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Animal signals should consistently differ among individuals to convey distinguishable information about the signalers. However, behav-
ioral display signals, such as bird song are also loaded with considerable within-individual variance with mostly unknown function. We 
hypothesized that the immediate social environment may play a role in mediating such variance component, and investigated in the 
collared flycatcher (Ficedula albicollis) if the identity and quality of listeners could affect song production in signalers. After presenting 
territorial males with either a female or male social stimulus, we found in the subsequent song recordings that the among-stimulus ef-
fects corresponded to non-zero variance components in several acoustic traits indicating that singing males are able to plastically ad-
just their songs according to stimulus identity. Male and female stimuli elicited different responses as the identity of the female stimuli 
affected song complexity only, while the identity of male stimuli altered also song length, maximum frequency, and song rate. The 
stimulus-specific effect on song in some cases decreased with time, being particularly detectable right after the removal of the stim-
ulus and ceasing later, but this pattern varied across the sex of the stimulus and the song traits. We were able to identify factors that 
can explain the among-stimulus effects (e.g., size and quality of the stimuli) with roles that also varied among song traits. Our results 
confirm that the variable social environment can raise considerable variation in song performance, highlighting that within-individual 
plasticity of bird song can play important roles in sexual signaling.
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INTRODUCTION
Signals in animal communication, especially those under sexual 
selection, such as bird song, could vary tremendously at multiple 
levels. The pattern of  variation depends also on the type of  infor-
mation conveyed by the signal, for example, high among-individual 
variability is characteristic to signals of  individual identity, but 
signals of  quality are usually moderately variable (Tibbetts et  al. 
2017). The unique variation of  bird song both among and within 
species (Palmero et  al. 2012; Linhart et  al. 2013; Favaro et  al. 
2014) is probably the consequence of  its importance, as it can in-
dicate the signaler’s presence, quality, and also identity toward 

both conspecific males and females (Qvarnström et  al. 2010; 
Vehrencamp et al. 2014; Warrington et al. 2014). Song has an im-
portant role in sexual selection, as it primarily functions to deter 
other males from the owned territory and to attract females as po-
tential mates (Eriksson and Wallin 1986; Lundberg and Alatalo 
1992; Catchpole and Slater 2008). To fulfill these signaling func-
tions, song should vary between individuals and be performed with 
some consistency within individuals to enable the receivers to reli-
ably assess information about the signaler (Boake 1989; Tibbetts 
and Dale 2007; Schuett et al. 2010). However, song is a behavioral 
trait, thus it is inherently flexible within individuals in many species 
and can change according to the environmental and physiological 
conditions (Gil and Gahr 2002; Arnold et al. 2010), but we do not 
yet fully know the extent and the causes of  this flexibility.

Hence, song traits have dual characteristics, as they include 
individual-specific components that promote consistency on one 
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hand, and environment-sensitive components that raise within-
individual plasticity on the other hand. The relative importance 
of  these components can be statistically described by estimating 
repeatability (proportion of  the phenotypic variance explained by 
between-individual variance), which appears particularly low for 
song traits, especially when measured across longer intervals, such 
as years (Průchová et  al. 2017; Zsebők et  al. 2017; Naguib et  al. 
2019). Part of  the within-individual variation can be explained by 
plastic responses to social and non-social environmental effects. 
Regarding non-social effects, song may be affected, for example, by 
the inner state of  the individual, such as immune state (Garamszegi, 
Møller, et  al. 2004), age (Zipple et  al. 2019), reproductive status 
(Warrington et al. 2014), and breeding experience (Motes-Rodrigo 
et  al. 2017). Songs may also be modified by effects from the ex-
ternal environment, such as territory quality (Hoi-Leitner et  al. 
1995; Zsebők et  al. 2017), predation risk (Schmidt and Belinsky 
2013), temperature (Strauß et al. 2020), and it can also depict sea-
sonal variation within an individual (Lattin and Ritchison 2009). 
As song is used as a signal for conspecifics, social environment may 
also be an important factor that mediates within-individual var-
iation in song (Geberzahn and Aubin 2014; Gersick and White 
2018; Henderson et  al. 2018). For example, singers can emit dif-
ferent songs toward males and females in many species (Kroodsma 
et al. 1989; Kipper et al. 2015; Ronald et al. 2015), but song perfor-
mance can also depend on the contextual circumstances, such as on 
the presence of  other birds when singing to a female (Vignal et al. 
2004; Gersick and White 2018).

Birds may even be able to adjust their songs to the identity or 
quality of  different conspecifics (Heinig et al. 2014) in addition to 
their sex or status. In fact, the characteristics of  the opponent/
partner may have both proximate (immediate environmental) and 
ultimate effects (evolutionary, through indirect genetic effects) on 
interacting phenotypic traits (such as communication, aggression, 
or courtship) (Moore et al. 1997; Santostefano et al. 2017). For ex-
ample, there is evidence for such effects in various taxa in terms of  
aggression, as the level of  aggression of  individuals depended on 
the behavior or on other characteristics of  their opponents (Hegyi, 
Garamszegi, et  al. 2008; Wilson et  al. 2013; Santostefano et  al. 
2016). Regarding song, males may benefit from investing more en-
ergy, singing more or producing more elaborate songs toward more 
than less fecund females, if  this preferential investment increases 
the chances of  mating with females with higher reproductive poten-
tial. Thus, within-individual variation in song quality could reflect 
such plastic preferences of  males as a result of  male mate choice 
evolving when there is a direct benefit of  being choosy for the male 
(Koeninger Ryan and Altmann 2001; Heinig et al. 2014; Fitzpatrick 
et al. 2018). Furthermore, adjusting song and energy investment to 
the quality of  other males may also be beneficial if  the birds can 
assess the optimal level of  investment in territory defense based on 
the traits of  the opponents (Maynard Smith 1982). A well-studied 
example of  this is the phenomenon of  “dear enemy” effect, when 
neighbors with established territory boundaries plastically adjust 
their songs toward each other to relax unnecessary aggressive en-
counters between them (Fisher 1954; Temeles 1994; Moser-Purdy 
and Mennill 2016). However, despite the extent of  knowledge on 
the relationships between bird song and social environment (Glaze 
and Troyer 2006; Snijders et  al. 2015; Gersick and White 2018), 
few studies have investigated whether the different potential mates 
or opponents elicit differential response in terms of  song produc-
tion from a particular signaling male (but see Heinig et  al. 2014), 
especially under field conditions.

Our aim here was to investigate the effect of  social environment 
on bird song in a Hungarian population of  collared flycatcher 
(Ficedula albicollis), a passerine bird with complex and variable songs 
that proved to be important traits in sexual selection (Garamszegi, 
Møller, et  al. 2004; Hegyi et  al. 2010). We have performed field 
experiments, in which we systematically varied the contextual back-
ground of  singing by exposing the focal birds to different social 
stimuli. In particular, before making song recordings on territorial 
males, we presented different male or female stimuli on their ter-
ritory to trigger singing. As we were interested mainly in the ef-
fect of  stimulus identity, we did not alter the within-stimulus effects 
and did not use playback during the experiments. If  singing males 
can plastically adjust their songs according to the immediate social 
environment, we predicted that the identity of  the stimulus would 
explain some variance in some song traits of  the singing individual. 
Given that the above social stimulus is expected to have short-term 
effects, we also predicted that these effects could be revealed more 
robustly in songs that are recorded right after the removal of  the 
stimuli than in songs that appear later in the recordings. We also 
investigated whether some characteristics of  the stimulus bird (e.g., 
size, condition) explains the stimulus-specific effects in the song of  
the focal male.

METHODS
Study site and study species

The study was performed in an oak-dominated forest area in the 
Pilis-Visegrádi Mountains, Hungary (47°43′N, 19°01′E). The re-
search area belongs to the Duna-Ipoly National Park, and contains 
about 500 nest boxes, in which the collared flycatcher commonly 
breeds. Research on birdsong has been carried out since 1999 
(Garamszegi, Møller, et al. 2004).

