavioural reactions is exhibited by 

males: there may be air strikes, i.e., male flying close over the loudspeaker 

and kicking it, or longer landings on the loudspeaker occasionally 

accompanied by pecking (P. Linhart, pers. obs.).  

Song analyses 

We recorded songs of each tested male for 5 min in three experimental 

stages: before (spontaneous songs), during (aggressive context), and after 

playback. We typically obtained at least 20 - 30 songs during the 5 min of 

recording. For each individual, we analysed last 15 songs of sufficient 

recording quality (excluding those overlapped by singing birds or other 

sounds) from the recordings before the playback, up to first 15 songs 

during the playback, and first 15 songs after the playback (i.e., on average 

within 148 s after the end of the playback; minimum = 75 s, maximum = 

257 s). All males were recorded from a position as close as possible to the 

song post, which was usually within a distance of 15 meters.  
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 Before analyses of song parameters, the recordings were 

processed in Avisoft SASLab Pro the same way as the songs used for 

playbacks (down-sampled, band-pass filtered, and normalized; see above). 

We used the Avisoft SASLab Pro Automatic measurements tool to assess 

temporal characteristics of each syllable, taking -15 dB from the maximum 

amplitude in the song as the lower cut-off point for syllable detection. 

Results of the tool were checked visually and syllables that were not 

detected correctly were omitted from further analyses. Spectrogram 

parameters were set as follows: FFT-length: 512, frame: 100%, window: 

Hamming, overlap: 87.5%; this resulted in a temporal resolution of 1.5 ms 

and a spectral resolution of 86 Hz. 

As the main measure of repetition rate in chiffchaff songs, we 

measured syllable interval (SI, from the start of the syllable to the start of 

the following syllable; see Fig. 1). Additionally, we also measured syllable 

duration (SD, time from the start to the end of the syllable) and syllable 

gap (SG, time from the end of the syllable to the beginning of the following 

syllable), which constitute together the syllable interval (i.e., SI = SL + SG; 

Fig. 1).  

Most previous studies consider the syllable rate jointly with the 

frequency bandwidth, using a compound song performance or vocal 

deviance parameter, because it has been shown that there is a trade-off 

between syllable rate and song bandwidth (Podos 1997). In chiffchaffs, 

there is also a negative correlation between bandwidth and syllable rate; 

however, it is not as prominent as in other species, and songs of almost all 

bandwidths can be produced at almost every syllable rate (see 

Supplementary material 1). Furthermore, the bandwidth is much more 

liable to bias due to different amplitudes of recorded songs (Zollinger et al. 

2012) than the syllable rate based on syllable interval (measured as given 

above, and thus well comparable among different songs). Therefore, we 

considered appropriate to examine syllable rate alone. 

Statistical analyses 

The statistical analyses were done in R (R Core Team 2012). All statistical 

tests were two-tailed. Characteristics of attacking and non-attacking males 
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were compared by a two sample t-test (or Mann-Whitney U test as a non-

parametric alternative). A Fisher exact test was used to evaluate whether 

the occurrence of physical attacks was associated with singing during the 

playback. 

We used linear mixed effect model (LME) to compare average 

syllable intervals (SI) in songs of chiffchaff males before, during, and after 

playback stimulation. The stimulus type and experimental stage were used 

as fixed factors, and male identity as a random factor in the analysis; 

Tukey’s test was used for post-hoc comparisons performed by the ‘ghlt’ 

function from ‘multcomp’ R package (Hothorn et al. 2008). Residuals for 

the model approximated a normal distribution, were homoscedastic, and 

did not increase, decrease, or vary nonlinearly across the range of 

predicted values.  

To investigate whether syllable rate is constrained by respiratory 

demands, we used a paired t-test to compare if syllable gap (SG), syllable 

duration (SD), or both of these parameters change between songs sung 

spontaneously and in aggressive context (i.e., before and during the 

playbacks, respectively). To test the relationship between syllable duration 

and subsequent syllable gap, we first computed linear regressions of 

syllable gap on syllable duration for each male separately. Further, we used 

one sample t-test to evaluate whether the obtained Pearson correlation 

coefficients are different from zero, and a paired t-test was used to test 

whether correlation coefficients changed between songs sung before and 

during the playback.  

