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Abstract 
The theory of sexual selection predicts a relationship between male sexual traits and 

reproductive success. This prediction has been tested extensively using the complexity of 

birdsong as a model for trait elaboration. However, contradictory results have emerged. Some 

studies have demonstrated that males with large repertoires enjoy a reproductive advantage, 

while other studies have failed to support this prediction. To make general inferences from 

this mixed evidence, we quantitatively reviewed the relevant literature using a meta-analytic 

approach. The mean effect size for the song/mating success association was significant, but 

the effects were generally weak, affected by publication bias, confounded by uncontrolled 

variables and differing across the traits examined. Effect sizes were heterogeneous across 

studies due to species-specific effects, differences in mating systems and song phenotypes. 

The degree of association between song complexity and reproductive success was 

independent of the strength of sexual selection, as assessed by the degree of polygyny and 

extra-pair paternity. Our results highlight the importance of considering various biological 

factors to understand the role of repertoires in mediating mating success in different species. 

 

Key words: extra-pair paternity, female choice, sexual selection, trait expression, repertoire 

size 
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 When Darwin developed the theory of sexual selection in The Descent of Man, and 

Selection in Relation to Sex (Darwin 1871), he considered birdsong a spectacular example of 

sexual selection. He stated that, “The diversity of the sounds, both vocal and instrumental, 

made by the males of many species during the breeding-season, and the diversity of the means 

for producing such sounds, are highly remarkable. We thus gain a high idea of their 

importance for sexual purposes...” (Darwin 1871). Darwin (1871) suggested two important 

roles for birdsong, during both competition between males, and in female attraction, and 

associated these processes with song evolution. 

 Long after Darwin’s work, this issue remains highly topical. Birdsong has become 

one of the most studied models of sexual selection, giving birth to a plethora of studies 

examining the relationship between signal elaboration and reproductive success. Most of 

these studies have focused on song complexity as a potentially important target of female 

preference, predicting that large repertoire size or song versatility is associated with increased 

mating success. Accordingly, a number of field and laboratory studies have reported that 

complex songs may serve as indicators of male quality and thus should translate into mating 

and ultimately breeding success (Searcy and Andersson 1986; Searcy 1992; 

MacDougall-Shackleton 1997; Gil and Gahr 2002; Catchpole and Slater 2008). However, our 

understanding of the role of song complexity in sexual selection remains incomplete due to a 

high degree of inconsistency in the research results. While some studies have provided 

evidence for reproductive advantages in males with large repertoires, others fail to support 

this underlying prediction, and have reported non-significant or even negative associations 

between song and mating success (Byers and Kroodsma 2009). These conflicting patterns 

cause difficulty in making generalizations about the function and evolution of song 

complexity in relation to female preference. 

 There are at least 5 explanations for the diversity of previous findings, of which 2 

are biological and 3 are technical. First, although song complexity is one of the likely 

candidate targets of sexual selection, this does not necessarily mean that this trait will relate to 

reproductive success in all songbirds. In some species, song traits other than repertoire size 

may evolve as indicators of male quality, leaving little, if any, scope for a correlation between 

song complexity and reproductive success. For example, song dialects, song matching, song 

performance, loudness, the presence of particular syllables or song consistency may also 

function on the grounds of sexual selection (Vallet and Kreutzer 1995, Podos et al. 2004, 
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Byers 2007, Botero et al. 2009), and in such cases, song variety may not be selected for or 

may even be detrimental for efficient communication (Beecher and Brenowitz 2005). 

Furthermore, not only song traits but other behavioral traits or plumage characteristics may 

also replace the signal function of repertoire size. Consequently, several alternative 

mechanisms may exist by which males can demonstrate their quality, which could explain 

why associations between song complexity (taken alone) and sexual selection are not 

universal. 

Second, it is possible that song complexity does relate to mating success to some 

degree, but that certain biological factors mediate differences in the strength of sexual 

selection pressure on songs, leading to a wide range in variation in song complexity for 

mating success between species. For example, in species where there is an extensive range of 

male quality, female preference for signal elaboration and song complexity may be enhanced 

relative to species where the distribution of males is more homogenous with respect to their 

viability and song. Comparative studies of morphological or vocal ornamental traits have 

repeatedly shown that the reproductive biology of species can serve as an important factor 

accounting for trait elaboration and evolution (Hamilton and Zuk 1982; Read and Weary 

1992; Møller and Birkhead 1994; Owens and Hartley 1998; Dunn et al. 2001; Rubenstein and 

Lovette 2009). If sexual selection differentially favors birdsong in different species, we can 

predict a greater effect of songs on mating in species with stronger sexual selection pressure 

caused by polygynous mating systems or frequent extra-pair fertilization. 