The collared flycatcher is a small, hole-nesting, long-distance 
migratory passerine. Males arrive earlier in the spring to the 
breeding grounds and occupy territories that consist of  a small 
area around a nest hole or nest box and they start to sing. There 
is a sexual dimorphism in plumage, as males are black and white, 
while females are brownish and white (Cramp and Perrins 1994). 
Both sexes bear white wing patches of  which size is condition-
dependent (Török et  al. 2003; Hegyi, Rosivall, et  al. 2008). 
Typically, only males have a white forehead patch of  which size 
plays an important role in mate choice (Michl et al. 2002; Hegyi 
et al. 2010), while the wing patch size is more likely to be used in 
intrasexual interactions (Garamszegi, Rosivall, et al. 2006; Hegyi, 
Garamszegi, et al. 2008).

The territorial song performance of  the collared flycatcher con-
sists of  sequences of  songs that are 3–5 s long structures composed 
of  syllables, and are separated from each other by a few second 
long intervals. The syllable is the smallest unit of  the song, which 
is an around 0.1 s long acoustic feature (Gelter 1987). Collared 
flycatchers have a moderately high individual repertoire size con-
sisting of  20–100 syllables as could be estimated from 20 songs 
per individual (Garamszegi, Merino, et al. 2006; Zsebők, Herczeg, 
et  al. 2018). Song traits can serve as individual-specific signals in 
this species, since these were often found to be correlated with some 
individual characteristics (Garamszegi et  al. 2003; Garamszegi, 
Merino, et al. 2006; Garamszegi et al. 2007). Song may play impor-
tant roles in sexual selection in the study species, as it was also asso-
ciated with estimates of  mating success or the degree of  male–male 
competition (Garamszegi, Møller, et al. 2004; Hegyi et al. 2010).
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Field procedures

Data for the present study were collected between 2007 and 2018 
during the courtship period of  the species, between 11 April and 
7 May.

Briefly, we captured male and female birds, presented them to 
unpaired territorial males and made song recordings after the pre-
sentation. We used multiple stimulus birds, as we aimed to test the 
effect of  stimulus identity (as could be assessed from visual cues) 
on song as follows from our biological hypotheses. Note that for 
the same reason we did not use playback, as we wanted to avoid 
inducing further variation within a stimulus.

We first captured male and female birds that were subsequently 
used to elicit songs from the focal males and to reflect the listener’s 
perspective (these birds are systemically referred as stimulus birds 
hereafter), but on plots at least 500 m away from the plots where 
we made song recordings. Hence, based on the short dispersal dis-
tance of  this species (Könczey et  al. 1992; Jablonszky, Krenhardt, 
et  al. 2020) and the infrequent movement between study plots 
(Garamszegi, Török, et  al. 2004), we can reasonably assume that 
it was unlikely that the tested males encountered the stimuli pre-
viously. However, we cannot entirely exclude this potential con-
founding effect, but we can argue that the effect of  familiarity 
should cause only some random noise, as we used stimulus birds 
with more than one focal males. The stimulus birds were captured 
soon after their arrival, if  it was possible (in the case of  males), or 
at most a short time after pairing. Therefore, all birds were cap-
tured many days before egg laying, thus they were approximately 
in the same reproductive stage. The birds used as stimuli were cap-
tured and measured in the same way as the tested males (see details 
below). To avoid any confounding effect arising from male age (e.g., 
age-dependent plumage characteristics or behavior (Török et  al. 
2003; Garamszegi, Rosivall, et  al. 2006; Evans et  al. 2011)), we 
strictly used only adult males as stimuli. The stimuli were housed 
in large cages (40 × 24 × 40 cm) with water and food (mealworms) 
provided ad libitum. The stimulus birds were placed into small 
cages (15 × 20 × 15 cm) in the morning to use them before making 
the subsequent song recordings (they were also fed during this pe-
riod), and then replaced into the housing cages in the end of  the 
day tasks. Altogether, we used 28 female and 20 male stimuli during 
our study (Table  1). Typically two or maximum three pairs were 
held in captivity at the same time. We used one stimulus for 1–15 
song recordings (mean = 3.33, standard deviation [SD] = 3.02) in 
total, with 1–5 times in a day (mean = 1.58, SD = 0.88). These var-
iations arose because of  the immediate field conditions and logistic 
constraints. For ethical reasons, we aimed to keep birds in captivity 
as short as possible, and we could successfully replace them be-
tween 1 and 11 days. Before the release of  the birds at the site of  
capture, we verified that they were in prime condition.

In the most active singing period of  the day (6:00–12:00) (Pärt 
1991; personal observations of  the authors), we monitored the 
study area on a daily basis for newly arrived, unpaired birds and 
located these displaying males near their occupied nest boxes. 
Given our standard screening procedures, newly found birds were 
considered as males having just arrived from the wintering sites. 
We presented these males with either a male or female bird as so-
cial stimulus. The stimuli were used at random, as they became 
available (because they were also utilized as stimulus in other be-
havioral tests (Garamszegi et al. 2008)). To mimic the natural situ-
ations, females were placed on the top of  the nest box (reflecting 
situation when a mate-sampling female inspects the nest box), while 
male stimuli were positioned 1.5–2.0 m away from the nest box 

(mimicking a territorial intrusions) for 5–10 min. The exposition 
times varied slightly because focal males returned to their territory 
sooner or later after the disturbance caused by the positioning of  
the stimulus by the experimenter and due to other constraints on 
the field. However, we always verified that the focal birds interacted 
with the stimulus for at least 5 min, assuming that this period was 
sufficient for the focal male to appropriately perceive the contextual 
situation. This can also be judged from their behavioral responses, 
as when returned to their territory focal males immediately started 
to display their nest-box for female stimuli, or displayed aggressive 
approaches toward the cage of  the male stimuli (Garamszegi et al. 
2008). In previous studies, we measured the latency to initiate an 
aggressive approach toward the male stimulus, but we found that 
this behavioral variable was weakly, if  any, predicted by the identity 
of  the stimulus (Szász et al. 2019). We did not make song record-
ings during the presentation of  the stimuli, as focal males did not 
typically sing in these situations (they may have uttered some stere-
otyped contact calls when presented with female stimulus, but these 
have very little among-individual variance and different function 
than that of  bird song used as a signal in sexual selection). Stimulus 
birds displayed generally similar behavior throughout all their tests 
(jumped to and fro in the small cages) and male stimuli never sang 
during this period.

After the removal of  the stimuli, we recorded the song of  the 
focal males using a standard protocol (Garamszegi, Merino, et  al. 
2006; Garamszegi et  al. 2007; Garamszegi et  al. 2012; Zsebők, 
Herczeg, et  al. 2018). The sound recordings were made using a 
Telinga parabola dish with a Sennheiser ME62 microphone and K6 
preamplifier on Tascam DR1 and Microtrack II handheld digital 
recorders (with a 48 kHz sampling rate and 16 bit quality). We only 
used recordings of  unpaired males, for which free-living females 
were not detected on the territory during the recording. Recordings 
were only made at relatively good weather conditions without rain 
and wind, and lasted at least 10 min and included at least 20 songs, 
to allow the standard estimation of  repertoire size (Zsebők et  al. 
2017). If  major disturbance from other birds, such as direct con-
tact with other male or female occurred, the recording was termin-
ated. However, minor, momentarily disturbance from other animals 
could not be excluded in the field, but it is unlikely that these short-
term interruptions decreased considerably the effect of  the original 
stimulus that was presented for several minutes in the immediate 
vicinity of  the nest box of  the focal male. However, this potential 
confounding effect that could not be fully avoided under field con-
ditions should only decrease the effect of  the stimulus birds, thus 
any positive result revealed could be considered robust.

We captured the birds within an hour after the song recordings, 
by using a spring-trap in their nest boxes for ringing and mor-
phological measurements (our long-term experience and ringing 
records suggest that recorded birds do not switch territory, so we 
are highly confident that we captured the bird that had been re-
corded at the same box). We determined the age of  males based 
on their plumage, since 1-year-old birds bear brown remiges and 
smaller white patches on their wings, while the remiges of  older 
males are black and their wing patches are larger (Mullarney et al. 
1999). The determination of  age is not reliable for non-recruit fe-
males and as minimum age (which could be determined from the 
ringing record) could be biased, we avoided the use of  this vari-
able in females. Body mass was measured using a Pesola spring bal-
ance (with a precision of  0.1 g), tarsus length, size of  the wing, and 
forehead patches were measured with a caliper (with a precision of  
0.1 mm). Wing patch size was calculated as the sum of  the length 
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of  the white area on the outer vanes of  the fourth to eighth pri-
maries. Forehead patch size was calculated as the product of  the 
maximum length and width of  this white patch (Hegyi et al. 2002; 
Török et  al. 2003). Before the measurements, birds without rings 
were marked with individually numbered rings (Aranea, Poland) for 
long-term identification.

