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Heritable genetic variation is a prerequisite for adaptive evolution; however, our knowledge about the heritability of plastic traits, such as behaviors, is scarce, especially in wild populations. In this study, we investigated the heritability of song traits in the collared flycatcher (Ficedula albicollis), a small oscine passerine with complex songs involved in sexual selection. We recorded the songs of 81 males in a natural population and obtained various measures describing the frequency, temporal organization, and complexity of each song. As we had multiple songs from each individual, we were able to statistically account for the first time for the effect of within-individual variance on the heritability of song. Heritability was calculated from the variance estimates of animal models relying on a genetic similarity matrix based on Single Nucleotide Polymorphism screening. Overall, we found small additive genetic variance and heritability values in all song traits, highlighting the role of environmental factors in shaping bird song.
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Introduction

Behaviors, such as social, explorative, or risky behaviors, frequently show consistent among-individual differences within and across populations (Verbeek et al., 1994; Sih et al., 2004a; Réale et al., 2007; Osborn and Briffa, 2017). Under the assumption of heritable variation, these consistent differences are probably caused by natural or sexual selection, as these behaviors are frequently associated with fitness (Réale and Festa-Bianchet, 2003; Dingemanse et al., 2004; Bergeron et al., 2013). However, animal behavior, that allows individuals to respond flexibly to environmental changes, often exhibits within-individual variability. Estimating the heritability in behavioral traits with large within-individual variance is challenging, but it is necessary to understand the evolution of behavior, as only selection on heritable variation results in the adaptive evolution of phenotypic traits (Fisher, 1930).

The underlying genetic structure of behavior and its heritability are widely studied (e.g., explorative, antipredator, or social behavior; Dingemanse et al., 2002; Stirling et al., 2002; Dochtermann et al., 2015). Accordingly, some genes associated with animal behavior have already been identified (Fidler et al., 2007; Garamszegi et al., 2014; Montag and Reuter, 2014) and the heritability of a few behaviors (such as antipredator behavior or exploration) has been estimated (van Oers et al., 2004; Blumstein et al., 2010; Ariyomo et al., 2013). Although a systematic review found that the heritability of behavior in wild populations was on average 0.5 (Postma, 2014), low estimates are frequently reported (Brommer et al., 2008; Araya-Ajoy and Dingemanse, 2017), possibly because behavioral traits are sensitive to environmental conditions (Dosmann and Mateo, 2014; Aplin, 2019; Royauté et al., 2019). Animal models capable of decomposing phenotypic variance into environmental and genetic components are therefore frequently used statistical methods in studies investigating the genetic background of behavior (Dochtermann and Roff, 2010; Wilson et al., 2010; Schielzeth et al., 2011). In plastic traits, such as behavioral traits, it is essential to make repeated measurements to separate among- and within-individual variation appropriately (Sih et al., 2004b; Allegue et al., 2017). Including repeated measurements into an animal model allows the differentiation of additive genetic and permanent environmental effects, the latter being fixed differences between individuals due to environmental and/or non-additive genetic effects (Kruuk, 2004; Wilson et al., 2010). However, it should be noted that the long-term evolutionary potential of a trait could be assessed by calculating evolvability instead of heritability (Visscher et al., 2008; Hansen et al., 2011; Hansen and Pelabon, 2021).

Despite the efforts invested into the research on the heritability of behavior, knowledge about the heritability of bird song is limited. Bird song is a very complex behavior that is assumed to be under sexual selection, playing a major role in mate choice and territory defense (Gil and Gahr, 2002; Marshall et al., 2003; Catchpole and Slater, 2008). Song shows individual consistency, but its repeatability (often considered the upper limit of heritability) is low, especially on longer timescales (Prùchová et al., 2017; Naguib et al., 2019; Osiejuk et al., 2019). Plasticity in the expression of sexual signals may affect signal reliability and the effect of sexual selection on them. Therefore, measuring the heritability of these traits considering within-individual variation is essential for assessing their evolutionary potential. The few studies—a handful in wild populations—on the heritability of song have found low values (Forstmeier et al., 2009; Labra and Lampe, 2018; Mets and Brainard, 2018; Lewis et al., 2021), probably because of the high plasticity of song and because social learning is an essential process in song development (Beecher and Brenowitz, 2005; Trösch et al., 2017; Lewis et al., 2021). The heritability may differ between song traits because song traits that are mostly learned should have lower heritability (although song learning itself can have heritable elements; Wheatcroft and Qvarnström, 2017), while, as morphological traits generally have high heritability (Stirling et al., 2002), traits related to morphology (e.g., song frequency, which is influenced by the morphology of the vocal tract) should have higher heritabilities (Forstmeier et al., 2009).