 Third, it may also be that the relationship between song and reproductive success is 

not causal, and is thus blurred by uncontrolled confounding factors. For example, most 

correlative studies ignore the possibility that repertoire size and reproductive output are both 

dependent on male age, territorial quality or another third factor, which could drive an indirect 

correlation between the focal traits (Searcy and Andersson 1986). Accordingly, it could be 

predicted that the strength of the song/mating relationship would be weaker when the effect of 

the confounding factors are taken into account. 

 Fourth, heterogeneity among previous studies might arise from differences in the 

experimental setups or the biological meaning of the focal variables used in each study. Some 

studies relied on experimental approaches while others used correlational methods. Such 

differences in study design may relate to different biological situations, and provide results 

corresponding to different levels of statistical power and the degree of control for unwanted 
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effects. These differences make generalizations between experimental and observational 

studies difficult. Moreover, the various methods for estimating song complexity (i.e. 

repertoire size or versatility) and reproductive success (e.g. timing of mating, number of 

offspring, or harem size) have been used, which may have led to differing conclusions 

between studies (MacDougall-Shackleton 1997; Byers and Kroodsma 2009). Also, as songs 

may be directly relevant to social and genetic mating success (Marshall et al. 2007), it might 

be confusing to make comparisons across these contexts, which occurs if the component of 

sexual selection the findings refer to is not taken into account. It is possible, even in the same 

species, that song complexity plays an important role in social mate choice but is not involved 

in shaping copulatory decisions, or vice-versa. 

 Finally, publication bias can cause an overestimation of effects, since non-published 

results are more likely to involve non-significant, weaker effects (Jennions and Møller 2002). 

Hence, it is possible that the true relationship between song and mating success is weaker 

than currently believed, if publication bias is accounted for. Byers and Kroodsma (2009) have 

pointed out the risk of the ‘file-drawer problem’ especially for laboratory studies, but the 

extent to which publication bias influences the detected relationship between these variables 

remains unknown. 

 To address the above-mentioned issues, we sought to review and quantitatively 

reevaluate previous studies. Meta-analytic approaches typically aim to examine the 

discrepancy among studies in a comprehensive manner. Meta-analysis could provide a useful 

technique for estimating the strength of the association between song complexity and 

reproductive success while correcting for publication bias, and for identifying factors that 

account for the heterogeneity of current findings (Arnqvist and Wooster 1995). Such a 

systematic appraisal has been made for visual signaling, revealing that approximately 10% of 

the variance in male mating success can be attributed to ornamentation (Gontard-Danek and 

Møller 1999). Only one previous study has assessed the link between birdsong and 

reproductive success using a meta-analytic approach. However, this study only focused on 

genetic mating success gained through extra-pair paternity, and showed weak and 

non-significant overall effects (Garamszegi and Møller 2004). 

 The aim of the current study was to fill the gaps in our knowledge on the function 

of song complexity in sexual selection by applying a meta-analytic approach, in which we 

statistically combined information from past studies on the topic. We estimated the influence 
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of publication bias, and calculated the cumulative effect size after controlling for this bias. We 

also conducted heterogeneity tests and meta-regression analyses to examine what biological 

or methodological factors are responsible for the variance and magnitude of effects. We were 

particularly interested in identifying species-specific effects, as different species may exhibit 

different selection mechanisms. Moreover, we predicted that in species showing intense 

sexual selection (where females are more choosy, for example), the relationship between song 

and mating success would be stronger than in species with relaxed selection. We also assessed 

the potentially confounding effects of phylogenetic history in different species, because 

closely related species are likely to experience similar selection pressure and exhibit similar 

song phenotypes. 