To compare the response strength of tested males towards the 

three stimulus types (SLOW/CONTROL/FAST), we used one-way ANOVA 

when the response variable values were normally distributed (time spent 

within 2 m, latency within 2 m, number of flyovers, square root 

transformed latency of flyovers) and Kruskal-Wallis test in case they were 

not (time spent attacking, latency of attacks). Subsequently, we also used 

t-test and Mann-Whitney U test to compare responses to FAST and SLOW 

stimuli and computed effect sizes from this comparison to provide 

information comparable to other studies that mostly test for differences 
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between the variants of stimuli. Reported effect sizes (Cohen’s d) were 

computed according to suggestions and scripts provided by Nakagawa & 

Cuthill (2007). 

Results 

Responses of males to experimental stimuli 

There were no significant differences in the syllable rate between 

spontaneously sung songs of the 36 tested males (recorded before 

playback) and the selection of experimental songs before manipulation for 

the syllable rate (t-test: t46 = −0.31, P = 0.755). Males in the three 

treatment groups (SLOW, CONTROL, FAST) differed neither in physical 

parameters (tarsus length: ANOVA: F2,33 = 0.36, P = 0.70, weight: ANOVA: 

F2,33 = 0.84, P = 0.44) nor in the syllable rates in their spontaneous songs 

(syllable interval: ANOVA: F2,32 = 0.14, P = 0.87). All tested males showed 

non-vocal responses of various intensities to playbacks of all three 

playback types; typical responses included close approach, flyovers and 

occasionally even attacks on the loudspeaker (see Table 1). 

Physical attack was the most intensive response observed. 

Altogether, 13 out of 36 tested males physically attacked the loudspeaker; 

these attacking males were equally distributed among all three tested 

groups (SLOW: 4 /12 males attacked; CONTROL: 5 /12; FAST: 4 /12). There 

were no significant differences between attacking and non-attacking males 

either in date when tested (expressed as number of days from 1th April; 

Mann-Whitney U test: U = 122.5, Nattack = 13, Nnon-attack = 23, P = 0.48) or in 

time of the day when tested (expressed as number of minutes since 

sunrise; t-test: t34 = −1.49, P = 0.15). The two groups also did not differ 

significantly in body size measures (tarsus length: t34 = −1.14, P = 0.26; 

weight: t34 = −0.80, P = 0.43), and there were no differences in most other 

non-vocal response measures (t-test, Mann-Whitney U tests: all P > 0.28).
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Table 1. Effect of playback type on behaviour response strength measures. Sample size was 12 males for each of the three treatments. One-way ANOVA 

(F) and t-test (t) were used when data were normally distributed. Latency of flyovers was square-root transformed to obtain normal distribution. Kruskal-

Wallis test (2) and Mann-Whitney U test (Z) were used for non-normally distributed data. Effect sizes for the FAST vs. SLOW comparisons are also shown 

(d – Cohen’s d, CI – upper and lower 95% confidence intervals for Cohen’s d). Cohen’s d for non-normally distributed data was computed on ranked data. 

SLOW CONTROL FAST

mean SD mean SD mean SD F, c 2 P t, Z P d

Time within 2m (s) 89.7 50.3 92.8 65.3 71.3 57.4 0.48 0.62 0.84 0.41 0.34 -0.5 1.18

Number of f lyovers (n) 12.8 7.1 12.3 7.2 11.8 7.4 0.06 0.94 0.34 0.74 0.14 -0.7 0.98

Latency within 2m (s) 97.6 41.4 109.1 50.8 124.9 63.3 0.82 0.45 -1.25 0.224 -0.51 -1.36 0.34

Latency of flyovers (s) 10.4 3.2 8.8 3.1 11 3.5 1.35 0.27 -0.37 0.71 -0.15 -0.99 0.69

rank rank rank

Time attacking (s) 14.3 14.8 13.4 0.48 0.79 0.14 0.89 0.24 -0.6 1.08

Attack latency (s) 20 16.2 19.3 1.13 0.57 -0.13 0.89 0.08 -0.76 0.91

SLOW vs FAST comparison

CI
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 The exception was the time spent within two meters from 

loudspeaker, where the attacking males spent significantly more time than 

non-attacking ones (average time spent within 2 m: attacking males = 126 

s, non-attacking males = 60 s; t-test: t33 = 3.54, d = 1.35, CI = 0.59 to 2.11, P 