Our study aimed to investigate the amount of additive genetic variation in a range of song traits in the collared flycatcher (Ficedula albicollis), a passerine with complex song and a well-studied model for sexual selection (Qvarnström, 1997; Garamszegi et al., 2008; Hegyi et al., 2010). We recorded the song of males as part of a long-term field study and calculated various song traits describing spectral and temporal characteristics. Our approach is unique in the sense that we included multiple measurements from the same individuals in the analyses instead of using the mean of the focal song traits, as done by previous studies on song. In this way, we could consider the within-individual variance of the traits, which is considerable in our study species (Zsebõk et al., 2017). We estimated relatedness among individuals based on Single Nucleotide Polymorphisms (SNPs), as a required input for the statistical assessment of additive genetic variance. Based on previous works (Labra and Lampe, 2018; Mets and Brainard, 2018; Lewis et al., 2021), we predicted that additive genetic variance and heritability will be low as the song traits investigated in this study are plastic and probably have learned elements (Eriksen et al., 2009, 2011). However, we expected higher heritability estimates for morphology-related song traits (e.g., song frequency).



Methods


Study species

The collared flycatcher is a hole-nesting, long-distance migratory passerine. In the spring, males arrive at the breeding grounds and occupy a small territory around a nest hole where the males sing intensively, especially in the morning hours, typically until pairing (Pärt, 1991; Garamszegi et al., 2004).

The song performance consists of sequences of songs that are 3–5 s long structures composed of syllables, the smallest units of song (Gelter, 1987). Males have a moderately high individual repertoire size of 20–100 syllables estimated from 20 songs (Garamszegi et al., 2006; Zsebõk et al., 2018b). Song traits typically have low-to-moderate repeatability (Zsebõk et al., 2017), and some of them may be important in sexual selection processes, as they are associated with estimates of mating success or the degree of male–male competition (Garamszegi et al., 2004; Hegyi et al., 2010).

Our knowledge about song learning in the collared flycatcher is scarce. The species is probably an open-ended learner, similar to its sister species, the pied flycatcher (Ficedula hypoleuca) (Eriksen et al., 2011). Likewise, males may learn song elements from their fathers (Labra and Lampe, 2018), however, this way of learning is probably limited as males rarely sing after pairing (Garamszegi et al., 2004). Additionally, there is some indication that song learning could have heritable elements in this species (Wheatcroft and Qvarnström, 2017).



Field procedures

The field work was done in an oak-dominated forest in the Pilis-Visegrádi Mountains, Hungary (47°43′N, 19°01′E). The research area belongs to the Duna-Ipoly National Park, and consists of about 800 nest boxes, where the collared flycatcher commonly breeds.

Song recordings were made from 2008 to 2018 during the courtship period of the study species, between 11 April and 7 May. In the morning, the most active singing period of the day (Pärt, 1991; personal observations), we monitored the study area daily for newly arrived, unpaired birds. When a displaying male was located near its occupied nest box, we either (1) presented him a social stimulus (a live male or female decoy) for 5–10 min, and after removing the stimulus, we recorded the song of the focal male or (2) recorded the song without presenting a social stimulus (these procedures are described in detail elsewhere; Garamszegi et al., 2008). The type of stimulus did not affect our results (see Supplementary Table 1).

Song recordings were made using a standard protocol (Garamszegi et al., 2006, 2007, 2012; Zsebõk et al., 2017). Briefly, we used parabolic microphone sets and digital recorders for recording. Recordings were only made in relatively good weather conditions without rain and wind, lasted at least 10 min, and included at least 20 songs. If there was a significant disturbance from other birds during the recording, such as direct contact with other conspecifics, the songs were not used in the analyses.

We captured the recorded males for ringing and morphological measurements within an hour after the song recordings using a spring trap in their nest boxes. Birds without rings were marked with individually numbered rings (Aranea, Poland, standard rings of the Hungarian Bird Ringing Centre). We determined the age of males (1-year-old or older) based on their plumage (Mullarney et al., 1999). Blood samples of a few microliters were obtained from the brachial vein of the birds after morphological measurements and stored in absolute ethanol.