 

Materials and Methods 
Data collection 

 Using scientific search engines, including Web of Science and Google Scholar, we 

attempted to locate all publications reporting on the relationship between male song 

complexity and reproductive success in passerine birds. We performed key word searches 

using the terms “song complexity”, “song repertoire” or “song versatility”, in combination 

with the terms “reproductive success” or “mating success”. We also conducted 

cross-reference searches by consulting previous reviews on birdsong and sexual selection 

(Searcy and Andersson 1986; Read and Weary 1992; Andersson 1994; Searcy and Yasukawa 

1996; MacDougall-Shackleton 1997; Gil and Gahr 2002; Catchpole and Slater 2008; Byers 

and Kroodsma 2009). In addition, as part of our effort to assess the effect of publication bias 

(see further details below), we collected unpublished results by contacting birdsong 

researchers, who were identified by their publications on birdsong. 

 We used the following criteria for inclusion of studies: (1) results on the 

relationships between song complexity and reproductive success were based on observational 

data in wild birds without experimental manipulations; (2) song complexity was measured by 

either song or syllable repertoire size (i.e. the number of unique song or syllable types in the 

full repertoire or in a given amount of vocal sample), versatility, or principal component score 

of multiple song variables that reflect song complexity; and (3) the measure of reproductive 

success was based on either the number of females mated (including both social and 

extra-pair mating), the number of offspring sired (including the number of eggs, fledglings 
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and recruits), or the timing of the onset of reproduction. In this way, we defined song 

complexity and reproductive success relatively broadly, which was necessary since the 

available data were limited but showed great diversity in terms of explanatory and response 

variables. However, in our subsequent analyses, we carefully examined whether the choice of 

variable in each study affected the strength of the focal relationship. Experimental studies of 

mate choice in laboratory conditions were not involved in the present study, because they are 

likely to be more susceptible to publication bias and heterogeneous methodologies, making 

standardized comparisons difficult (Byers and Kroodsma 2009). 

 In total, 44 studies met the inclusion criteria, including 39 published and 5 

unpublished studies (Supplementary Table S1). Although we cannot rule out the possibility 

that we missed some relevant studies, our literature sample can be considered representative. 

The number of collected papers exceeds that of the latest descriptive review by Byers and 

Kroodsma (2009), which involved 27 field studies. The majority of studies contained multiple 

results pertaining to the effect of interest. Since multiple effect sizes derived from a single 

study are likely to be dependent on each other if they relied on the same individuals, we built 

two datasets as follows: a multiple effect size dataset (A) and a single effect size dataset (B). 

We calculated effect sizes from each study in all available combinations of the types of song 

complexity measures (R: repertoire or V: versatility) and the types of reproductive success 

variables (M: the number of acquired females, N: the number of offspring, or T: the timing of 

the onset of reproduction). For dataset A, we included all reported effects that were relevant. 

Thus, this dataset potentially included multiple (maximum of 6, i.e. 2 song variable types × 3 

reproductive success variable types) and thus non-independent entries for single studies. 

When more than one set of results was reported on the relationship between one song variable 

type and one reproductive success variable type (e.g. testing male repertoire size in relation to 

number of eggs, fledglings, and recruits) in a single study, they were combined by calculating 

the average effect size weighted by the sample size. For dataset B, we took a single effect size 

from each study. To ensure that dataset B was as uniform as possible in terms of the types of 

song complexity and reproductive success variables, we selected one effect from each study 

following the priority criterion of variable types: song complexity variable: R>V; and 

reproductive success variable: M>N>T. These priority criteria resulted in the most 

homogeneous dataset with respect to the variable type (i.e. most studies used R and M as 

focal traits). We created these different datasets because they allowed us to balance between 



 8 

different constraints. Dataset A could be used to powerfully differentiate between the effects 

of different variables at the cost of violating statistical independence. On the other hand, 

dataset B fulfilled assumptions about the independence of data points, but incorporated 

limited power for identifying variable-specific differences. Therefore, for tests in which we 

focused on differences between variables we primarily relied on dataset A, while for the rest 

of the models we used dataset B.  

 In addition to the variable types, the studies reviewed in our analyses differed in 

some other respects. Some studies determined reproductive success (e.g. number of females 

acquired and number of offspring sired) based on social mating, while others determined 

reproductive success based on genetic mating. Some studies reported simple relationships 

between song and mating using correlation analyses or t-tests, while others conducted 

multivariate analyses (e.g. multiple regression, partial correlation tests) and reported statistics 

after controlling for confounding factors (e.g. territory quality or subject age). These 

methodological terms were also drawn from each study and we considered them when 

classifying data. Accordingly, we categorized effect sizes according to whether they referred 

to social or genetic mating, and whether they originated from bivariate or multivariate 

analysis. 

