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Abstract

The evolution of mating signals is closely linked to sexual selection. Acoustic ornaments are often used as secondary sexual
traits that signal the quality of the signaller. Here we show that song performance reflects age and reproductive success in
the rock sparrow (Petronia petronia). In an Alpine population in south-east France, we recorded the songs of males and
assessed their genetic breeding success by microsatellite analysis. In addition to temporal and spectral song features, we
also analysed for the first time whether the sound pressure level of bird song reflects reproductive success. Males with
higher breeding success sang at a lower rate and with a higher maximum frequency. We found also that older males gained
more extra-pair young and had a higher overall breeding success, although they also differed almost significantly by having
a higher loss of paternity in their own nests. Older males could be distinguished from yearlings by singing at lower rate and
higher amplitudes. Our findings suggest that song rate may be used as a signal of age and together with song pitch as a
signal of reproductive success in this species. Alternatively, younger and less successful males might try to compensate their
inferior status by increased song rates and lower pitch. Independent of age and quality, high-amplitude songs correlated
with paternity loss in the own nest, suggesting that in this species song amplitude is not an indicator of male quality but
high-intensity songs may be rather a response to unfaithful social mates.
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Introduction ments in song amplitude, several studies have found consistent
differences in vocal amplitude between males of a population
[26,34,35,36]. In insects and anurans, variation in male vocal
amplitude plays an important role in both female choice and male-
male competition [37]. Several studies indicate that this is also true
in birds: females of several species have been found to prefer
louder songs [38,39] and song amplitude is also important in male-
male territorial interactions [23,26,34]. Thus, the sound pressure
level is likely to have a function in both inter- and intra-sexual
selection. However, it is unknown whether and how the striking
variation in song amplitude between males varies with fitness.

Birdsong is a multifaceted mating signal, and several different
acoustic characteristics have been related to its sexual function [1].
For example, song complexity or repertoire size (e.g. [2,3], but see
[4]), special song elements [5], performance-related song variables
[6,7], the timing of singing [8], or combined features [9] have all
been found to be an indicator of male quality. Many studies
indicate that song characteristics are not only related to individual
fitness but also to male age [10,11]. In several species, older males
have bigger repertoires [12] or perform songs better than one year
old males [13,14]. Age and reproductive success are often
interrelated, as age is an indicator of male viability [15]. Indeed,
in several songbirds breeding success has been found to increase
with age [16,17]. Accordingly, males may signal their age and
quality with their songs [14,18,19,20,21].

In the context of male quality signalling, one song parameter
that has been neglected by previous studies is song amplitude. This
is surprising, for the potential of male song amplitude for sexual
selection was highlighted by Gil and Gahr [1] a decade ago. In
recent years, methods have been developed for reliably measuring
vocal amplitude in free-ranging birds [22,23,24,25,26]. Song
amplitude is a flexible trait that can be individually regulated, for
instance in relation to environmental noise [27,28] or social
context [23,29,30,31]. Increasing the amplitude of a song is a
successful tactic to communicate over long distances and in high
noise levels [32,33]. However, in addition to individual adjust-

We addressed this topic in a field study on rock sparrows
(Petronia petronia). 'The overall aim of the study was to investigate
whether male rock sparrows use their advertisement songs to
signal their age and fitness. In particular, we related song
parameters, including song amplitude, to the singer’s age and
reproductive success of the current mating season. The main
reason to choose the rock sparrow as study species is a technical
one: rock sparrows are not territorial but breed semi-colonially, i.e.
they defend only one or two meters around their nest against other
males [40]. In our study population, males mostly sing on top of
their nestboxes. This enabled us not only to predict the males’ song
posts but also to place a radio microphone in a fixed position
above the singing male, which is the ideal position to reliably
measure the sound pressure level of song. The breeding biology of
the species has been intensively studied regarding plumage
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ornaments that are present in both sexes [41,42,43,44], but much
less is known about the role of male songs in sexual selection. Rock
sparrows are mainly socially monogamous, but some males are
socially polygynous, and a considerable proportion of young is
sired through extra-pair matings [45]. Therefore we assessed
fitness as the genetic breeding success of males based on paternity
analysis with microsatellite markers.