All applicable international, national, and/or institutional guidelines for animal care and use were followed [e.g., the European Directive (EU 2010/63); Fair et al., 2010]. Field protocols were approved by the ethical committee of Eötvös Loránd University (ref. no. TTK/2203/3). Handling of decoy individuals, behavioral assays, capturing, measurements, and blood sampling were conducted as cautiously and efficiently as possible, in a way to minimize the welfare impact on the birds. Permissions for the fieldwork have been provided by the Government Office of Pest County National Inspectorate for Environment and Nature, reference numbers: DINP 2256-3/2002, DINP 1931-2/2003, DINP 2573/2/2004, KTVF/15951/2005, KTVF/22021/2006, 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, KTF 11978-5/2015, PEI/001/1053-6/2015, PE/EA/101-8/2018, PE-06/KTF/8550-4/2018, and PE-06/KTF/8550-5/2018.



Analysis of song recordings

We manually cut out the songs from the recordings using Adobe Audition 3.0 (Adobe Systems) software, choosing songs with clearly discernible syllables on the spectrograms. We used the Ficedula Toolbox (Zsebõk et al., 2018a) to extract two spectrographic features from segmented syllables: duration and mean frequency of the syllables (see details elsewhere; Zsebõk et al., 2017; Jablonszky et al., 2021). The latter variable was obtained by taking the peak frequency values in each spectrographic time window and calculating their averages at the syllable level (Garamszegi et al., 2012). We clustered the syllables manually into syllable types (see Zsebõk et al., 2018a for further details).

At the level of songs, we measured song length and tempo (the number of syllables within the song divided by song length in seconds, see also Figure 1). Short-term complexity (hereafter complexity) was calculated as the number of different syllable types divided by the total number of syllables in each song. Additionally, we calculated the mean frequency and the frequency bandwidth of each song based on the mean frequencies of the syllables of the song. We used these five song traits in the analyses.
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FIGURE 1
Spectrogram of a collared flycatcher song depicting the song traits used in the analyses. Tempo was calculated by dividing the number of syllables in the song by song length, and complexity was calculated by dividing the number of syllable types (indicated by different letters) by the total number of syllables in the song. Fmax, Fmean, Fmin, maximum, mean, minimum frequency; Fbandwidth, frequency bandwidth.




Genetic data

As all individuals were blood sampled, we performed genetic screening based initially on 503,325 SNPs obtained by DNA genotyping. A genetic similarity matrix based on SNPs is appropriate for calculating additive genetic variance when a large number of SNPs are used (usually > 10,000; Purcell et al., 2007; Bérénos et al., 2014; Lee and Chow, 2014; Widmer et al., 2014).

A paired-end library (2 μg of genomic DNA per sample, digested with PstI) was prepared following the manufacturer’s specifications at CNAG-CRG (National Genome Analyses Centre, Barcelona, Spain) and sequenced on an Illumina HiSeq2000 v4 with 2 × 125 bp reads at a depth of approximately 10×. To evaluate the reliability of the sequencing process and optimize loci assembly, 20 individuals were included as duplicates.

Raw sequences were inspected with FASTQC (Andrews, 2010) for quality control, demultiplexed and Illumina adapters as well as poor-quality sequences were removed. A reference genome for the species (Ellegren et al., 2012) was used during assembly.

SNP calling was performed using bcftools (Danecek et al., 2016) and filtered using PLINK 1.07 (Purcell et al., 2007). We removed loci that were not in Hardy–Weinberg equilibrium, were located on sex chromosomes, and those with a minor allele frequency below 0.05 or a maximum per-SNP missing of 0.1. Individuals considered in further analyses had no more than 5% of missing data. PLINK 1.07 was also used to build a matrix of relatedness based on IBS (Identity by State) segments. The final matrix was based on 188.231 SNPs.



Statistical analysis

Both song and genetic data were available for 81 individuals between 2008 and 2018 (3,582 songs, except for complexity, for which 2,277 songs were available from 57 birds, and we used 9–248 songs per individual). Only one song recording (the first) per bird was used in the analyses, as the number of repeated recordings (a total of 95 recordings from 81 individuals) was insufficient for including this additional hierarchical level into the models.

We carefully chose five focal song traits (song length, mean frequency, frequency bandwidth, tempo, complexity) that show generally low phenotypic correlation i.e., they could be considered independent and likely have different biological meanings (see Zsebõk et al., 2017), thus minimizing any potential bias.

As a preliminary step, we calculated adjusted within-recording repeatability for the song traits using the rptR package (Stoffel et al., 2017). Adjusted repeatability of the song traits was calculated by dividing their among-individual variance with their total phenotypic variance obtained from mixed models (Lessells and Boag, 1987; Nakagawa and Schielzeth, 2010). The song traits used as response variables were normally distributed. All continuous variables were z-transformed before the analyses. In the models, we considered potentially confounding effects such as the age of the bird, date of measurement, and order of the song in the given recording (Garamszegi et al., 2007; Jablonszky et al., 2021). The order of the song was included to control for time-related changes in the environment during the song recording, such as the effect of the removal of stimulus birds. We did not add further fixed effects to avoid overly complex models and because we made an effort to record songs under standard conditions (see Field procedures). Year and individual identity were included as random factors. Confidence intervals were calculated using parametric bootstrapping.