 

Variables reflecting the strength of sexual selection 

 We predicted that biological factors related to sexual selection would be involved in 

the evolution of songs, and that the intensity of sexual selection would determine how singing 

behavior correlates with measures of reproductive performance. Hence, we tested whether the 

strength of sexual selection affected heterogeneity in the observed effect sizes. For these 

heterogeneity tests, which compare the variance of effect sizes among pre-defined groups, we 

established the following categories. Species were classified as having either 0: no polygyny, 

1: irregular polygyny (species with less than 5% of males attracting more than one female), or 

2: regular polygyny (species with more than 5% of males attracting more than one female; 

Møller 1986; Møller and Birkhead 1994; Hasselquist and Sherman 2001). Estimates of the 

proportion of extra-pair paternity (EPP) were taken as the percentage of offspring sired by 

males other than the attending male, in accord with previous studies (Møller and Birkhead 

1994; Hasselquist and Sherman 2001; Spottiswoode and Møller 2004). Song and syllable 

repertoire sizes for each species were also complied from published studies when available 
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(Read and Weary 1992; MacDougall-Shackleton 1997; Garamszegi et al. 2007). These 

continuous estimates of extra-pair paternity and song complexity were categorized into 3-5 

levels based on their distribution to obtain similar sample sizes for each category (for details, 

see footnotes of Table 2). 

 We also conducted meta-regression analyses to assess the degree to which different 

selection forces related to sexual selection shaped the association between song complexity 

and mating success. For these regressions, the predictor traits were used as continuous 

variables, and we entered the numerical estimates of polygyny, extra-pair paternity and 

repertoire size into the models. In some species with extremely complex songs, the exact song 

type repertoire size is impossible to determine and thus is usually described as “large” or 

“infinite” in review articles (Read and Weary 1992; MacDougall-Shackleton 1997). In these 

species, non-enumerable song type repertoire size was assumed to be 1,000 in our analyses.  

 The full dataset is supplied as an online electronic appendix (Supplementary Table 

S1). 

 

Phylogenetic information 

 The composite phylogeny for birds used in the phylogenetic meta-analysis was 

mainly based on Sibley and Ahlquist (1990), combined with information from other sources 

(Blondel et al. 1996; Leisler et al. 1997; Groth 1998; Grapputo et al. 2001; Yuri and Mindell 

2002). We applied branch lengths from Sibley and Ahlquist (1990) for higher taxonomic 

levels. Within families the distance between different genera was set to 3.4 ∆T 50H units, and 

between species within genera to 1.1 ∆T 50H units. These branch length conventions are 

considered standard, and are widely used in the field (Bennett and Owens 2002). We did not 

use Barker et al.’s (2002) phylogeny because it did not allow the resolution of branch lengths 

within families. 

 

Meta analysis 

 Effect sizes of the associations between song complexity and reproductive success 

were calculated as Pearson product-moment correlation coefficients (r), by converting 

published statistics if necessary based on standard methods (Cohen 1992; Walker 2003; 

Nakagawa and Cuthill 2007), and the normalized score of r, Fisher’s z, was used for 

performing meta-analyses, as described hereinafter. Positive relationships between song and 



 10 

reproduction were assigned a positive sign (accordingly, the negative relations with T were 

also interpreted as supporting evidence for the preference for song trait, thus the 

corresponding effect size was treated as a positive effect). We used random effects models to 

calculate the mean effect size for each dataset (A or B), which are appropriate for a 

heterogeneous dataset after checking that heterogeneity is relatively high in the data 

(DerSimonian and Laird 1986). We applied Begg’s method to identify publication bias (Begg 

and Mazumdar 1994), in which funnel-plot asymmetry was tested using Kendall’s rank 

correlation between effect size and sample size. This method relies on the underlying 

assumption that studies with small sample size would be more prone to publication bias, 

while large studies would be likely to be published regardless of significance of the results. 

Thus, correlation between the effect estimates and their variances reflects a trend towards 

bigger effect sizes in studies with smaller samples, and is regarded as indicative of publication 

bias. Begg and Mazumdar (1994) stated that their test was powerful for large meta-analysis 

with 75 component studies or more, a sample size that we also reached in this study in dataset 

A. To calculate mean effect sizes while controlling for publication bias, we applied a Trimfill 

algorithm, where symmetry in the funnel-plot can be adjusted by filling theoretical missing 

data points arising from publication bias (Duval and Tweedie 2000). 