= 0.002). Finally, neither did attacking and non-attacking males differ in 

their average spontaneous song length (t-test: t34 = 0.76, P = 0.46), nor did 

experimental songs they received differ in average length (t-test: t34 = 

−0.45, P = 0.66), confirming that the song length did not confound our 

results (see Linhart et al. 2012).   

While males sang frequently before and after playback, nine males 

out of 36 did not sing at all during playback; such non-singing birds were 

more frequent among attacking than non-attacking males (singing / non-

singing males: attacking 7 / 6, non-attacking 20 / 3; Fisher exact test: P = 

0.046). Total song output for singing males (number of songs) tended to be 

negatively related to time spent within 2 m (Spearman rank correlation: r = 

−0.34, N = 27, P = 0.087). Only 16 males sang five or more songs during 

playback (SLOW: 5 males; CONTROL: 6 males; FAST: 5 males); these were 

included into analyses of context-dependent syllable interval changes. 

Males with fewer songs were excluded, as the estimate of syllable interval 

in their songs would not be reliable.  

All but one response variable (attack latency) indicated slightly more 

intense response towards SLOW playback stimulus (Table 1). However, the 

type of playback stimulus did not significantly affect the response intensity 

of males in any evaluated response strength measures, either when all 

three treatments were compared or in the SLOW / FAST comparison. 

Relationship between syllable interval and attack 

occurrence 

We compared SI before playback of attacking (N = 13) and non-attacking 

males (N = 22) to evaluate whether syllable rate is related to male 

aggressive behaviour (one male, which did not sing enough songs before 

playback, was excluded from this analysis). Attacking males sang 

significantly faster before playback than non-attacking males (Fig. 2; 
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average SI before playback: attacking males = 0.344 s, non-attacking males 

= 0.354 s; t-test: t33 = −2.47, d = −0.86, CI = −1.58 to −0.15, P = 0.019). We 

could not compare SI in songs recorded during playbacks for attacking and 

non-attacking males because attacking males sung little or not at all during 

playback (there were only three attacking males that sang five or more 

songs). For 16 males (SLOW: 5 males; CONTROL: 6 males; FAST: 5 males) 

that sung more than 5 songs, males singing faster during playback had a 

tendency to spend more time within 2 m from the loudspeaker, though 

this relationship was not significant (Spearman rank correlation: r = -0.25 , 

N = 16, p = 0.34). 

Figure 2. Syllable interval in spontaneous songs (BEFORE playback) of attacking (N = 13) and 

non-attacking (N = 22) males. Means and 95% confidence intervals are displayed. The 

difference between the two groups is significant (see text). 

Syllable interval change in aggressive context 

Males dramatically changed their song syllable rate between the three 

experimental stages: before, during, and after playback (LME: F8,26= 25.54, 

P < 0.001, see Fig. 3). They significantly shortened SI during playback but 

subsequently slowed down the song tempo by elongating SI after playback, 

so it was again comparable to SI before playback (average SI: BEFORE = 

0.350 s, DURING = 0.314 s, AFTER = 0.340 s; post-hoc tests: BEFORE x 

DURING: P < 0.001, d = −1.74, CI = −2.67 to −0.81; BEFORE x AFTER: P = 
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0.23, d = −0.73, CI = −1.31 to 0.15; DURING x AFTER: P < 0.001, d = 1.31, CI 

= 0.43 to 2.20).  

 Overall, the syllable rates of males that received SLOW, CONTROL 

or FAST stimuli were comparable; SI in songs of males from the three 

playback treatment groups was not significantly different (LME: F8,26= 0.74, 

P = 0.50). However, stimulus type affected how much the males increased 

their syllable rates during playback; there was a significant interaction 

between playback treatment and context (LME: F8,26= 2.78, P = 0.048). The 

males shortened SI significantly only in response to CONTROL and FAST 

stimuli (post-hoc tests: CONTROL-BEFORE vs. CONTROL-DURING: P < 0.001; 

FAST-BEFORE vs. FAST-DURING: P < 0.001; SLOW-BEFORE vs. SLOW-

DURING: P = 0.87, see Fig. 3). 