Methods

Ethics statement

The protocols for capturing, handling, marking, observing and
taking blood were approved by the ethical committee of the Max
Planck Institute for Ornithology and the Natural History Museum
Paris. E.N. holds a permanent German ringer license (Radolfzell
ringer No. 1694) and had a temporary French ringer license for
2008 and 2009 approved by the French Centre de Recherches par
le Baguage de Populations d’Oiseaux.

Study species and study site

Rock sparrows were studied in the Clarée valley in the French
Alps close to the villages of Les Alberts and Nevache. The local
population has been studied as part of a long-term project by G.
M. since 2001 [40,46,47]. The birds of this population bred almost
exclusively in wooden nestboxes (10x34 ¢cm and 10 cm high) that
were attached to utility poles at a height of four meters. The
distance between neighbouring nest boxes was approximately
50 m. Since the population has been colour-ringed and monitored
for several years, we were able to determine the exact age of many
individuals. Unknown birds that may have immigrated from other
localities were caught and colour-ringed at the beginning of each
breeding season. Birds were caught by nestbox-traps or mistnets.
All data reported here were gathered in 2008 and 2009. Our study
population comprised 31 territorial males in 2008 and 33 males in
2009. We could get paternity data for 18 territorial males in 2008,
and in 2009 we gathered genetic data from 31 males. Five of these
males bred in both study years, and we used their genetic and
acoustic data from only one year (decided by coin toss). We tried to
get song recordings for all males in the early phase of the breeding
season before the onset of egg laying in the own nest. During this
phase, males sing often on top of their nest box [40], and they are
visited by different females, who investigate the nestbox and may
or may not become the future partner of the resident male. Even
during the nest building phase more than one female usually visits
the nest. Therefore we decided to use the whole period of the early
breeding season until egg-laying as our time unit for analysis. Our
sample size was limited by the necessity to get recordings of males
singing on the nestbox under the microphone to measure the
sound pressure level of their song. In total, we could record 25
different males that could be used for the analyses of song variables
in relation to breeding success. Twenty-two of these 25 males bred
successfully, and the song data from these males were used to
analyse the relation between paternity loss and song parameters.
Three additional males occupied nest boxes but remained
unmated. Their songs were recorded before the last female in
the population started to lay eggs. The songs of an additional three
unringed, but mated males were used in the calculation of the
variation of song amplitude within males. The relation between
overall reproductive success and song parameters were both
analysed with the 22 paired males and the extended dataset of 25
males. We were able to determine the age of 22 males in our
sample based on ringing data from previous years and for a subset
of 20 of those males we also measured reproductive success. The
onset of egg-laying did not differ between females of yearlings and
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females of older males (Mann-Whitney U-test, U=34.5.

Noldcr = 127 Nycarling = 7’ p= 054)

The song of rock sparrows

The advertisement song of the species consists of only one
element that is repeated several times forming a song bout (Fig. 1).
Similar to strophes in other bird species, rock sparrow song
elements are separated by pauses of 2.0 to 4.7 seconds and
therefore we use hereafter the term element and song synony-
mously. Males sing in the immediate vicinity to the nest, often with
no female nearby. Another, much rarer, type of song that we did
not consider here is the courtship song. Courtship song is
structurally different from the advertisement song and is produced
only in the presence of females, often immediately before a
copulation [47]. The male advertisement song is primarily used in
male-female interactions [41,47]. In particular, territorial males
sing at a higher rate when a female is approaching the nesting site
(Matessi, unpublished data). However, it remains to be shown
whether the intra-sexual function of song is mainly related to the
attraction of females or to strengthen the pair bond.