 To examine what factors were responsible for the heterogeneity among studies, we 

conducted heterogeneity tests with the inclusion of covariates as grouping variables, and 

tested whether effect sizes were heterogeneous among and within particular groups, in a 

similar way to one-way ANOVA. The following covariates were considered as grouping 

variables: species, types of studied variables (i.e. song variable type, reproductive success 

variable type, genetic/social mating), categories of reproductive ecology based on social 

mating system and EPP rate, and categories based on song type and syllable repertoire sizes.  

 We also conducted meta-regression analyses to test for the effect of species, social 

mating system, and EPP rate using dataset B. 

 To deal with phylogenetic dependence of species, we also conducted phylogenetic 

meta-analyses (Adams 2008), in which the phylogenetic covariance among taxa was taken 

fully into account and the phylogenetic cumulative effect size was determined. While 

conventional meta-analysis cannot account for the non-independence of data due to the 

phylogenetic relationships of species, it is of great importance to consider such dependence in 

a meta-analysis of different species, because these units are more likely to share similar 
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reproductive ecology and show similar song behaviors. Because Adams’ model (Adams 2008) 

accepts single effect size per species, we adopted a combined effect size for each species by 

calculating average effect size weighed by sample size (i.e. the number of data points in each 

component study) when multiple studies for a single species were involved in dataset B. 

Adams’ method allow assessing the importance of phylogenetic correction based on an 

information theoretic approach, in which model fit statistics in the form of Akaike’s 

Information Criterion (AIC) can be used to determine if conventional meta-analysis or the 

phylogenetic meta-analysis performs better for the data at hand. Although, removing 

phylogenetic signal from the data may be warranted in theory, such correction is an empirical 

issue and is necessary only if the available data are phylogenetically structured (see 

Freckelton et al. 2002). Therefore, we preferred interpreting the model with the lowest AIC 

value. 

 All meta-analyses were conducted using R 2.9.0 (R Development Core Team 2009) 

and its ‘meta’ and ‘metafor’ packages. 

 

Results 
Main effect sizes 

 We collected 75 estimates of the associations between song complexity and 

reproductive success for 27 species from 44 studies, including five that were unpublished 

(Supplementary Table S1). These 75 estimates were treated independently in dataset A. Mean 

effect size (r) for this dataset was 0.245 (95% CI range = 0.179 - 0.312), which was 

statistically significant (n = 75, z = 7.22, P < 0.0001). However, a funnel plot analysis showed 

evidence of significant publication bias (Kendall’s tau = 0.176, P = 0.025; Table 1, Fig. 1), 

suggesting that smaller effect sizes may have remained unreported for some effects, causing 

missing data to be distributed non-randomly. We also compared average effect sizes between 

published and unpublished studies, revealing that smaller effect sizes are more likely to 

remain unreported (unpublished: mean effect size r = 0.136, 95 % CI range = -0.071 - 0.343, 

n = 8, z = 1.28, P = 0.199; published: mean effect size r = 0.256, 95 % CI range = 0.186 - 

0.326, n = 67, z = 7.14, P < 0.0001). When we controlled for publication bias, the mean effect 

size decreased to 0.175 (95 % CI range = 0.103 - 0.247), but was still positive and statistically 

significant (z = 4.76, P < 0.0001; Fig. 1). To deal with the non-independence from multiple 

estimates taken from one study, we also analyzed dataset B, which involved a single effect 
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size per study (Supplementary Table S1). We found similar mean effect size as above (r = 

0.262, 95 % CI range = 0.161 - 0.364, n = 44, z = 5.07, P < 0.0001), which was again 

weakened when publication bias was accounted for (r = 0.200, 95 % CI range = 0.092 - 0.309, 

n = 44, z = 3.309, P = 0.0003). 

 Using dataset A, we compared studies based on the variables and methods used. 