Figure 3. Syllable intervals in the three experimental stages before, during and after 

playback according to the three playback types: SLOW (circle; N = 5), CONTROL (triangle; N 

= 6), and FAST (square; N = 5). The songs recorded during playback represent those sung in 

aggressive context. Means and 95% confidence intervals are displayed. 

Syllable rate and respiratory demands 

Several findings indicated that the syllable rate in songs of the tested males 

was not constrained markedly by respiratory demands. Males were able to 

shorten syllable gap significantly (BEFORE vs. DURING: t15 = 5.06, P < 0.001) 

while the syllable duration remained the same in both contexts (BEFORE 
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vs. DURING: t15 = 0.79, P = 0.44) suggesting that there is no trade-off 

between duration of syllables and gaps. 

Further, longer syllables were followed by shorter, not longer, gaps 

in songs before as well as during the playback. In songs before playback, 

syllable gap (SG) was significantly negatively correlated with syllable 

duration (SD) in all but one male (for that particular male the negative 

correlation was non-significant). The mean correlation coefficient between 

SG and SL for 16 males was −0.58 (range = −0.81 to −0.18) and was 

significantly smaller than zero (one-sample t-test: t15 = −11.75, CI = −0.68 to 

−0.47, P < 0.001). 

 In songs during playback, syllable gap (SG) was also significantly 

negatively correlated with syllable duration (SD) in all but four males (for 

those, three correlation coefficients were negative but non-significant, and 

one correlation coefficient was positive but non-significant). The mean 

correlation coefficient between SG and SL for 16 males was −0.55 (range = 

−0.84 to 0.27) and was significantly smaller than zero (one-sample t-test: 

t15 = −7.97, CI = −0.69 to −0.40, P < 0.001). Correlation coefficients did not 

increase or decrease systematically between songs recorded before and 

playbacks (paired t-test: t15 = −0.35, CI = −0.22 to 0.16, P = 0.729). 

Discussion 

Our results suggest that syllable rate might play a role of aggressive signal 

during territorial encounters in chiffchaffs. The three criteria suggested by 

Searcy & Beecher (2009) for aggressive signal (context, predictive, and 

response criterion) seem to be met at least partially. Tested males that 

continued to sing during simulated playback intrusion responded with 

substantial increase of syllable rate. The males also apparently considered 

differences between playbacks of different syllable rates, as they 

significantly increased the syllable rates only in response to non-

manipulated and fast syllable rates but not to artificially slowed-down 

songs. We could not answer the question whether syllable rate during the 

playback predicts attack. However, males that attacked the loudspeaker 

sang faster spontaneous songs, which points to a potential link between 
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faster songs and male aggressive behaviour. We did not find any evidence 

for syllable rate being constrained by respiratory demands.  

Syllable rate and respiratory demands in chiffchaffs 

Negative relationship between duration of syllables and subsequent silent 

periods in slow chiffchaff songs (2.6 – 3.4 Hz) contrasts markedly with the 

positive relationship found in much faster singing canaries (3 – 35 Hz; 

Hartley and Suthers 1989) and dark-eyed juncos (6 – 22 Hz; Cardoso et al. 

2007a). Apparently, chiffchaff males can comfortably compensate for the 

air loss associated with phonation during syllable gaps regardless of the 

singing rate. 

Further, individual chiffchaffs were able to substantially modulate 

their syllable rates during simulated rival challenge; in comparison with 

spontaneous singing, they decreased their syllable interval on average by 

71% (average decrease of syllable interval = 0.036 s) of between-male 

variation in this parameter (average syllable intervals before playback in 16 

males with known syllable interval change = 0.324 – 0.375 s). Although 

quality index signals can be modulated to some extent (see Searcy and 

Nowicki 2005 for review), the change of syllable rate in chiffchaffs is very 

high in contrast with birds for which vocal performance has been shown to 

be an index signal of quality (Ballentine et al. 2004; DuBois et al. 2011, 

2009). 