We calculated the narrow-sense heritability of song traits using the animal model framework, thus decomposing the phenotypic variance into genetic and environmental components (Kruuk, 2004; Wilson et al., 2010). We used the “brms” R package, a package to fit Bayesian regression models (Bürkner, 2017, 2018). The details of model specification and the diagnostics used are presented in Supplementary Text 1. Narrow-sense heritability was calculated as the posterior mean of the ratio of additive genetic variance and the sum of all the variance components, with 95% CIs. In the case of variance components and heritability, we did not rely on CIs when assessing significance, as these could not include 0 due to the prior specification for the models.

We built two models for each song trait (song length, mean frequency, frequency bandwidth, tempo, complexity), one with no fixed effects (minimum models) and one with fixed effects (full models) considered to influence the song traits. The full models contained the age of the birds, date of measurement, and order of the song in the recording as fixed effects. We included two random effects for individual identity: one for estimating between-individual variance due to permanent environmental effects and one (connected to the genetic similarity matrix between the individuals) for estimating additive genetic variance. We also included the year as a random effect in the set of full models (i.e., those containing control effects). We interpreted the two sets of models (minimum and full models) complementary to each other, as control variables are of biological importance and should be therefore considered statistically, but their inclusion into the models may bias the heritability estimates upwards (de Villemereuil et al., 2018).

We compared additive genetic variance estimates from full and minimum models and we also compared estimates for the different song traits. Since the values from minimum and full models were very similar, the comparison of the estimates for the different song traits was carried out only for the estimates of full models. The comparisons were based on CIs and probability of direction (p–, p+) values calculated for the difference of the posterior distributions of the specific estimates (Makowski et al., 2019a). The probability of direction is the proportion of posterior samples of the median sign and can be compared to the frequentist p-value according to the formula ptwo−sided = 2*(1−p−⁣/+) (Makowski et al., 2019a).

The variance of relatedness associated with the genetic similarity matrix was low (0.00034), though comparable to estimates from other wild populations (Bérénos et al., 2014). For this reason and to assess the reliability of our results, we reran the full models again with fully randomized response variables and compared the heritability estimates of these models to that of our original models. Thus, we could confirm whether our results differed from those arising from a situation created by chance. These models were run only 3–4 times due to the high computation time, but the results of all models were nearly identical.

All statistical analyses were performed in the R 3.6.1 statistical environment (R Core Team, 2019). Posterior estimates were compared using functions from the “bayestestR” package (Makowski et al., 2019b).




Results

Between-individual relatedness was rather low in our dataset (mean: 0.036, range: 0–0.378, 25% quantile: 0.025, median: 0.034, 75% quantile: 0.045).

Adjusted within-recording repeatability was moderate but significant for all song traits (see Table 1).


TABLE 1    Adjusted within-recording repeatability for the investigated song traits.
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We found low heritability values for the song traits based on genetic similarity (h2 = 0.06–0.10, Figure 2). The variance estimates from the animal models are presented in Table 2. Among the investigated fixed effects, age [estimate: −0.37, 95% credible interval (CI): −0.61, −0.12] and order of the song (−0.11, CI: −0.15, −0.07) had significant relationship with mean frequency. Order also had a significant relationship with tempo (−0.08, CI: −0.12, −0.05) and complexity (0.09, CI: 0.05, 0.13).
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FIGURE 2
Heritability estimates with 95% credible intervals for the song traits. Solid line and solid black points represent estimates based on genetic similarity and empty diamonds and dashed lines represent results from the models using randomized response variables (N of individuals = 81, except for complexity, for which N of individuals = 57).



TABLE 2    Variance estimates of random effects with 95% credible intervals from the animal models for each song traits.
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When comparing the additive genetic variance estimates of different models, we did not find statistically significant differences between the estimates calculated with full or minimum models nor between the estimates for the different song traits (see Supplementary Tables 2, 3).

The models with randomized response variables yielded heritability values of at most 0.01 (CIs: < 0.01, 0.01, or 0.02) for all the song traits, and the differences between these and the heritability estimates from the original models were marginally significant (Figure 2 and Supplementary Table 4). These results indicate that our original estimates, although small, indeed represent heritable variance.



Discussion

We have comprehensively investigated, taking into account within-individual variation in behavior, the heritability of several song traits in a migratory passerine, the collared flycatcher. All song traits analyzed showed low heritability values. Although heritability estimates were not due to random noise, these results suggest that most phenotypic variation in the studied song traits is not due to genotypic variation.