The mean effect size was smaller when song complexity was measured by versatility (r = 

0.140, 95 % CI range = -0.038 – 0.310, n = 11) relative to repertoire size (r = 0.261, 95 % CI 

range = 0.190 – 0.333, n = 64; Table 1, Fig 2). The mean effect size was smaller for genetic 

mating (r = 0.044, 95 % CI range = -0.136 – 0.225, n = 14) relative to social mating (r = 

0.274, 95 % CI range = 0.206 - 0.339, n = 61; Table 1, Fig 2). Mean effect sizes also differed 

depending on how reproductive success was determined (timing: r = 0.272, 95 % CI range = 

0.146 – 0.390, n = 24; number of mates: r = 0.264, 95 % CI range = 0.145 - 0.383, n = 26; 

number of offspring: r = 0.194, CI = 0.076 - 0.306, n= 20; Table 1, Fig. 2). 

 Mean effect size was also smaller when multivariate analyses were applied in the 

component studies (r = 0.166, 95 % CI range = 0.094 – 0.237, n = 23), indicating that 

associations between song complexity and reproductive success were weaker when 

confounding variables were taken into account. 

 In summary, overall mean effect sizes calculated for each dataset and subset were 

small (between 0.1-0.3) but were generally significantly larger than zero, except when we 

considered the subsets of studies that focused on genetic mating or song versatility as focal 

traits (Fig. 2). Effect sizes were systematically smaller when publication bias was controlled 

for. The strength of the song/reproductive success relationship was dependent on the traits 

considered, with stronger effects found for repertoire size, number of mates acquired and 

pairing date (Table 1, Fig. 2). Studies that controlled for potentially confounding variables 

reported smaller effect sizes than studies reporting pair-wise relationships that disregarded 

confounders. 

 

Heterogeneity test 

 Because effect sizes were highly heterogeneous within datasets A and B, and each 

subset (Table 1), we examined possible biological factors that may have mediated this 

heterogeneity. Most of the heterogeneity arose between species in both datasets (Table 2). In 

dataset A, differences in the variable types measured (R vs. V or M vs. N vs. T) did not cause 
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heterogeneous effect sizes, while the definition of reproductive success (genetic or social) 

partially explained heterogeneity (Table 2). In dataset B, in addition to species-specific effects, 

effect sizes also varied differently between groups that were differentiated based on EPP rate 

and song repertoire size (Table 2). However, none of the covariates considered was fully 

responsible for the heterogeneity of effect sizes across studies, as in each case some 

within-group heterogeneity was left to be explained by unknown variables. This indicates that 

even when species-specific effects, reproductive ecology and song phenotype were held 

constant, differences between studies still caused considerable variation in the observed 

relationship between song complexity and reproductive success.  

 

Meta-regression analyses 

 To investigate how different biological factors shaped the strength of the 

song/reproductive success association, we conducted meta-regression analyses in which the 

following factors were included in the models: species, social mating system and EPP rate. In 

the analysis of the entire dataset B, none of these variables had a significant effect (Table 3). 

 

Phylogenetic meta-analysis 

 Given the phylogenetically structured data, it might be possible that the association 

between song complexity and reproductive success is shaped to some extent by the shared 

evolutionary history of species. The results of a phylogenetic meta-analysis (Adams 2008) 

showed a higher mean effect size (r = 0.542, n = 27, P = 0.0001) than that obtained from 

conventional meta-analyses using species as the unit of analysis (r = 0.202, n = 27, P = 

0.0038). However, the conventional meta-analysis offered a considerably better model fit than 

the phylogenetic model (AIC = 25.8 vs. AIC = 71.67). This suggested that phylogenetic 

structure did not explain the variation in the data well, and that the results without 

phylogenetic correction were preferable. 

 

Discussion 
 Following the proposal of Darwin’s theory of sexual selection in 1871, it has 

become widely accepted that song complexity in at least some oscine birds evolved under the 

pressure of sexual selection, as a consequence of reproductive advantages conferred on males 

with elaborate songs. Therefore, it is not surprising that we detected a generally positive 
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association between song complexity and reproductive success when we integrated past field 

research using meta-analyses. However, the overall mean effect sizes (r) for each dataset and 

subset varied between 0.1 and 0.3, which can be considered a small effect (sensu Cohen 1992). 