All applicable international, national, and/or institutional guide-
lines for the care and use of  animals were followed. Permissions 
for the fieldwork have been provided by the Middle-Danube-Valley 
Inspectorate for Environmental Protection, Nature Conservation 
and Water Management, ref. no’s: KTVF 16360-2/2007, KTVF 
30871-1/2008, KTVF 43355-1/2008, KTVF 45116-2/2011, 
KTVF 21664-3/2011, KTVF 12677-4/2012, KTVF 10949-
8/2013, PE/EA/101-8/2018, PE-06/KTF/8550-4/2018, PE-06/
KTF/8550-5/2018) and was approved by the ethical committee of  
the Eötvös Loránd University (ref. no. TTK/2203/3).

Acoustic analyses

We analyzed song recordings from 60 males after exposure to fe-
male stimulus (recorded between 2007 and 2016)  and from 84 
males after exposure to male stimulus (recorded between 2013 
and 2018, Table 1). At the outset of  the field seasons from which 
song recordings originate, we did not intentionally collect repeated 
measurements with different stimuli, as these recordings were per-
formed independently of  the predictions of  the current study. 
Therefore, we do not have repeated data to appropriately estimate 
the within-individual variance in song due to effects mediated by 
female stimuli. However, for male stimulus scenarios, we could ob-
tain repeated measurements from 14 focal males (2 recordings from 
13 individuals and 3 recordings from 1 individual) from the same 
breeding season (11 repeats) or from different years (4 repeats), 
which allowed modeling within-individual effects from the singing 
males’ perspective.

We characterized each male’s singing performance based on dif-
ferent song traits following the subsequent procedures.

We manually cut out the songs from the recordings using Adobe 
Audition 3.0 (Adobe Systems) software, choosing 20 good-quality 
songs for each recording, for which the spectrograms of  syllables 
were clearly distinguishable from the background noise. We used 
the Ficedula Toolbox (Zsebők, Blázi, et al. 2018) to define the start 
and endpoints, as well as the minimum and maximum frequen-
cies of  each syllable, considering only the dominant frequencies, 
without the harmonics. These time and frequency boundaries of  
the defined segments were determined at about 20 dB above the 
background noise level at spectrographic settings of  a Hann FFT 
window with a 512-point window length and 95% window overlap. 
From these syllable segments, we extracted five easily measurable 
spectrographic features automatically with the Ficedula Toolbox: 
the duration, maximum and minimum frequency, frequency 

bandwidth and mean frequency of  the syllable. The last variable 
was obtained by taking the peak frequency values in each spectro-
graphic time window and calculating their averages at the syllable 
level (Garamszegi et al. 2012).

On the level of  songs, we measured song length and tempo 
(the ratio between the number of  syllables within song and song 
length, 1/s). Short-term complexity (hereafter complexity) was 
calculated as the number of  different syllable types/total number 
of  syllables within songs. Additionally, we calculated the min-
imum, maximum and mean frequency, and the frequency band-
width of  the song based on the mean frequencies of  the syllables 
within the song.

As our focal unit resided at the recording level, we calculated 
song variables on this hierarchical level using the above song 
measurements. Accordingly, we averaged all song variables (song 
length, minimum/maximum/mean frequency, frequency band-
width, tempo, and complexity) to characterize song at the level of  
recording. Furthermore, we estimated repertoire size by clustering 
the syllables into 200 syllable types with k-means method in R 
with the “kmeans” function in “vegan” R package (Oksanen et al. 
2016). To validate the reliability of  the clustering method, we com-
pared the estimation of  repertoire size of  320 individuals based on 
manual enumeration (see Zsebők, Blázi, et al. 2018 for the detailed 
method) with the estimates based on the k-means method. The cor-
relation between the two estimates (Pearson’s correlation, r = 0.8, 
df  = 318, P < 10–15) indicated that the k-means clustering method 
serves as a reliable surrogate for repertoire size. Therefore, to esti-
mate the repertoire size in our study, we calculated the number of  
k-mean clusters that could be detected for a given individual based 
on 20 songs (see also Linossier et  al. 2016). We also calculated 
song rate (the number of  songs in a minute calculated as 60/me-
dian of  song intervals), which inherently corresponded to the same 
hierarchical level.

For complex traits like bird song, one can define a large number 
of  variables to describe the temporal, structural, and compositional 
aspects of  signal design (Gil and Gahr 2002). The chosen variables 
defined above correspond to different biological meaning with 
supposed independence, and are also relevant in sexual selection. 
Following the practice of  our previous studies (Garamszegi et  al. 
2007, 2008; Zsebők et  al. 2017) and to allow comparisons with 
other species, we deliberately relied on the raw variables instead of  
combining them in a principal component analysis, which creates 
artificial products based on statistical constraints that are often hard 
to interpret biologically. Note that our selection of  song variables 
also involved dimension reduction, in which we relied on biological 
and not statistical considerations to exclude variables with the same 
meaning (e.g., the number of  syllables in a song may reflect the 
same information as song length). The statistical independence of  
the chosen variables can be assessed from their correlation matrix, 
which is provided in the Supplementary Table S1).

Table 1
Number of  stimulus bird used and sample sizes (number of  recordings made) given separately for years and sex of  stimulus

2007 2009 2010 2011 2013 2014 2015 2016 2017 2018

Number of  female stimulus used 13 4 3 2 2 1 2 1
Number of  recordings obtained with female stimuli 17 25 4 6 6 1 2 1
Number of  male stimulus used 1 2 4 6 2 6
Number of  recordings obtained with male stimuli 1 6 18 29 8 39
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Statistical analyses

For the majority of  the analyses, we used linear mixed models 
(LMM) to partition the variance components along the predictions 
of  the study. The models were fitted using Maximum Likelihood 
instead of  Restricted Maximum Likelihood method (Bolker et  al. 
2009). Prior to the analyses and the interpretation of  model out-
puts, the distribution of  the variables, as well as model residuals 
were checked visually by inspecting histograms and q-q plots. 
Furthermore, homogeneity and homoscedasticity of  the residuals, 
the stability of  models against influential data points, as well as ab-
sence of  collinearity with Variance Inflation Factor (VIF, it was al-
ways below 1.12; O’Brien 2007; Freckleton 2011) were also verified 
before the interpretation of  the model outputs. We extracted re-
sults from the full models. We calculated 95% confidence intervals 
(CIs) around the estimates of  interest with the help of  parametric 
bootstrapping with 1000 samples (Faraway 2006). Instead of  sta-
tistical significance, we relied on effect sizes theorem for interpret-
ations (Nakagawa and Cuthill 2007). To obtain effect sizes for the 
fixed effects in LMM, we conducted likelihood ratio tests (LRT) by 
comparing the models containing and lacking the respective fixed 
term of  interest, from which we calculated estimates of  effect sizes 
(Cramér’s V) based on the χ  2 statistics of  the LRT (Cohen 1988) 
and added the sign of  the β estimate to the effect size. We again 
calculated the 95% CIs with parametric bootstrapping (Nakagawa 
and Cuthill 2007), and we also added the sign of  the β estimate 
to the effect size here. Since Cramér’s V at 1 degree of  freedom is 
equivalent to the correlation coefficient (r), effects size of  r ≈ 0.1 
can be considered as small effect, r ≈ 0.3 as intermediate effect, and 
r ≈ 0.5 as large effect (Cohen 1988; Møller and Jennions 2002).