Microsatellite analysis

To determine parentage we sampled 5-25 pl blood from the
brachial vein of adults and 13 days old chicks. In total, we took
blood samples from 44 adult males (76% of the reproducing
males), 42 adult females (90% of the reproducing females) and 285
young (100% of young). The blood was immediately suspended
and stored in Queen’s lysis buffer [48]. DNA was isolated with the
GFX Genomic Blood DNA Purification Kit (GE Healthcare
Europe, Freiburg, Germany). For paternity analysis, we used
eleven microsatellite primers developed for this species by
Grapputo et al. [49]. Microsatellite amplifications were performed
in multiplexed PCRs using the QIAGEN Multiplex PCR kit
(QIAGEN) and primer mixes containing three to four primer
pairs, using a GeneAmp PCR System 2007 (Applied Biosystems).
Forward primers were labeled at their 5" end with fluorescent dyes
from Applied Biosystems. Differences in amplification efficiency
and dye strength of the primers were accommodated by adapting
the primer concentrations in these mixes. Concentrations and
fluorescent dye of each forward and reverse primer in the primer
mixes were as follows. Mix 1: 0.66 uM of PP1813 (PET), 0.33 uM
of PP18117 (VIC), 1.33 uM of PP18113 (6FAM), 0.66 uM of
PP18112 (6FAM); Mix 2: 0.66 uM of PP14 (VIC), 1 uM of PP15
(6FAM), 0.66 uM o1-13f PP18114 (PET); Mix 3: 0.5 uM of PP38
(6FAM), 0.5 uM of PPO1 (VIC), 0.66 uM of PP18111 (NED).
Each 10 pL multiplex PCR contained 20-60 ng DNA and was set
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Figure 1. An example of a typical rock sparrow advertisement
song. A song bout consists of one element that is repeated several
times. Song performance (element rate and song amplitude) may vary
considerably between males.

doi:10.1371/journal.pone.0043259.g001
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up and amplified according to manufacturers instructions.
Annealing temperature was 51°C for Mix 1 and 55°C for Mix 2
and 3. Microsatellite P11 and the sexing primers P2 and P8
(Griffiths et al. 1998) were amplified in single PCRs with standard
protocols using 20-60 ng DNA, 0.25 U of Taq DNA polymerase
(Fermentas), a provided buffer containing (NH4)2SO4 and 2 mM
MgCly. Annealing temperatures were 54°C for PP11 and 50°C for
P2P8. 1.5 pl of the PCR product was mixed with formamide
containing the GeneScan 500 LIZ Size Standard, heat denatured
and resolved in POP4 polymer on an ABI 3100 Genetic Analyser
(all Applied Biosystems). Raw data were analyzed with Gene-
Mapper 4.0.

The 11 microsatellite markers showed 3-17 alleles in the study
population (mean = 8). None of the markers deviated significantly
from Hardy-Weinberg equilibrium. The combined probability of
exclusion for the marker set was greater than 0.999. The
combined non-exclusion probability for a pair of parents was
2.7x1077. Paternity was excluded if loci showed multiple
mismatches between the putative father and the offspring. In
199 cases there was no mismatch, in 10 cases one mismatch with
the social father. We concluded that they were within-pair
offspring and that the mismatches were due to mutations. Sixty-
eight offspring showed 3—7 mismatches with the social father and
were considered extra-pair young. For 40 offspring, another male
in the population matched the paternal genotype completely (no
mismatches). For two extra-pair offspring from different broods,
another male had only one mismatch with the offspring. In one of
these cases, the identified extra-pair male (zero mismatches)
fathered another extra-pair offspring in the same brood.

In 2008 and 2009, we determined paternity for 277 of 285
young (97%), identified 30 different fathers and 40 different
mothers and had 8 chicks with unknown father. We found a
similar rate and distribution of extra-pair paternity in the two
successive years: 22% (30/137) of the young were sired by an
extra-pair father in 2008 and 27% (38/140) in 2009. We detected
extra-pair young in 41% of all nests with identified paternity (12/
29) in 2008 and in 48% (13/27) in 2009. For further analysis data
from the two years were pooled.