This small effect size contrasts with the intermediate effect size that had been reported for the 

relationship between visual ornamentation and mating success (Gontard-Danek and Møller 

1999). We demonstrated that the combined effect sizes were likely to have been overestimated 

because of publication bias by showing smaller mean effect size for unpublished studies. We 

were unlikely to have obtained all unpublished information relevant to our study, but we 

assume that our success in finding these non-published results was independent of the 

strength of the effects they covered, and propose that the gathered information thus provides a 

representative sample of unpublished results. In case this assumption is not supported, 

conclusions about publication bias should be based on the outcome of the companion analysis, 

in which we used meta-analytical approaches to assess the degree of the file-drawer problem 

by relying on a larger sample of published results (Fig. 1). However, it should be noted that 

the two approaches provided qualitatively similar results. In addition, the mean effect size 

was smaller in studies that conducted multivariate analyses than in studies that did not control 

for other potentially confounding factors. This suggests the possibility that the association 

between song complexity and reproductive success was to some extent mediated by other 

covariates, such as territorial quality or age, which remain uncontrolled in most previous 

studies relying on pair-wise correlations. This technical finding does not question the role of 

song complexity during reproduction, but highlights the importance of paying attention to 

which aspect of the reproductive process song influences, and which characteristics of 

individuals are more directly reflected by song quality. 

 The degree of association observed between song complexity and reproductive 

success was dependent on how each variable was defined (Table 1, Fig. 2). For example, 

when song complexity was measured by versatility (Fig. 2b), and when reproductive success 

was determined based on genetic mating (Fig. 2c), song and reproduction were less correlated. 

This indicates that repertoire size may be more often sexually selected than song versatility. 

The effect size for genetic mating success was not only small on average but exhibited a high 

degree of variance (Fig. 2c), in accord with the findings of a previous meta-analytic appraisal 

based on a smaller sample size (r = 0.122, Cohen’s d = 0.245 [SE = 0.195]; Garamszegi and 

Møller 2004). Therefore, the current data suggest that the relationship between mating 
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outcome and song complexity might be stronger in the social than in the genetic context. The 

wide confidence intervals and the positive effect size estimate after controlling for publication 

bias for the relationship between song complexity and extra-pair paternity (Fig. 2c) imply that 

we still cannot reject the possibility that songs have an effect in the genetic context to some 

extent. We propose that more studies are needed to draw stronger conclusions about the 

general relationship between the degree of cuckoldry and repertoire size. Particularly, the 

effect sizes shown in Fig. 2d indicate that song complexity is likely to mediate mating success 

via quick mating and the number of mates acquired, while it does not necessarily translate 

into reproductive success in terms of the number of offspring. Note that the effect size for the 

number of offspring was a combined effect size and it involved weak effect sizes for the 

number of eggs and hatchlings and moderate effect sizes for the number of fledglings and 

recruits (data not shown). Based on the available data, we cannot fully exclude the possibility 

that there is an effect on the number of surviving offspring or that selection is acting on the 

quality and not the quantity of offspring. 

Our meta-analytic findings suggest that the strength of the observed relationship 

between song complexity and reproductive success in a given study may depend on several 

factors. Therefore, it may be expected that there is a high degree of heterogeneity between the 

outcomes of studies testing the predictions of sexual selection using different focal variables 

in different contexts, and controlling for confounding variables in a non-standard manner. 

Supporting this expectation, we found a large amount of heterogeneity among effect sizes 

(Table 1), which could be partially attributed to the reproductive ecology and song phenotype 

of the focal species, and to the reproductive variable measured (Table 2). Moreover, effect 

sizes were highly heterogeneous between subject species (Table 2). This may indicate 

variation in the effect of sexual selection on song complexity across species. Species of 

songbirds greatly differ with regard to the function of their songs, and to the selection 

pressures that shape them during reproduction (Catchpole and Slater 2008). Such interspecific 

differences can be explained by various ecological and behavioral factors (Read and Weary 

1992), and our results suggest that such selection forces can also mediate the strength of the 

relationship between song and reproduction that is observed at the within-species level. In 

addition, our meta-analysis indicated that some heterogeneity remained detectable even 

between different studies of the same species, thus selection factors and methodological 

differences can vary in a narrow context. In addition, it is also possible that the heterogeneity 
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is partially due to the existence of generally larger sampling errors in field studies relative to 

other paradigms. The detected patterns of heterogeneity help us understand why past studies 

on the topic produced inconsistent results.  