To analyze the effect of  stimulus identity on song performance, 
we built series of  univariate LMMs using each song trait one by 
one as response variable in two different analyses corresponding 
to two independent datasets: one for recordings/traits derived 
after the presentation of  a female and another for recordings/
traits derived after a male stimulus. The models included the fol-
lowing explanatory variables as fixed predictors. We controlled for 
the age of  the focal individual, the date of  recording and the time 
elapsed between the removal of  the stimulus and start of  the song 
recording (the latter variable can only be entered in the analyses 
with male stimuli, as for female stimuli such information were not 
available for most of  the cases). We used these fixed effects in these 
models only to control for their potential effect on the response 
variables, but we were not interested in their particular explana-
tory role. The random part of  the model included the identity of  
the stimulus, and we also used year as a random factor, to control 
for pseudoreplication due to year-specific effects. Given that we 
used different sets of  stimuli in different years, we nested the corre-
sponding random effect term within years. As for some males, we 
had multiple recordings after stimulating them with different males, 
we also included the identity of  the focal male as an additional 
random factor in models evaluating the effect of  male stimulus.

Those traits, for which we detected that stimulus identity ex-
plained non-zero between-individual variance in the above LMMs, 
were subjected to further analysis. To investigate how the effect of  
stimuli after their removal changed with time, we created bins of  
five songs along their original order within a recording and calcu-
lated the means of  these song traits at the level of  these bins (traits 
were calculated for the 1–5th song, 6–10th song, etc. in the re-
cording). We could not do this analysis for song rate and repertoire 
size, which were defined at the level of  20 songs.

We were also interested in identifying those stimulus-specific 
characteristics that cause the among-stimulus variance in song, be-
cause we can hypothesize that there are some detectable pheno-
typic differences among the stimuli that mediate the differential 
responses from the focal birds. If  males sing differently toward dif-
ferent stimuli, this can be because singing males are able to discrim-
inate between the listeners of  their song based on some cues that 
indicate their quality or correlate with the accrued fitness benefit. 
For example, body size, body condition, or plumage traits can be 
important traits of  the stimuli that can be considered when focal 
males shape their song performance. Therefore, in cases where we 
found that the identity of  stimulus is associated with non-zero var-
iance in the random part of  the LMM, we rerun the same model 
by adding the characteristics of  the stimulus to the list of  fixed pre-
dictors (see Dingemanse and Araya-Ajoy 2015). Accordingly, we 
included the following stimulus-specific variables in the model as 
fixed effects: body size (represented by tarsus length), body condi-
tion (residuals from body mass-tarsus regression separately built for 
the sexes, and we also controlled for year effects by including year as 
a random factor), wing patch size and forehead patch size (only in 
males) of  the stimuli. We did not use the age of  the stimuli even if  it 
may be an important signal of  quality, because its determination is 
unreliable in females, and in the other dataset we strictly used only 
adult males as stimuli. Time in captivity was also included as an ex-
planatory variable, as it might influence some components of  mor-
phology and condition (damage to plumage and gaining weight) 
as well as the behavior of  the stimuli (e.g. less stressed behavior 
due to habituation to captivity). These continuous predictors were 
z-transformed because they were on very different scales. The pur-
pose of  this modeling exercise was to investigate how the variance 
explained by the stimuli decreased when the stimulus-specific phe-
notypic traits were also included in the models as fixed factors. To 
characterize the magnitude by which the stimulus-specific traits are 
associated with the song traits, we conducted likelihood ratio tests 
(LRT) by comparing the models containing/lacking the respective 
fixed term to calculate effect sizes (Cramér’s V) from the χ  2 statis-
tics as described above. Potentially, the behavior or vocalization of  
the stimuli can also influence the focal birds’ responses, but we did 
not record these variables during the exposition phase of  the ex-
periments. However, the experimental situation was very artificial 
for the stimuli, and they typically displayed stereotyped behavioral 
elements with small among-individual variance and no vocalization 
in the restricted space that were available in the small cage.

All statistical analyses were performed in the R 3.6.1 statistical 
environment (R Core Team 2019). LMMs were fitted with the 
“lme4” package (Bates et al. 2011) and model simulations were car-
ried out by the “sim” function from the “arm” package (Gelman 
and Su 2008). Variance Inflation Factor was calculated by the “vif ” 
function from the “car” package (Fox and Weisberg 2011).

RESULTS
Experiments with female stimuli

We found non-zero variance that could be attributed to the iden-
tity of  the female stimulus only for song complexity (10.94%) when 
controlling for the considered fixed factors (Table  2). We found a 
small component of  variance to be explained by year effects for 
song length, maximum frequency and tempo, but overall a large 
part of  the among-recording variance was dumped in the unex-
plained, residual variance component (89.06–100%, Table 2). For 
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the fixed effects, we report the coefficients in terms of  scaled effect 
sizes and their 95% CIs in Table 2.

When we analyzed the bins of  five consecutive songs for song com-
plexity, we found that the among-stimulus variance decreased along 
the temporal order of  these bins (Figure 1). We provide the statistical 
outputs of  the corresponding models including the variance compo-
nents and their 95% CIs in the Supplementary Table S2).

When we constructed a LMM for song complexity that also in-
cluded the phenotypic traits of  the female stimuli (tarsus length, 
body condition, wing patch size, and time in captivity) in the list 
of  fixed predictors, the patterns of  variance decomposition in the 
random part of  the model has not changed considerably, and the 
proportion of  variance explained by stimulus identity has not de-
creased remarkably (10.941% vs. 7.959%). When we investigated 
the fixed effects, the strength of  the relationship between the traits 
of  the stimulus and the song complexity of  the focal male covered 
ranges reflecting small effect sizes (see Supplementary Table S6).

Experiments with male stimuli

Non-zero variance could be assigned for the identity of  male stimuli 
for song length, maximum frequency, complexity and song rate (8.00–
21.47%, Table  3). The identity of  the focal male explained 13.69–
62.70% of  the variance among recordings, except for complexity and 
repertoire size, where this variance component was estimated to be 
zero. The effect size estimates for the fixed effects used as control vari-
ables together with their 95% CIs are reported in Table 3.

The change in the proportion of  variance that is explained by 
the identity of  the male stimulus along temporal windows was 
less suggestive as it was for female identity in the above model on 
song complexity. The proportion of  explained variance depicted 
a decreasing tendency along the bins of  five songs only for song 
length, while for the other traits the pattern was more scattered 
(Figure 2). We provide the statistical outputs of  the corresponding 
models including the variance components and their 95% CIs in 
the Supplementary Tables S3–S5).

We investigated further how the characteristics of  the male stimuli 
can mediate the role for the stimulus-specific effects in the random 
part of  the models. We found that the proportion of  the among-
stimulus variance has been considerably decreased for song length 
(from 11.232% to <0.001%), maximum frequency (from 22.243% to 
4.794%) and song rate (from 12.482% to <0.001%), when the pheno-
typic traits of  the stimulus were included in the model. However, such 
an influence was less transparent for song complexity (from 16.374% 
to 10.090%). Overall, the models revealed intermediate effect sizes for 
i) the negative relationship between the song length of  the focal male 
and forehead patch size of  the stimulus (Cramér’s V = 0.257, 95% 
CI = −0.478 to −0.048, Figure 3a); for ii) the positive relationship be-
tween the song length of  the focal male and the tarsus length of  the 
stimulus (Cramér’s V = 0.227, 95% CI = −0.005 to 0.442, Figure 3b); 
for iii) the positive relationship between the maximum frequency of  
the focal male and the wing patch size of  the stimulus (Cramér’s V = 
0.236, 95% CI = 0.071–0.531, Figure 3c); for iv) the positive relation-
ship between the song rate of  the focal male and the body condition 
of  the stimulus (Cramér’s V = 0.269, 95% CI = 0–0.567, Figure 3d); 
and for v) the positive relationship between the song rate of  the focal 
male and tarsus length of  the stimulus (Cramér’s V = 0.224, 95% CI 
= 0–0.528, Figure  3e). The outputs of  the corresponding statistical 
models are given in the Supplementary Tables S7–S10).