Due to the absence of apparent respiratory constraints for syllable 

rate, and to the extent to which chiffchaffs are able to modify this song 

characteristic, we suggest that syllable rate might rather serve as a 

conventional signal in this species. Indeed, song rhythm and its changes 

may be an efficient way of conventional signalling in species with simple 

vocalizations (Ręk and Osiejuk 2010). However, other possible factors 

limiting the syllable rate in chiffchaff, such as constraints imposed by syrinx 

and oropharyngeal musculature or mechanics, cannot be ruled out unless 

controlled laboratory studies are carried out. 
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Syllable rate as a predictor of attack 

Different vocal as well as non-vocal behaviours were found to predict 

conflict escalation in songbirds (see Searcy and Beecher 2009 for review). A 

physical attack during territorial encounters is considered as the highest 

level of aggressive behaviour (e.g., Dunn et al. 2004; Petrusková et al. 

2007; Searcy et al. 2006), and conventional signalling allows avoiding such 

risky behaviour (Hurd and Enquist 1998; Ręk and Osiejuk 2010). Recently, 

particular attention has been paid to soft vocalizations that predict attack 

in various species (Ballentine et al. 2008; Ręk and Osiejuk 2011; Searcy et 

al. 2006). We suggest that high syllable rate in spontaneous songs might be 

a relevant predictor of attack behaviour too and chiffchaffs might use 

syllable rate when assessing their rivals’ temper. Although the average 

difference between syllable intervals in attacking and non-attacking males 

seems to be small (10 ms), it represents about 10% of the overall variation 

within the studied population (see Fig. 1), and thus it is likely that 

chiffchaffs may be able to perceive such differences if relevant in the 

context of territorial contests. Bobwhite quails (Colinus virginianus) can 

discriminate artificial tones in range from 400 ms to 600 ms differing in 

duration by only 3% (Brown and Bailey 1990), which corresponds to 10 ms 

difference in syllable intervals between attacking and non-attacking 

chiffchaff males. Some other bird species, however, showed less 

pronounced abilities in experiments testing temporal discrimination of 

artificial tones or manipulated songs (Dooling and Haskell 1978; Maier and 

Klump 1990). 

We were not able to show that increased syllable rate during 

playback predicts attack, as observed for other aggressive signals for 

example by Searcy et al. (2006) and Ballentine et al. (2008). Singing 

response was inhibited during playback especially in attacking chiffchaffs. 

Apparently, chiffchaffs stop signalling at certain level of fight escalation; 

this is also indicated by a negative correlation of total song output and 

duration spent within 2 m from the loudspeaker. The response to 

territorial intrusion is often graded and uses multiple signalling levels. For 

example, in black-capped chickadees, increase in song rate was the first 
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step in escalating aggression, but then the physical attack was advertised 

by specific “gargle” calls (Baker et al. 2012). We presume that a graded 

response may be used by chiffchaff males as well. Attacking males, which 

had shorter syllable intervals in spontaneous songs, usually stopped singing 

during the playback and attacked, while those singing during the 

experiment reacted by shortening SI (especially when exposed to CONTROL 

or FAST playback stimuli). This was also true for two out of three attacking 

males whose songs were analysed – firstly they increased their already 

high syllable rates and subsequently attacked the speaker (the last bird, 

which did not react by increasing syllable rate, was exposed to SLOW 

stimulus and its spontaneous syllable rate was already fast). Thus, syllable 

rate in the aggressive context might primarily reflect response intensity 

during territorial conflicts of lower escalation level. This seems to be the 

case, e.g., for banded wrens (Thryophilus pleurostictus), for which syllable 

rate increase during song playback positively correlated with aggressive 

response expressed as time spent within 15 m from the loudspeaker 

(Vehrencamp et al. 2013). Apparently, these birds were much less likely to 

escalate the conflict to close approaches and physical attacks than 

chiffchaffs, at least in experiments performed by Vehrencamp et al. (2013). 