Song recordings

All birds were recorded between 0600 to 1054 hours during the
early breeding season until the onset of egg-laying between 3 May
and 27 June. Rock sparrows typically start singing in full daylight,
1.e. there is no dawn chorus, and none of the measured song
variables (see below) varied significantly with the time of day of the
recording (Spearman rank-correlations: —0.29<r<0.19, N =25,
0.16<P<<0.96). Also, none of the measured song parameters
correlated significantly with the recording date (—0.31<r<<0.23,
N=25, 0.11<P<0.89). Song recordings were made with a
wireless radio microphone system: a Sennheiser M2 omnidirec-
tional Lavalier microphone was fixed to the utility pole facing
downwards 65 cm above the nestbox. The microphone was
connected to a Sennheiser SKP Evolution transmitter which was
attached to the utility pole, out of sight of the bird. An observer at
about 30 to 100 m distance received the signal with a Sennheiser
EK 100 receiver and recorded it on one of two stereo tracks of a
digital recorder (Marantz PMD 660 or Sound Devices 722 Digital
Audio Recorder). During recording sessions, birds were observed
with a scope and male behaviour was recorded on the second
stereo track of the digital recorder. After each recording, we placed
a loudspeaker (FoxPro Scorpion model X1-A) at the position of the
singing male to calibrate the recording; a reference signal (4 kHz
sine tone) with known amplitude was broadcasted and recorded
with the same settings as the bird song. The amplitude of the
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reference signal was measured in an anechoic chamber with a
CEL-573 Class 1 precision sound level analyzer. The reference
signal was used to calibrate Avisoft SASLab Pro (version 5.0.13)
software for the subsequent sound pressure level measurements.
All sound pressure measurements are given as SPL values, i.e. in
relation to 20 pPa. For the song analyses (see below) we used only
recordings of song bouts with at least 8 songs. In total 1248 songs
were used in the analysis (range 8 to 309 songs per male). Fifteen
males were recorded in 2008 and 13 different males in 2009.
There was no significant difference between the two cohorts from
the two successive years in any of the measured frequency and
temporal variables (see below), nor in amplitude (Mann-Whitney
U-test: 70<U<94, N, =15, Ny =13, 0.22<P<0.89). Hence, we
pooled the data of both years for further analyses.

Song analyses

Song recording files were copied to a computer and then
analysed with the software Avisoft SASLab Pro (version 5.0.13).
Spectral parameters were measured with a frequency resolution of
86 Hz and temporal variables with a resolution of 5.8 ms. Because
our radio microphone system allowed us to record the songs with
high signal-to-noise ratios, the acoustic analyses could be done
using the automatic parameter measurement function of Avisoft.
For each element of a song bout, we measured the following
parameters: peak frequency (i.e. the frequency at the maximum
amplitude in the spectrum), minimum and maximum frequency
(i.e. the lowest and highest frequency 20 dB below the peak
amplitude), and sound pressure level. From these values, averages
were calculated for each individual, which were then used for
further analysis. In addition, we measured the duration of all
elements and the singing rate (number of song elements per
minute) for each song bout. Again, average values were calculated
in cases where more than one song bout was recorded for each
individual. The distribution of all measured song variables did not
deviate from normality (Kolmogorov-Smirnov test, N =28,
0.47<P<0.86). Sets of raw variables as in our study are often
reduced with a principal component analysis to yield a lower
number of composite measures. However, our raw variables
showed too little covariation and the Kaiser-Meyer-Olkin measure
of sampling adequacy indicated that our data set was not suited for
a principal component analysis (KMO measure <0.5, [50]).
Therefore, we analyzed each raw variable separately.