In accord with the conclusions of earlier reviews in this field (Read and Weary 

1992; MacDougall-Shackleton 1997, Searcy and Nowicki 2005), we propose that the current 

evidence indicates that a reproductive advantage of males with large repertoire sizes or 

complex songs is not universal for all oscine species, even if it is empirically well supported 

in some model species. In some species, song matching or local dialects are more important 

for increasing reproductive success (Beecher and Brenowitz 2005), while in other species 

sexual selection acts on consistency or performance (e.g. amplitude) of songs (Podos et al. 

2004, Byers 2007, Botero et al. 2009), or on non-acoustic traits (see references in 

Gontard-Danek and Møller 1999), which can cause weak selection or even trade-offs with 

song complexity (Cardoso 2010). Heterogeneity in the current findings may also suggest the 

importance of considering methodological and biological factors that can mediate the 

predicted relationship and increase variability in the outcomes of different studies.  

 If sexual selection has favored larger repertoire sizes to enhance female choice, we 

should predict stronger associations between song complexity and reproductive success in 

species with high rates of polygyny or EPP. These predictions were not supported by our 

results, as we found no evidence for the focal association being stronger in species that are 

more strongly sexually selected as indicated by the higher degree of polygyny or EPP. 

However, this pattern might be explained if these variables are weak predictors of the 

strengths of sexual selection on song complexity. 

 To test this from interspecific comparative aspects, a number of studies have 

examined the relationship between song complexity and social mating systems (e.g. 

Catchpole 1980, Read and Weary 1992). However, a remarkable number of studies failed to 

find a strong link between song repertoire size and mating system at the interspecific level 

(New World blackbirds: Irwin 1990; wood warblers: Shutler and Weatherhead 1990; 

passerines: Read and Weary 1992; also see Price and Lanyon 2004). These interspecific 

comparisons suggest that social mating systems play a mixed role in mediating the evolution 

of song complexity, and that the effect of polygyny on selection for larger repertoires may 

vary across bird taxa. 

 Extra-pair paternity is another key component of sexual selection, and is often 
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considered to serve as one of the main contributing factors for the evolution of various sexual 

traits in males (Andersson 1994; Sheldon and Ellegren 1999). The link between extra-pair 

paternity and trait elaboration is repeatedly corroborated by the interspecific positive 

relationship between rate of extra-pair paternity and plumage brightness of males (Owens and 

Hartley 1998). On the contrary, features of song do not seem to strongly associate with the 

degree of extra-pair paternity either at the interspecific or at the intraspecific level, 

(Garamszegi and Møller 2004, this study). Only some exceptional evidence indicates that 

females prefer to copulate with males with more complex songs (e.g. Hasselquist et al. 1996), 

while one study showed that extra-pair males had smaller song repertoires than social mates 

(Marshall et al. 2007). Here, we demonstrated that the frequency of extra-pair paternity 

observed in a species cannot explain the degree of association between birdsong and 

reproductive success, suggesting that the evolution of the function of large repertoire size 

generally does not depend on sperm competition. 

In conclusion, we demonstrated that the general relationship between song 

complexity and mating success is small and subject to large variation. Differences in study 

outcomes may arise because of several biological and methodological factors. Biological 

factors include the role of traits other than song complexity that also mediate mating success, 

and variation in the meaning and consequence of repertoire size between species. Technical 

explanations for the conflicting results include the effects of publication bias, uncontrolled 

confounders, differences in study design, and variables used to describe the focal traits.  
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Figure 1. Funnel plot of effect sizes for the relationship between song complexity and 

reproductive success when using the multiple effect size dataset (dataset A). Black and gray 

circles show published and unpublished effect sizes, respectively. Solid and dotted lines show 

mean effect sizes before and after controlling for publication bias, in which theoretical 

missing data points (open circles, n = 12) were added to adjust funnel plot asymmetry. 
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Figure 2. Mean (circles) and 95% CI (error bars) of effect sizes (r) for the song/reproductive 

success relationship are plotted for dataset A (a) and for subsets classified by the types of song 

measures (b), definitions of mating success (c), and reproductive success variables (d). Filled 

and open circles show mean effect sizes before and after controlling for publication bias, and 

the gray band shows the range of mean effect sizes in dataset A between those controlled 

(dotted line) and uncontrolled (solid line) for publication bias for reference. 
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Table 1. Summary of the meta-analysis results. 
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Table 2. Factors affecting heterogeneity among effects. 
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Table 3. The results of meta-regression analyses for the dataset B. 
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