Higher spontaneous syllable rate in attacking than non-attacking 

males cannot be explained by aggressive context. However, it may reflect 

overall rather than immediate willingness to escalate conflict, and could be 

explained by differences in personalities of tested males (e.g., Groothuis 

and Carere 2005; Sih and Bell 2008). Although data relating bird 

personalities and singing behaviour are relatively scarce, Amy et al. (2010) 

showed in playback experiments with great tits (Parus major) clear 

differences not only in song production but also in loudspeaker approach 

corresponding with male’s personalities. Males with higher exploratory 

scores sang fewer but longer songs with higher element rates, and 

approached loudspeaker for longer time and closer than did males with 

lower scores; this matches differences in behaviour of attacking and non-

attacking males in our experiments. The strength of non-vocal response of 

chiffchaffs could then reflect males’ personalities – shy individuals, 
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unwilling to attack physically, may have mostly increased syllable rate, 

while the bolder ones rather reduced or stopped singing, and approached 

or directly attacked the loudspeaker. 

Significance of syllable rate for males 

Chiffchaff males apparently differentiated between playback treatments, 

as they increased their syllable rate in response to FAST and CONTROL 

songs, but not in response to SLOW songs. In contrast with other playback-

based studies focusing on response to song variants with different syllable 

rates (Cardoso et al. 2007a; Illes et al. 2006), we did not find differences in 

other behavioural measures of response between the playback 

treatments. Overall, chiffchaffs showed very strong responses, including 

physical attacks, in more than one third of the cases. It is therefore 

possible that, regardless the type of song played back, the non-vocal 

responses to the simulated intrusion in the territory centre of most tested 

males were maximised, depending on tested male quality or personality. 

Such “ceiling effect” seems common for some types of signals (Stoddard et 

al. 1991). In those cases, playback from the territory boundary might 

better reveal possible effects of playback type on males’ responses. 

However, previous playback experiments on chiffchaff with altered song 

length and song pitch (Linhart et al. 2012) elicited different behavioural 

responses in the centre of territory. This might indicate that length and 

pitch are more important features of song for contesting chiffchaffs.  

To conclude, we present several lines of evidence that syllable rate 

might be another component of aggressive signalling in chiffchaff. Studies 

on song performance focused their attention primarily on species with 

songs probably reaching their performance limits. We show that similar 

phenomena occur in a species with slow songs without an apparent 

production constraint, thus providing interesting comparative data. We 

suggest that syllable rate is a simple song trait that can be modified 

substantially (at least in some species) and instantly (from song to song or 

possibly even within a song) and as such it has a substantial potential to 
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signal immediate changes in motivation in species with simple as well as 

complex songs. 
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Appendix A. Supplementary data 

Supplementary material 1 

Figure. Trade-off between syllable rate and bandwidth in 1129 
spontaneous songs collected from 84 males during breeding seasons 2008 
and 2009. Data points used for computing upper-bound regression are 
shown as black filled circles and upper-bound regression line is also shown 
(intercept = 5336.5, ß =  -771.2, F = 17.72, p = 0.003).Negative correlation 
between syllable rate and bandwidth was also significant (Pearson r = -
0.11; p < 0.001). Despite the existence of trade-off between bandwidth 
and syllable rate, it is apparent that most of the bandwidths can be sung at 
any syllable rate.  

Methods: 
To assess the trade-off between song syllable rate and song bandwidth we 
followed methods described by Podos (1997). We averaged individual 
syllable bandwidths within a song to compute song bandwidth; minimum 
and maximum frequency within each syllable were assessed at threshold -
15 dB from the maximum amplitude level. Song bandwidths ranged from 
527 Hz to 3171 Hz. 
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We got song syllable rate by inversing average syllable interval 
within a song (= time from syllable onset to the onset of following syllable); 
this measure is equivalent to syllable rate got by the equation: (number of 
syllables – 1) / (song length – syllable length) used by Illes et al. (2006) and 
it describes how many syllables can be produced per second. Syllable rate 
ranged from 2.60 to 3.47 Hz. 

To find the data points to be used for upper-bound regression, we 
split data by their syllable rate into 10 bins (each bin covered 1/10 of 
syllable rate range = 0.087 Hz). We then selected the point with the 
maximum bandwidth in each of the bins and computed the regression. 
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