The average song amplitude in our sample of 28 males ranged
from 73 to 85 dB SPL. This 12 dB maximum difference between
males was bigger than the variation within males (Fig. 2). To
further assess the variation of acoustic measurements within males,
we calculated a repeatability score from a one-way ANOVA with
individual as factor [51]. In this analysis, all males were included
for which we had two or more recordings of different song bouts
(N = 14 males). Between these song bouts males left their song post
for 8 to 98 minutes. These males showed a high repeatability of
song amplitude measurements, and medium to high levels of
repeatability in frequency and temporal measurements (based on
one-way ANOVAs with DFy,ceen = 13 and DF ;0 = 16): ampli-
tude, repeatability R =0.701+0.11 SE (F =5.70, P=0.0007), peak
frequency, R=0.42+0.12 SE, (F=2.44, P=0.04), mimimum
frequency, R=0.56*+0.12 SE (F=3.50, P=0.009), maximum
frequency R=0.69 (F=5.50, P=0.09), song duration,
R=0.63%0.12 SE (F=4.39, P=0.004) and song rate,
R=0.93%£0.032 SE (F=27.8, P<<0.001).

Analysis of paternity, breeding success and age
We constructed generalized linear models (GLMs) to analyse
song variables in relation to reproductive success and age. Full
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Figure 2. Variation of song amplitude within and between
male rock sparrows. Values are shown as means =95% confidence
intervals.

doi:10.1371/journal.pone.0043259.9g002

models were simplified by excluding variables in order of
decreasing significance until only terms with P<<0.1 remained in
the model. Stepwise methods might produce inflated Type I errors
[52] and therefore we present both full and reduced models. To
avoid multi-collinearity [53] we excluded variables among our
predictor variables that were highly correlated (r>0.4, Table 1).
Thus, for each of the four dependent variables (i.e. overall
breeding success, paternity gain, paternity loss, and age) we
initially ran four models and for each model we calculated a full
model and then a reduced model that retained only the significant
predictor variables. Maximum frequency correlated with peak
frequency and song rate varied with song duration (Table 1). In all
final models, maximum frequency had a stronger effect on the
dependent variables than peak frequency, and song rate had a
greater explanatory power than song duration. Therefore, we
report only the models with maximum frequency and song rate.
Depending on the distribution of the dependent variables we
used different types of GLMs. Paternity loss was a binary variable
and we constructed the respective models with binomial error
structure and logit-link function. For paternity gain (measured as
the number of young sired in other nests) we used models with a
quasi-Poisson error structure and a log-link function, because
models with a Poisson error structure showed overdispersion [54].
For breeding success we constructed models with Gaussian error
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structure. Values of individual breeding success ranged from 0-10
young. Models were calculated for all paired males and also for the
extended data set with three additional unpaired males. In both
cases, the distribution of the values for breeding success did not
deviate significantly from normality (paired males, mean = SE
breeding success, 5.5%0.50, Kolmogorov-Smirnov test, N =22,
7.=0.887, P=0.411; paired plus unpaired males, mean * SE
breeding success, 4.84%20.57, N=25, Z2=0.724, P=0.671). To
investigate song as a potential indicator of age, we split our sample
into two age classes: yearling males and males older than one year
(older). Age was thus analysed as a binary variable by constructing
GLMs with binomial error structure. All statistical analyses were
performed with R.2.12.2.

Results

Age, breeding success and extra-pair paternity

Older males had a higher breeding success than yearlings
(median and inter-quartile range (IQR), older males: 5.75, 5.75—
7.00, yearlings: 5.00, 0.00-5.00, Mann-Whitney U-test: U =17.5,
Nyearling = 8, Noider = 12, P=0.01). This was due to a significantly
higher number of extra-pair young sired by older males (median
and IQR, older males: 2.00, 0.50-3.00, yearlings: 0.00, 0.00-0.25,
U=16.0, Nycarting=8, Noider =12, P=0.021). Despite their
greater overall reproductive success, older males had more
extra-pair young in their own nests, though this difference failed
to reach significance (median and IQR, older males: 1.00, 0.00—
2.50, yearlings: 0.00, 0.00-0.00, U=27.0, Nycarling=35,
Noider = 12, P=0.06). Two of the older males in our sample bred
with two females, and these socially polygynous males had a
relatively high breeding success. When we excluded the polygy-
nous males from the analysis, we still found that older males had a
higher breeding success (median and IQR, older males: 6.00,
5.25-6.00, yearlings: 5.00, 0.00-5.00, U=16.5, Nycaring=8,
Noder = 10, P=0.03), a higher paternity gain (median and IQR,
older males: 1.00, 0.00-3.00, yearlings: 0.00, 0.00-0.25, U =21.5,
Nyearling =8, Noider = 10, P=0.03), and also lost almost signifi-
cantly more paternity in their own nest (median and IQR, older
males: 0, 0-1, Yearlings: 0, 0-0, U =24.5, Nycarting = 8, Notger = 10,
P=0.06).