Table 2
Results from the LMM built for the dataset that corresponds to the experiment using female stimulus

Fixed effects (signed Cramér’s V) Random effects (variance)

Song trait Date of  measurement Age Female stimulus ID Year Residual

Song length (s) 0.158 (−0.089, 0.430) 0.077 (−0.171, 0.359) 0.001 (<0.001, 0.002) 0.26% 0.031 (0.011, 0.098) 8.51% 0.336 (0.248, 0.534) 91.23%
Mean frequency  
(kHz)

−0.253 (−0.443, 0.007) −0.395 (−0.472, 0.032) 0 (0, 0) 0 (0, 0) 0.046 (0.034, 0.071) 100%

Minimum frequency 
(kHz)

−0.383 (−0.565, −0.143) −0.095 (−0.367, 0.155) 0 (0, 0) 0 (0, 0) 0.160 (0.121, 0.258) 100%

Maximum frequency 
(kHz)

−0.015 (−0.299, 0.250) −0.057 (−0.323, 0.211) 0 (0, 0) 0.008 (0.003, 0.025) 10.66% 0.064 (0.048, 0.100) 89.34%

Frequency range  
(kHz)

0.274 (0.080, 0.523) 0.050 (−0.207, 0.318) 0 (0, 0) 0.003 (0.001, 0.008) 1.11% 0.254 (0.189, 0.409) 98.89%

Tempo (1/s) 0.221 (0.026, 0.510) 0.086 (−0.167, 0.350) 0 (0, 0) 0.008 (0.003, 0.024) 9.08% 0.077 (0.058, 0.122) 90.92%
Complexity 0.069 (−0.199, 0.330) −0.183 (−0.444, 0.058) 0.0001 (<0.0001, 0.0002) 10.94% <0.0001 (0, 0) 0.0007 (0.0005, 0.0011) 89.06%
Repertoire size 0.296 (0.117, 0.542) 0.287 (0.024, 0.549) 0 (0, 0) 0 (0, 0) 244.300 (182.125, 381.729) 100%
Song rate 0.236 (−0.062, 0.476) −0.088 (−0.396, 0.218) 0 (0, 0) 0 (0, 0) 2.439 (1.800, 4.209) 100%

Estimates of  standardized effect sizes (Cramér’s V) with their 95% CIs of  fixed effects and variances of  the random effects, their 95% CIs and the respective percent of  the overall 
phenotypic variance are given. The sign of  the effect size reflects the sign of  the β estimate in the model. Effect sizes with CIs excluding 0 are in bold. N = 59 (except for song 
rate, for which N = 45).

0.0030

Female stimulus
Year
Residual

0.0020

V
ar

ia
nc

e 
ex

pl
ai

ne
d

0.0010

1 2 3

Bin of  5 songs

4
0.0000

Figure 1
Change in the results of  variance partitioning for song complexity after 
the exposure to female stimuli across different temporal bins of  songs (light 
gray: residual, gray: year, dark gray: female stimulus ID). Bins reflect the 
temporal arrangement of  song recordings each containing five consecutive 
songs with the first bin having been recorded shortly after the removal of  
the female. The error bars represent the CIs calculated using parametric 
bootstrapping
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DISCUSSION
The main findings of  this study are 4-fold. First, we found that 
the identity of  the stimulus toward which the songs are directed 
can raise non-zero variance among recordings for several song 
traits in the collared flycatcher. Second, we detected different 
patterns (i.e., different roles for different song traits) for the male 
and female stimuli. Third, the effect of  the stimuli in some cases 
decreased with time, indicating that songs produced shortly after 
the social stimulus are more affected than songs produced later, 
but this pattern varied across the sex of  the stimulus and partic-
ular song traits. Fourth, in the experiments using male stimuli, 

we were able to identify some of  their phenotypic traits that 
were responsible for the stimulus-specific song responses of  the 
focal male.

Relying on experiments, in which different females were used as 
the social stimulus, we found that their identity explained non-zero 
among-recording variance in short-term song complexity of  the 
focal males. Note that in an earlier study of  the same population 
males with lower complexity were paired earlier indicating that the 
trait could be sexually selected (Hegyi et  al. 2010). Although we 
could only measure some components of  the courtship behavior 
and not the actual preference, the ability of  adjusting song to the 
potential mate would fit with theories on male mate choice sug-
gesting that males would benefit from displaying more elaborately 
toward females with higher fecundity. Male mate choice has been 
demonstrated in various taxa like in fishes and arthropods (Pollo 
et  al. 2019; LaPlante and Delaney 2020), but was scarcely inves-
tigated and proved in birds (Hill 1993; Wolf  et  al. 2004; Pryke 
and Griffith 2007; Holveck et  al. 2011). Only a single study fo-
cused on song and found that captive Bengalese finch (Lonchura 
striata domestica) males sang with systematically different quantity 
and quality for different unmated females (Heinig et  al. 2014). In 
this study, we could not identify the female trait that particularly 
mediates the preferential signaling of  males. We could investigate 
some aspects of  female experience, size and condition that could 
be related to breeding success in terms of  laying date and clutch 
size (Andersson and Gustafsson 1995; Pärt 1995), but we found 
only weak effect sizes for them. However, we cannot exclude that 
some unmeasured components of  female quality mediate the 
stimulus-specific effects, which necessitates further investigations. 
For example age, previous reproductive success, reproductive stage 
(Ballentine et al. 2003; Naguib et al. 2016), or subsequent parental 
investment would be obvious candidate traits to study.

When using females as stimulus, their individual effects on com-
plexity were more robust for songs that were recorded immediately 
after the removal of  the stimulus than for songs that were produced 
later. This temporal pattern is in agreement with the mate sam-
pling behavior of  the European black and white flycatchers (Alatalo 
et  al. 1986; Pärt and Gustafsson 1989). In these species, females 
visit multiple males before pairing to assess the fitness consequences 
of  the underlying breeding opportunity. Hence, the removal of  the 
female stimulus from the males’ territory may simulate the situation 
when a mate-sampling female leaves the focal male to visit other 
males. In this context, directed songs toward a particular female 
may be effective for a relatively short period of  time only (see also 
Heinig et al. 2014).

In the experiments, in which we used males to trigger songs, 
we found that stimulus-specific effects covered non-zero among-
recording variance for several song traits of  the focal individual 
including song length, maximum frequency, complexity, and 
song rate. The territories are very important resources for fly-
catcher males playing a major role in female choice (Pärt 1994). 
Hence, it is not surprising that the presence of  a potential com-
petitor on a territory elicits substantial aggressive responses from 
the territory owner that also includes threat signals. Song as a 
low-risk aggressive signal may be especially useful in this context 
(see Garamszegi, Møller, et al. 2004 for the studied population; 
Linhart et  al. 2013; Vehrencamp et  al. 2014; Szymkowiak and 
Kuczynski 2017 for other species). Several examples demonstrate 
that territory defending males may benefit by adjusting the level 
of  investment in singing to the level of  threat the intruder rep-
resents (Maynard Smith 1982; Osiejuk and Jakubowska 2017). 
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Figure 2
Change in the results of  variance partitioning for (a) song length, (b) 
maximum frequency, and (c) complexity after the exposure of  male stimuli 
across different temporal bins of  songs (lightest gray: residual, light gray: 
year, medium gray: focal male ID, dark gray: male stimulus ID). Bins 
reflect the temporal arrangement of  song recordings each containing five 
consecutive songs with the first bin having been recorded shortly after the 
removal of  the stimulus. The error bars represent the CIs calculated using 
parametric bootstrapping
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The relationship between the song traits of  the focal male and morphological traits of  the male stimulus: (a) song length of  the focal male and forehead patch 
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For instance, red-eyed vireos (Vireo olivaceus) uttered more soft 
songs after playback of  stranger songs than after neighbor songs 
(Moser-Purdy and Mennill 2016). Similarly, playback of  calls of  
an unfamiliar individual triggered stronger call response from 
cuckoos (Cuculus canorus) than the calls of  neighbors (Moskát 
et al. 2017). A list of  playback experiments revealed that certain 
song traits might be altered within individuals in response to the 
immediate vocal challenge (Benedict et al. 2012; Geberzahn and 
Aubin 2014; Opaev et al. 2019; Opaev and Kolesnikova 2019). 
Note that although these playback experiments also targeted 
within-individual variance in song production, they did not ex-
plore the differences in the responses toward different opponents 
that we achieved here. These findings altogether unanimously 
emphasize that song traits can be plastically adjusted during a 
territorial conflict depending on the circumstantial situation, but 
species-specific roles should be applied regarding the particular 
traits involved.