Our low heritability estimates highlight the critical role of the environment in shaping bird song through multiple mutually non-exclusive mechanisms. First, collared flycatchers probably learn (partly) their songs (Garamszegi et al., 2007; Zsebõk et al., 2020), and thus, the song of the tutors may play a major role in determining the realized song performance of an individual (see: Price, 1979; Chaiken et al., 1993; Beecher and Brenowitz, 2005; Trösch et al., 2017). Although this topic needs to be studied further in our study species, we can suppose that collared flycatchers do not learn songs from their social fathers, because (i) males rarely sing after the hatching of their chicks in this species, and (ii) in birds in general the dispersal of recruits is higher than the parents (Greenwood and Harvey, 1982), thus they are unlikely to breed close to their fathers. Breeding birds might learn from other males in their vicinity, thus creating spatial patterns in song. However, this does not seem to be the case in our population as a previous study found that birds singing in close proximity to each other did not sing similarly (Garamszegi et al., 2012). Additionally, the birds in our dataset generally were spatially or temporally isolated from each other at the time of the recording, thus potential spatial patterns due to learning could not cause serious bias in our analyses. Second, it is possible that the immediate acoustic environment greatly influences the song of the study species, as supported by the finding of low repeatability values (Zsebõk et al., 2017). Environmental factors relevant for song, e.g., presence of conspecifics and predators (Schmidt and Belinsky, 2013; Kipper et al., 2015; Gersick and White, 2018), could change on the scale of our short song recording and these factors may have triggered variability in song. Third, it is known that birds in general may adjust their songs to their immune state (York et al., 2016), breeding stage (Ballentine et al., 2003; Lattin and Ritchison, 2009; Naguib et al., 2016), the current social environment (Kroodsma et al., 1989; Gersick and White, 2018) and predation risk (Schmidt and Belinsky, 2013), among other factors. Thus, the song of many passerine species may function as a signal of the immediate state and environment (e.g., audience composition) of the signaler, as well as displaying some information about individual quality.

The main role of the environment in song expression is supported by the low heritability of learned song found in a wild bird population of the sister species, the pied flycatcher (Labra and Lampe, 2018), and in laboratory studies on zebra (Forstmeier et al., 2009) and Java finches (Lonchura oryzivora, Lewis et al., 2021). Other laboratory studies with Bengalese finches (Lonchura striata domestica) and canaries (Serinus canaria), though finding high heritability for some song traits, also emphasized the role of individual quality and the social environment during learning in the expression of song (Trösch et al., 2017; Mets and Brainard, 2018; Lewis et al., 2021). It should be noted that the differences between the cited results and ours may arise because only a mean value for each individual was used in previous work, which could have led to an underestimation of the residual variance. Furthermore, birds held in the laboratory are exposed to fewer external stimuli that could affect their song, thus the additive genetic component of song traits may increase (but see Lewis et al., 2021). However, low heritability values reported here should be interpreted with caution due to the combination of the modest sample size in terms of individuals and two factors inherent to wild open populations and the nature of the studied traits: the low relatedness between individuals and the moderate repeatability of behavior in general and the song traits in particular (Morrissey et al., 2007; de Villemereuil et al., 2013). It is also worth bearing in mind that even if a song trait has low heritability, it can have high evolvability, i.e., response to selection (Hansen et al., 2011; Houle et al., 2011; Hansen and Pelabon, 2021).

We found similar additive genetic variance estimates for all the song traits analyzed. These findings contrast with previous studies wherein the genetically determined component of bird song depended on the specific song trait considered (Forstmeier et al., 2009; Trösch et al., 2017; Labra and Lampe, 2018). For example in a laboratory study on zebra finches (Taeniopygia guttata), higher and significant heritability values were found for song traits connected to some morphological characteristics, such as mean frequency of calls, compared to the low values reported for other traits, such as repertoire size and song length (Forstmeier et al., 2009). However, we did not find such differences between the heritability of the song traits in our data. It is possible that in the collared flycatcher song traits are not closely related to morphological traits, but this issue should be studied further.

In summary, the heritability of song traits of collared flycatchers was low, indicating the great capacity of birds to adjust their song to their current environment or condition. Low heritability values may also result from the critical role of social learning in the expression of song (Mets and Brainard, 2018; but see: Wheatcroft and Qvarnström, 2017).
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Minimum models were run without fixed effects and without the random effect of year. N = 3,582, N of individuals = 81, except for complexity, for which N = 2,277, N of individuals = 57.
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