Song as an indicator of breeding success, extra-pair
paternity and age. The measured song variables explained
some of the variation in breeding success, extrapair gain and
paternity loss (Table 2, Fig. 3a, 3b). Males singing with high
maximum frequencies and at low song rates sired more offspring
(mean of maximum frequency, 5.7+0.21 kHz; Table 2). In the
data set of 22 males (excluding unpaired males), these two song
variables were also significant in the final model: (GLMs, DF = 20,

Table 1. Pearson correlation matrix of song parameters (N=28 males).

Song duration Peak frequency Minimum frequency Maximum frequency Amplitude
Song rate 0.478* 0.14 0.16 0.00 —0.05
Song duration —0.08 —0.03 -0.13 0.27
Peak frequency 0.76"" 0.69"" —0.01
Minimum frequency 0.27 0.16
Maximum frequency —0.03

Significant correlations are indicated in bold.

*, Correlation is significant at the 0.05 level (2-tailed).
**_ Correlation is significant at the 0.01 level (2-tailed).
doi:10.1371/journal.pone.0043259.t001
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estimate = standard error, song rate: —0.10%£0.044, t= —2.099.
P =0.049; maximum frequency: 1.33%20.41. t=3.219, P=0.005).

Similar to overall breeding success, low song rates also indicated
extra-pair success, because males that gained extra-pair paternities
produced fewer song elements per minute (Fig. 3a). In addition,
males that gained extra-pair paternities also sang at a higher pitch
(Table 2). Males that lost paternity in their nests produced songs
with significantly higher amplitudes (Fig. 3b, Table 2). On
average, cuckolded males sang 4.8 dB louder than those that did
not loose paternity in their own nest (mean * SE, amplitude
cuckolded males, 82.8+0.92 dB, non-cuckolded males:
77.9%20.92 dB).

We found no significant differences when we analysed the pair-
wise differences of song variables between social mates and extra-
pair mates (exact Wilcoxon signed rank tests, 22<W<33.5, N=7,
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Table 2. Song variables that explained variation in breeding success, number of sired extra pair chicks and paternity loss in rock
sparrows by GLMs.
Dependent variable: Breeding success (N =25)
Predictors Estimate SE t P-value
Full model
Intercept —2.63 10.48 —0.25 0.80
Amplitude 0.02 0.13 0.13 0.89
Song rate —0.13 0.06 —2.37 0.027
Minimum frequency 0.41 1.02 0.40 0.69
Maximum frequency 1.43 0.51 2.79 0.011
Reduced Model
Intercept —0.55 295 —0.19 0.85
Song rate —0.13 0.05 —244 0.023
Maximum frequency 1.49 0.47 3.19 0.004
Dependent Variable: Extra-pair gain (N =25)
Predictors Estimate SE t P-value
Full model
Intercept 1.10 6.32 0.17 0.86
Amplitude —0.07 0.08 —0.89 0.38
Song rate —0.20 0.09 —2.22 0.04
Minimum frequency 1.24 0.83 1.50 0.15
Maximum frequency 0.91 0.50 1.82 0.087
Reduced Model
Song rate —0.12 0.05 —2.42 0.025
Maximum frequency 0.48 0.16 2.94 0.008
Dependent variable: Paternity loss (Nycariing=11, Naguie=11)
Predictors Estimate SE z P value
Full model
Intercept —50.20 20.62 —1.99 0.047
Amplitude 0.63 0.3 1.99 0.046
Song rate —0.02 0.08 —0.25 0.78
Minimum frequency 1.26 1.76 0.72 0.47
Maximum frequency —0.36 0.69 —0.52 0.60
Reduced model
Intercept —48.40 22.14 —2.19 0.028
Amplitude 0.60 0.27 2.19 0.028
doi:10.1371/journal.pone.0043259.t002