We could successfully identify some of  those stimulus-specific 
traits that had elicited different singing response from the territo-
rial males. However, apparently different traits of  the stimulus are 
associated with different song traits indicating that territorial males 
apply a multidimensional adjustment on their songs based on var-
ious aspects of  their opponent. In general, the positive and mod-
erately strong relationship between song traits like song length, 
maximum frequency and song rate of  the focal males and the traits 
of  the stimuli like tarsus length, wing patch size, and body condi-
tion may imply that collared flycatchers may invest more into songs 
when faced with an opponent of  superior quality. Accordingly, 
one of  these traits, wing patch size of  an intruder, was also found 
to elicit higher level of  aggression in the same study population 
(Garamszegi, Rosivall, et al. 2006). However, an experimentally en-
larged forehead patch size increased male–male competition in a 
Swedish population (Qvarnström 1997), which is in contrast with 
the expectation based on the negative relationship between song 
length and the forehead patch size of  the stimulus in this study. 
Other traits with potential impact on song, such as body size, were 
previously found to play a role in competitive situations in other 
species (McGhee and Travis 2013; Linhart and Fuchs 2015; Kralj-
Fišer et al. 2016).

The roles found in the male–male context were also different 
from that of  the female-male context experiments with regard to 
the temporal decline of  influence. We only found a decreasing ten-
dency in the proportion of  variance explained by the identity of  
male stimuli for song length, but there was no such a clear gradual 
pattern for maximum frequency and complexity. A  possible ex-
planation for this difference between the results of  the male- and 
female-stimulus experiments may be sought in the difference in the 
underlying contextual situation. During mate sampling, if  a female 
leaves the male’s territory to visit others, quick short-term responses 
may be more effective. In contrast, during male–male competition, 
an intruder may be present close to the territory for longer time 
(especially if  it is from a neighboring territory), thus in this context 
longer sequences of  songs might operate as well, leaving less clear 
temporal patterns. Nonetheless, these results also emphasize the dif-
ferences in the song responses toward male and female stimuli.

Non-zero variance attributable to the identity of  the focal male 
was found in seven out of  the nine acoustic traits, indicating 
individual-specific song production. In all of  these cases, the vari-
ance explained by the focal male was greater than the component 
explained by the male stimulus. These results are comparable to 
previous repeatability estimates of  song in collared flycatchers and 

other species (Průchová et  al. 2017; Zsebők et  al. 2017; Naguib 
et al. 2019).

Overall, we found that different social challenges elicited stimulus-
specific responses in various song traits of  male collared flycatchers 
suggesting that these birds (beyond their individual-specific song ex-
pression) are also able to flexibly adjust their songs as the immediate 
social situation requires. Therefore, the interplay between the con-
sistent and plastic variation of  bird song has an interesting conse-
quence for the function and evolution of  animal signals with different 
social stimuli differently affecting different song components.

FUNDING
This work was supported by funds from the Hungarian National 
Research, Development and Innovation Office (K-124443, PD-115730, 
and K-129215) and by funds from the Ministry of  Economy and 
Competitiveness in Spain (CGL2015-70639-P).

We thank the Behavioural Ecology Group of  Eötvös Loránd University, es-
pecially György Blázi, Nóra Boross, Rita Főző, Rita Hargitai, Gergely Hegyi, 
Márton Herényi, Dorottya Kiss, Dóra Kötél, Katalin Krenhardt, Gábor 
Markó, Balázs Rosivall, Eszter Szász, Eszter Szöllősi, and János Török for 
their help in the fieldwork. We are also grateful to the Pilis Park Forestry. We 
thank Jan Komdeur and an anonymous reviewer for their valuable comments.

Data availability: Analyses reported in this article can be reproduced using 
the data provided by Jablonszky, Zsebők, et al. (2020).

Jan Komdeur  

REFERENCES
Alatalo  RV, Lundberg  A, Glynn  C. 1986. Female pied flycatchers choose 

territory quality and not male characteristics. Nature. 323:152.
Andersson  MS, Gustafsson  L. 1995. Glycosylated hemoglobin - a new 

measure of  condition in birds. Proc R Soc Lond B. 260:299–303.
Arnold  KE, Larcombe  SD, Ducaroir  L, Alexander  L. 2010. Antioxidant 

status, flight performance and sexual signalling in wild-type parrots. 
Behav Ecol Sociobiol. 64:1857–1866.

Ballentine B, Badyaev A, Hill GE. 2003. Changes in song complexity cor-
respond to periods of  female fertility in blue grosbeaks (Guiraca caerulea). 
Ethology. 109:55–66.

Bates D, Maechler M, Bolker B. 2011. lme4: linear mixed-effects models using 
S4 classes. Available from: http://CRAN.R-project.org/package=lme4.

Benedict L, Rose A, Warning N. 2012. Canyon wrens alter their songs in 
response to territorial challanges. Anim Behav. 84:1463–1467.

Boake CRB. 1989. Repeatability: its role in evolutionary studies of  mating 
behavior. Evol Ecol. 3:173–182.

Bolker BM, Brooks ME, Clark CJ, Geange SW, Poulsen JR, Stevens MH, 
White  JS. 2009. Generalized linear mixed models: a practical guide for 
ecology and evolution. Trends Ecol Evol. 24:127–135.

Catchpole  CK, Slater  PJB. 2008. Bird song: biological themes and varia-
tions. 2nd ed. New York (NY): Cambridge University Press.

Cohen J. 1988. Statistical power analysis for the behavioral sciences. 2nd ed. 
Hillsdale (MI): Lawrence Erlbaum Associates.

Cramp S, Perrins CM. 1994. The birds of  the Western Palearctic. Oxford 
(UK): Oxford University Press.

Dingemanse  NJ, Araya-Ajoy  YG. 2015. Interacting personalities: be-
havioural ecology meets quantitative genetics. Trends Ecol Evol. 
30:88–97.

Eriksson D, Wallin L. 1986. Male bird song attracts females - a field experi-
ment. Behav Ecol Sociobiol. 19:297–299.

Evans  SR, Gustafsson  L, Sheldon  BC. 2011. Divergent patterns of  age-
dependence in ornamental and reproductive traits in the collared fly-
catcher. Evolution. 65:1623–1636.

Faraway  JJ. 2006. Extending the linear model with R. Boca Raton (FL): 
Chapman & Hall/CRC.

Favaro L, Ozella L, Pessani D. 2014. The vocal repertoire of  the African 
Penguin (Spheniscus demersus): structure and function of  calls. PLoS One. 
9:e103460.

404

http://CRAN.R-project.org/package=lme4


Jablonszky et al. • The effect of  social environment on bird song

Fisher  J. 1954. Evolution and bird sociality. In: Huxley  J, Hardy  AC, 
Ford EB, editors. Evolution as a process. London (UK): Allen & Unwin. 
p. 71–83.

Fitzpatrick  CL, Servedio  MR; Handling editor: Ingo Schlupp. 2018. The 
evolution of  male mate choice and female ornamentation: a review of  
mathematical models. Curr Zool. 64:323–333.

Fox  J, Weisberg  S. 2011. An {R} companion to applied regression. 
Thousand Oaks (CA): Sage.

Freckleton RP. 2011. Dealing with collinearity in behavioural and ecological 
data: model averaging and the problems of  measurement error. Behav 
Ecol Sociobiol. 65:91–101.

Garamszegi LZ, Eens M, Török J. 2008. Birds reveal their personality when 
singing. PLoS One. 3:e2647.

Garamszegi LZ, Merino S, Török J, Eens M, Martinez J. 2006. Indicators 
of  physiological stress and the elaboration of  sexual traits in the collared 
flycatcher. Behav Ecol. 17:399–404.

Garamszegi LZ, Møller AP, Erritzøe J. 2003. The evolution of  immune de-
fense and song complexity in birds. Evolution. 57:905–912.

Garamszegi LZ, Møller AP, Török J, Michl G, Péczely P, Richard M. 2004. 
Immune challenge mediates vocal communication in a passerine bird: an 
experiment. Behav Ecol. 15:148–157.

Garamszegi LZ, Rosivall B, Hegyi G, Szöllősi E, Török  J, Eens M. 2006. 
Determinants of  male territorial behavior in a Hungarian collared fly-
catcher population: plumage traits of  residents and challengers. Behav 
Ecol Sociobiol. 60:663–671.

Garamszegi LZ, Török  J, Hegyi G, Szöllősi E, Rosivall B, Eens M. 2007. 
Age-dependent expression of  song in the collared flycatcher, Ficedula 
albicollis. Ethology. 113:246–256.

Garamszegi  LZ, Török  J, Michl  G, Møller  AP. 2004. Female survival, 
lifetime reproductive success and mating status in a passerine bird. 
Oecologia. 138:48–56.

Garamszegi LZ, Zsebok S, Török J. 2012. The relationship between syllable 
repertoire similarity and pairing success in a passerine bird species with 
complex song. J Theor Biol. 295:68–76.

Geberzahn  N, Aubin  T. 2014. How a songbird with a continuous singing 
style modulates its song when territorially challenged. Behav Ecol 
Sociobiol. 68:1–12.

Gelman  A, Su  YS. 2008. arm: data analysis using regression and multi-
level/hierarchical models. Available from: https://CRAN.R-project.org/
package=arm.

Gelter  HP. 1987. Song differences between the pied flycatcher Ficedula 
hypoleuca, the collared flycatcher F.  albicollis, and their hybrids. Ornis 
Scand. 18:205–215.

Gersick  AS, White  DJ. 2018. Male cowbirds vary the attractiveness of  
courtship songs with changes in the social context. Behaviour. 155:1–25.

Gil  D, Gahr  M. 2002. The honesty of  bird song: multiple constrains for 
multiple traits. Trends Ecol Evol. 17:133–140.

Glaze CM, Troyer TW. 2006. Temporal structure in zebra finch song: im-
plications for motor coding. J Neurosci. 26:991–1005.

Hegyi  G, Garamszegi  LZ, Eens  M, Török  J. 2008. Female ornamenta-
tion and territorial conflicts in collared flycatchers (Ficedula albicollis). 
Naturwissenschaften. 95:993–996.

Hegyi  G, Rosivall  B, Szöllősi  E, Hargitai  R, Eens  M, Török  J. 2008. 
Phenotypic plasticity in a conspicuous female plumage trait: information 
content and mating patterns. Anim Behav. 75:977–989.

Hegyi G, Szöllősi E, Jenni-Eiermann S, Török J, Eens M, Garamszegi LZ. 
2010. Nutritional correlates and mate acquisition role of  multiple sexual 
traits in male collared flycatchers. Naturwissenschaften. 97:567–576.

Hegyi G, Török J, Tóth L. 2002. Qualitative population divergence in prox-
imate determination of  a sexually selected trait in the collared flycatcher. 
J Evol Biol. 15:710–719.

Heinig  A, Pant  S, Dunning  J, Bass  A, Coburn  Z, Prather  JF. 2014. Male 
mate preferences in mutual mate choice: finches modulate their songs 
across and within male-female interactions. Anim Behav. 97:1–12.

Henderson LJ, Brazeal KR, Hahn TP. 2018. Plumage coloration and social 
context influence male investment in song. Biol Lett. 14:20180300.

Hill GE. 1993. Male mate choice and the evolution of  female plumage co-
loration in the house finch. Evolution. 47:1515–1525.

Hoi-Leitner  M, Nechtelberger  H, Hoi  H. 1995. Song rate as a signal for 
nest site quality in blackcaps (Sylvia atricapilla). Behav Ecol Sociobiol. 
37:399–405.

Holveck  MJ, Geberzahn  N, Riebel  K. 2011. An experimental test of  
condition-dependent male and female mate choice in zebra finches. 
PLoS One. 6:e23974.

Jablonszky  M, Krenhardt  K, Markó  G, Szász  E, Hegyi  G, Herényi  M, 
Kötél D, Laczi M, Nagy G, Rosivall B, Török J, Garamszegi LZ. 2020. 
A behavioural trait displayed in an artificial novel environment correlates 
with dispersal in a wild bird. Ethology. 126:540–552.

Jablonszky  M, Zsebők  S, Laczi  M, Nagy  G, Vaskuti  E, Garamszegi  LZ. 
2020. The effect of  social environment on bird song: listener-specific ex-
pression of  a sexual signal. Behav Ecol. doi:10.5061/dryad.7wm37pvrt

Kipper  S, Kiefer  S, Bartsch  C, Weiss  M. 2015. Female calling? Song re-
sponses to conspecific call playbacks in nightingales, Luscinia megarhynchos. 
Anim Behav. 100:60–66.

Koeninger Ryan K, Altmann J. 2001. Selection for male choice based pri-
marily on mate compatibility in the oldfield mouse, Peromyscus polionotus 
rhoadsi. Behav Ecol Sociobiol. 50:436–440.

Könczey R, Török J, Tóth L. 1992. Breeding success and breeding site fi-
delity in the collared flycatcher (Ficedula albicollis). Állattani Közlemények. 
78:69–76.

Kralj-Fišer  S, Čandek  K, Lokovšek  T, Čelik  T, Cheng  R-C, Elgar  MA, 
Kuntner M. 2016. Mate choice and sexual size dimorphism, not person-
ality, explain female aggression and sexual cannibalism in raft spiders. 
Anim Behav. 111:49–55.

Kroodsma  DE, Bereson  RC, Byers  BE, Minear  E. 1989. Use of  song 
types by the chestnut-sided warbler - evidence for both intra-sexual and 
inter-sexual functions. Can J Zool-Revue Canadienne De Zoologie. 
67:447–456.

LaPlante  LH, Delaney  S. 2020. Male mate choice for a female orna-
ment in a monogamous cichlid fish, Mikrogeophagus ramirezi. J Fish Biol. 
96:663–668.

Lattin C, Ritchison G. 2009. Intra- and intersexual functions of  singing by 
male blue grosbeaks: the role of  within-song variation. Wilson J Ornithol. 
121:714–721.

Linhart P, Fuchs R. 2015. Song pitch indicates body size and correlates with 
males’ response to playback in a songbird. Anim Behav. 103:91–98.

Linhart P, Jaška P, Petrusková T, Petrusek A, Fuchs R. 2013. Being angry, 
singing fast? Signalling of  aggressive motivation by syllable rate in a song-
bird with slow song. Behav Processes. 100:139–145.

Linossier  J, Zsebők  S, Baudry  E, Aubin  T, Courvoisier  H. 2016. Acoustic 
but no genetic divergence in migratory and sedentary populations of  
blackcaps, Sylvia atricapilla. Biol J Linn Soc. 119:68–79.

Lundberg A, Alatalo RV. 1992. The pied flycatcher. London (UK): T & A D 
Poyser.

Maynard  Smith  J. 1982. Evolution and the theory of  games. Cambridge 
(UK): Cambridge University Press.

McGhee  KE, Travis  J. 2013. Heritable variation underlies behavioural 
types in the mating context in male bluefin killifish. Anim Behav. 
86:513–518.

Michl  G, Török  J, Griffith  SC, Sheldon  BC. 2002. Experimental analysis 
of  sperm competition mechanisms in a wild bird population. Proc Natl 
Acad Sci USA. 99:5466–5470.

Møller  A, Jennions  MD. 2002. How much variance can be explained by 
ecologists and evolutionary biologists? Oecologia. 132:492–500.

Moore AJ, Brodie ED 3rd, Wolf JB. 1997. Interacting phenotypes and the 
evolutionary process: I. Direct and indirect genetic effects of  social inter-
actions. Evolution. 51:1352–1362.

Moser-Purdy C, Mennill DJ. 2016. Large vocal repertoires do not constrain 
the dear enemy effect: a playback experiment and comparative study of  
songbirds. Anim Behav. 118:55–64.

Moskát  C, Elek  Z, Bán  M, Geltsch  N, Hauber  ME. 2017. Can common 
cuckoos discriminate between neighbours and strangers by their calls? 
Anim Behav. 126:253–260.

Motes-Rodrigo  A, Labra  A, Lampe  HM. 2017. Breeding experience and 
not age modulates the song development of  pied flycatchers (Ficedula 
hypoleuca). Ethology. 123:197–204.

Mullarney K, Svensson L, Zetterström D, Grant PJ. 1999. Bird Guide, the 
most complete field guide to the birds of  Britain and Europe. London 
(UK): HarperCollins.

Naguib  M, Diehl  J, van  Oers  K, Snijders  L. 2019. Repeatability of  
signalling traits in the avian dawn chorus. Front Zool. 16:27.

Naguib M, van Rooij EP, Snijders L, van Oers K. 2016. To sing or not to 
sing: seasonal changes in singing vary with personality in wild great tits. 
Behav Ecol. 27:932–938.