0.156<P<<0.938). However, the lack of significance can be due to
the small sample size.

Song performance characteristics varied between the two age
classes with older males singing at a lower rate and at higher
amplitudes than yearlings (Fig. 3¢ and 3d). However, song rate as
predictor variable was significant only in the final model and song
amplitude marginally failed to reach statistical significance

(Table 3).

Discussion

Our results indicate that male rock sparrow songs reflect age
and reproductive success of the singer. Males with high
reproductive success sang with higher maximum frequencies and
at low song rates, whereas paternity loss was reflected in high song
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amplitude. At the same time, song amplitude and song rate also
varied with male age: the two age classes could be predicted by a
lower song rate and higher amplitudes in old males.

In our study population, we observed an extra-pair paternity
rate of 25% extra-pair young, which is high in comparison to other
songbirds [55] and similar to the rate found in another rock
sparrow population [45]. In this other population, Pilastro et al.
[45] found a higher rate of cuckoldry in polygynous as well as in
older males. They could also show that males with more intense
mate-guarding behaviour suffered less paternity loss and they
concluded that there is a trade-off between mate guarding and
attracting a new mate in polygynous individuals. Our data confirm
a higher rate of cuckoldry in older males but this pattern was even
found when we excluded polygynous males from the analysis. In
contrast to the study of Pilastro et al. [45] we used microsatellite
analysis instead of DNA fingerprinting and were thus able to
identify extra-pair fathers. We found that older males surpassed
the paternity loss in their own nest by gaining more extra-pair
paternity in other nests. So, overall reproductive success was
significantly higher in older males than in yearlings. This result is
consistent with other studies that show a greater reproductive
performance in older birds [16,56,57].

Interestingly, female rock sparrows may assess the quality of a
potential mate by his song. We found that older males differed in
their song performance from younger males that had a lower
reproductive success. The acoustic characteristic that signalled
both age and reproductive success was the song rate; more
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successful and older males sang with lower song rate. More
successful males sang also with significantly higher maximum
frequency, a feature that did not differ between yearlings and older
males. Our findings on song rate are in contrast to several studies
that have suggested a positive relationship between song rate and
male quality [58,59,60]; but see Forstmeier [61]. However,
Garamszegi et al. [62] found that in collared flycatchers (Ficedula
albicollis), yearlings also sing faster than older males, and the
authors offered two explanations for their unexpected result. First,
they argued that the higher song rate of yearlings could be a
compensation for the higher repertoire size in older collared
flycatchers. Second, higher song rate could be a consequence of
higher aggression in yearlings and song rate could be rather
related to more intense territorial defence. The latter might also
explain our findings in rock sparrows. Young males might mitigate
their inferior quality with higher aggression levels, which would be
in turn reflected in higher song rates. Higher aggression levels may
also account for the lower song pitch of less successful males in our
study. This notion is supported by findings from anurans, in which
males may lower the dominant frequency of their calls during
disputes, and the magnitude of this frequency shift is associated
with a greater probability of attacking the rival male [63,64]. In
birds some studies support a negative correlation between
aggression and frequency [65,66], while others find the opposite
relationship [67,68].

However, whether female birds actually use song rate or pitch in
their mating decisions remains an open question. A clear

August 2012 | Volume 7 | Issue 8 | e43259



Table 3. Song variables that predicted the two age classes by
GLMs (age as binary dependent variable, yearlings vs. older
males).