Nakagawa S, Cuthill IC. 2007. Effect size, confidence interval and statistical 
significance: a practical guide for biologists. Biol Rev. 82:591–605.

O’Brien RM. 2007. A caution regarding rules of  thumb for variance infla-
tion factors. Qual Quant. 41:673–690.

405

https://CRAN.R-project.org/package=arm
https://CRAN.R-project.org/package=arm
https://doi.org/10.5061/dryad.7wm37pvrt


Behavioral Ecology

Oksanen J, Blanchet FG, Kindt R, Legendre P, Minchin PR, O’Hara RB, 
Simpson GL, Solymos P, Stevens MHH, Wagner H. 2016. vegan: com-
munity Ecology Package. R package version. 2.3–3. Available from: 
http://CRAN.Rproject.org/package=vegan.

Opaev AS, Kolesnikova YA. 2019. The role of  song rate and song bout’s 
complexity in the territorial behavior of  Radde’s warbler (Phylloscopus 
schwarzi). Zoologichesky Zhurnal. 98:319–331.

Opaev A, Kolesnikova Y, Liu M, Kang ZJ. 2019. Singing of  Claudia’s Leaf-
warbler (Phylloscopus claudiae) in aggressive contexts: role of  song rate, song 
type diversity and song type transitional pattern. J Ornithol. 160:297–304.

Osiejuk  TS, Jakubowska  A. 2017. Song duration mediates responses of  
territory owner in a songbird species with a small song repertoire. Acta 
Ethol. 20:137–145.

Palmero AM, Illera JC, Laiolo P. 2012. Song characterization in the spec-
tacled warbler (Sylvia conspicillata): a circum-Mediterranean species with a 
complex song structure. Bioacoustics. 21:175–191.

Pärt T. 1991. Is dawn singing related to paternity insurance - the case of  the 
collared flycatcher. Anim Behav. 41:451–456.

Pärt T. 1994. Male philopatry confers a mating advantage in the migratory 
collared flycatcher, Ficedula albicollis. Anim Behav. 48:401–409.

Pärt T. 1995. Does breeding experience explain increased reproductive suc-
cess with age - an experiment. Proc R Soc Lond B. 260:113–117.

Pärt  T, Gustafsson  L. 1989. Breeding dispersal in the collared flycatcher 
(Ficedula albicollis) - possible causes and reproductive consequences. J 
Anim Ecol. 58:305–320.

Pollo P, Muniz DG, Santos ESA. 2019. Be prudent if  it fits you well: male 
mate choice depends on male size in a golden orb-weaver spider. Anim 
Behav. 156:11–20.

Průchová A, Jaška P, Linhart P. 2017. Cues to individual identity in songs of  
songbirds: testing general song characteristics in Chiffchaffs Phylloscopus 
collybita. J Ornithol. 158:911–924.

Pryke  SR, Griffith  SC. 2007. The relative role of  male vs. female mate 
choice in maintaining assortative pairing among discrete colour morphs. 
J Evol Biol. 20:1512–1521.

Qvarnström  A. 1997. Experimentally increased badge size increases male 
competition and reduces male parental care in the Collared flycatcher. 
Proc R Soc Lond B. 264:1225–1231.

Qvarnström  A, Rice  AM, Ellegren  H. 2010. Speciation in Ficedula fly-
catchers. Philos T Roy Soc B. 365:1841–1852.

R Core Team. 2019. R: a language and environment for statistical com-
puting. Vienna (Austria): R Foundation for Statistical Computing.

Ronald KL, Skillman T, Lin A, Li Q, Fernández-Juricic E, Lucas JR. 2015. 
Watch your tone: social conditions modulate singing strategies. Ethology. 
121:1104–1115.

Santostefano  F, Wilson  AJ, Araya-Ajoy  YG, Dingemanse  NJ. 2016. 
Interacting with the enemy: indirect effects of  personality on conspecific 
aggression in crickets. Behav Ecol. 27:1235–1246.

Santostefano F, Wilson AJ, Niemelä PT, Dingemanse NJ. 2017. Indirect ge-
netic effects: a key component of  the genetic architecture of  behaviour. 
Sci Rep. 7:10235.

Schmidt KA, Belinsky KL. 2013. Voices in the dark: predation risk by owls 
influences dusk singing in a diurnal passerine. Behav Ecol Sociobiol. 
67:1837–1843.

Schuett W, Tregenza T, Dall SRX. 2010. Sexual selection and animal per-
sonality. Biol Rev. 85:217–246.

Snijders  L, van  der  Eijk  J, van  Rooij  EP, de  Goede  P, van  Oers  K, 
Naguib M. 2015. Song trait similarity in great tits varies with social struc-
ture. PLoS One. 10:e0116881.

Strauß  AFT, Hutfluss  A, Dingemanse  NJ. 2020. Great tits responding to 
territorial intrusions sing less but alarm more on colder days. Ethology. 
126:445–454.

Szász E, Markó G, Hegyi G, Török J, Garamszegi LZ, Rosivall B. 2019. 
Nest-site defence aggression during courtship does not predict nest-
ling provisioning in male collared flycatchers. Behav Ecol Sociobiol. 
73: 62.

Szymkowiak  J, Kuczynski  L. 2017. Song rate as a signal of  male aggres-
siveness during territorial contests in the wood warbler. J Avian Biol. 
48:275–283.

Temeles EJ. 1994. The role of  neighbours in territorial systems - when are 
they dear enemies. Anim Behav. 47:339–350.

Tibbetts EA, Dale J. 2007. Individual recognition: it is good to be different. 
Trends Ecol Evol. 22:529–537.

Tibbetts  EA, Mullen  SP, Dale  J. 2017. Signal function drives phenotypic 
and genetic diversity: the effects of  signalling individual identity, quality 
or behavioural strategy. Philos T Roy Soc B. 372: 20160347.

Török J, Hegyi G, Garamszegi LZ. 2003. Depigmented wing patch size is 
a condition-dependent indicator of  viability in male collared flycatchers. 
Behav Ecol. 14:382–388.

Vehrencamp SL, Ellis JM, Cropp BF, Koltz JM. 2014. Negotiation of  terri-
torial boundaries in a songbird. Behav Ecol. 25:1436–1450.

Vignal C, Mathevon N, Mottin S. 2004. Audience drives male songbird re-
sponse to mate’s voice. Nature. 430:448–451.

Warrington MH, McDonald PG, Rollins LA, Griffith SC. 2014. All signals 
are not equal: acoustic signalling of  individuality, sex and breeding status 
in a cooperative breeder. Anim Behav. 93:249–260.

Wilson  AJ, Grimmer  A, Rosenthal  GG. 2013. Causes and consequences 
of  contest outcome: aggressiveness, dominance and growth in the 
sheepshead swordtail, Xiphophorus birchmanni. Behav Ecol Sociobiol. 
67:1151–1161.

Wolf WL, Casto JM, Nolan V, Ketterson ED. 2004. Female ornamentation 
and male mate choice in dark-eyed juncos. Anim Behav. 67:93–102.

Zipple MN, Nowicki S, Searcy WA, Peters S. 2019. Full life course analysis 
of  birdsong reveals maturation and senescence of  highly repeatable song 
characteristics. Behav Ecol. 30:1761–1768.

Zsebők  S, Blázi  G, Laczi  M, Nagy  G, Vaskuti  E, Garamszegi  LZ. 
2018. “Ficedula”: an open-source MATLAB toolbox for cutting, 
segmenting and computer-aided clustering of  bird song. J Ornithol. 
159:1105–1111.

Zsebők  S, Herczeg  G, Blázi  G, Laczi  M, Nagy  G, Szász  E, Markó  G, 
Török  J, Garamszegi LZ. 2017. Short- and long-term repeatability and 
pseudo-repeatability of  bird song: sensitivity of  signals to varying envir-
onments. Behav Ecol Sociobiol. 71: 154.

Zsebők  S, Herczeg  G, Blázi  G, Laczi  M, Nagy  G, Török  J, 
Garamszegi LZ. 2018. Minimum spanning tree as a new, robust reper-
toire size comparison method: simulation and test on birdsong. Behav 
Ecol Sociobiol. 72: 48.

406

http://CRAN.Rproject.org/package=vegan