Dependent variable: Age (Nycariing =8, Noider=13)

Predictors Estimate SE z P-value
Full model
Intercept 27.01 19.13 —1.41 0.16
Amplitude 0.36 0.27 1. 344 0.18
Song rate —0.31 0.16 —1.85 0.064
Minimum frequency 1.24 232 0.54 0.59
Maximum frequency 0.43 0.74 0.59 0.56
Reduced Model
Intercept —28.67 18.26 —1.57 0.12
Amplitude 0.45 0.25 1.80 0.072
Song rate —0.26 0.13 —2.07 0.038

doi:10.1371/journal.pone.0043259.t003

relationship of how male signals relate to age and female
preference was demonstrated in the field cricket Gryllus campestris.
In this species, the carrier frequency is the main song component
under female preference [69] and as males get older, their song
frequency decreases [70]. Thus, by choosing males singing at a low
frequency, female crickets base their mate choice decision on a
sexual signal that indicates viability. Other studies on closely
related species also found predictable changes of male call
characteristics with age [71,72,73]. However, Judge [72] suggests
that the preference of female Gryllus pennsylvanicus for older males
may actually be a side-effect of discrimination against hetero-
specific matings. Moreover, Giyllus bimaculatus females showed the
opposite pattern and preferred the songs of younger males [73].
Similarly, our results on song rate do not conform to the prevailing
generalization about age signalling in bird song [11], since high
quality males produced less intense signals.

Another performance-related signal trait, song amplitude, was
successfully measured with our new radio microphone method,
which allowed a more straightforward and economical recording
of vocal amplitudes than previous methods [22,24,26]. However,
our assay is limited to circumstances in which the song perch of a
male can be predicted, as was the case in our nestbox population.
We found a consistent 12 dB maximum difference in song
amplitude between males, which is similar to findings in other
species (14 dB in nightingales Luscinia megarhynchos [22], 9 dB in
chaftinches Fringilla coelebs [26]). The observed individual variation
in song amplitude did not predict variation in paternity gain or in
overall breeding success. Song amplitude failed marginally to
reach statistical significance, although older males had (1) a higher
overall reproductive success and (2) they produced louder songs
than yearlings. This is surprising because in other bird species
females have been found to prefer louder songs [38,39]. In insects
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and anurans, females prefer louder mating signals because signal
amplitude reflects male size [37]. In songbirds, however, song
amplitude does not vary with body size [35]. Most remarkably, we
found a negative relationship between song amplitude and
paternity loss: males that lost paternity in their own nest sang
significantly louder than those that did not. Older males, which
generally had a higher overall reproductive success, also sang
louder, but older males also lost more paternity.

Perhaps, the louder songs in rock sparrows are not the cause of
paternity loss, but a consequence: males may vary their song
amplitude in relation to the strength of the pair bond with their
social females, so that they would e.g. sing louder if their mate is
absent more often or if their mate is further away. Thereby, males
could increase the active space of their songs and thus keep in
contact with their mate [29]. A similar negative relationship
between vocal amplitude and male quality was shown in bisons
(Bison bison), in which males with lower reproductive success
produced louder rutting calls [74]. We also note that in many
songbirds, males that lost their mate start singing loudly
throughout the day, and temporary mate removal typically causes
increased singing [75]. By and large, our findings show that male
advertisement songs in rock sparrows reflect important informa-
tion that may be used in intersexual selection. Thus, our study
supports the notion that male songs are primarily directed at
females in this species. However, territorial males react aggres-
sively towards rival males close to their nests (Matessi unpublished
data) and an increased song rate may also be a component of this
territorial behaviour [40].

We have to bear in mind, that the reported relationships
between song amplitude and fitness in rock sparrows are based on
correlational data. As a next step we would need experimental
evidence to confirm the function of song amplitude in this species.
In other songbirds, loud songs are used as a signal of territorial
threat [26,76] or as an indicator of high current condition [77].
Our study suggests a more complex picture in rock sparrows,
indicating that vocal amplitude may have different functions in
different species.
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