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Urbanization increasingly changes the ecological conditions for wild animal populations, influencing their demography, reproduction, and behavior. While studies on the ecological consequences of urbanization frequently document a reduced number and poorer body condition of offspring in urban than in non-urban bird populations, consequences for other components of reproduction are rarely investigated. Mating with partners outside the social pair-bond is widespread in birds, and although theory predicts that the occurrence of extra-pair fertilizations (EPF) may be sensitive to the altered ecological conditions of cities, the effect of urbanization on EPF is poorly known. Here we used data from two urban and two forest populations collected over 3 years to test whether the frequency of extra-pair offspring (EPO) in great tit broods differed between the habitats. We found that significantly more broods contained EPO in urban habitats (48.9%) than in forests (24.4%). In broods with EPO, the number and proportion of EPO was similar in urban and forest broods. These results suggest that females that live in urban habitats are more likely to engage in EPF than those living in forests. Urban environments may either provide more spatiotemporal opportunities to EPF because of higher breeding density, and/or enhance motivation for EPF to increase fertility in polluted environments. In addition, females with higher propensity to engage in EPF may more likely settle in urban habitats.
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INTRODUCTION

Urban animals often differ in their behavior, life history, demographics, and fitness from conspecifics living in more natural habitats (Gil and Brumm, 2013; Rodewald and Gehrt, 2014; Seress and Liker, 2015). In birds, many species successfully colonized urban areas worldwide, and urban individuals have to cope with several anthropogenic environmental changes such as noise, light, and chemical pollution (Seress and Liker, 2015), habitat fragmentation (Crooks et al., 2004), and ecological challenges such as higher population densities (Moller et al., 2012) and lower availability of natural food (Seress et al., 2018). These differences between urban and natural habitats may alter the costs and benefits of birds' reproductive decisions thereby affecting their behavior. In line with this, urban birds typically show altered reproductive biology including advanced laying dates, reduced brood sizes, higher nest-failure rates, and smaller nestlings (Bailly et al., 2016; Seress et al., 2018) compared to their non-urban conspecifics.

A widespread reproductive behavior among pair-bonding species is the pursuit of extra-pair fertilizations (EPF), which are found in ~90% of socially monogamous bird species (Griffith et al., 2002). EPF can increase the number of offspring for males, and it may grant genetic benefits to females by improving fertilization success and/or offspring quality (Griffith et al., 2002; Charmantier et al., 2004). These adaptive functions of EPF have been supported by empirical data, although not unequivocally (Hsu, 2014; Arct et al., 2015). The frequency of EPF can also be influenced by the spatiotemporal distribution of mating opportunities (Schlicht et al., 2014; García-Navas et al., 2015) and physical environmental factors such as night lighting and anthropogenic noise (Kempenaers et al., 2010; Halfwerk et al., 2011). Many of these potential impacts on extra-pair mating behavior may be affected by the altered ecological conditions of urban habitats. However, very few studies have compared EPF between birds breeding in urban and natural habitats (Moore et al., 2012; Rodriguez-Martínez et al., 2014; Bonderud et al., 2018), and it remains unclear whether and how extra-pair behavior varies with habitat urbanization.

The aim of our study was to test whether the frequency of extra-pair offspring (EPO; i.e., offspring that are not genetically related to the social partner of the female) within and across broods differs between urban and non-urban great tits (Parus major), a common and successfully urbanized passerine species with relatively high EPF rates (García-Navas et al., 2015). To test this we used a data set from two urban and two forest populations from three consecutive breeding seasons.

METHODS

We studied great tits breeding in nestboxes at two urban and two forest sites in Hungary from 2012 to 2014. We recorded the number of eggs and nestlings in the nestboxes every 3–4 days from March to the end of June. We captured parent birds and took their nestlings before fledging to collect blood samples for genotyping. In 2013 and 2014 we also collected unhatched eggs and tissue samples from nestlings that were found dead before blood sampling. For further details, see Supplementary Information: Field methods.

We selected 86 first annual broods of marked parents and conducted multi-locus genotyping on the whole families by amplifying 5 microsatellite loci with tri- and tetra-nucleotide repeats (Table S1) using multiplex PCR reactions. Altogether 159 parents (80 males and 79 females) and 851 offspring were genotyped. In a subset of samples (n = 23 individuals out of total 1010) with ambiguous results based on the 5 loci, we used 3 additional loci (Table S1). Fluorescent PCR products were scanned by capillary electrophoresis, and alleles were identified and scored by two independent researchers who were blind to the identity of birds. Our marker set proved reliable and efficient for identifying within-pair offspring (WPO) and EPO (see details in Supplementary Information: Genotyping). We identified an offspring as EPO if it mismatched the alleles of the social father on at least two loci but it had no mismatch with the maternal alleles.

We tested the difference in EPO frequencies between urban and forest broods by Generalized Estimation Equations (GEE) models to accommodate the non-normal error distributions and the few non-independent broods, as the majority of broods were independent but a few had one or two parents in common (Zuur et al., 2009). We investigated three response variables: EPO occurrence (EPO present/absent in the brood), the number of EPO per brood, and the proportion of EPO within the brood, the latter calculated as EPO / (EPO + WPO). The model for EPO occurrence contained all 86 broods, while the models for EPO number and EPO proportion contained only those 32 broods where at least one EPO occurred. We chose this subset in the latter models to avoid zero inflation, and to explicitly address the question whether urban and forest parents that engage in EPF differ in their allocation into extra-pair offspring. The predictor variables were study site (4 sites) and year (3 years) in all models. We calculated a linear contrast from each GEE model's estimates to statistically compare the two habitat types (i.e., two urban sites vs. two forest sites). For further details, see Supplementary Information: Statistical analyses.

RESULTS

There were more broods containing EPO in urban than forest habitat (Figure 1; Table 1) in all 3 study years (urban vs. forest 2012: 40.00 vs. 33.33%; 2013: 39.13 vs. 6.67%; 2014: 64.71 vs. 35.29%). When we controlled for non-independence of parents and differences among years in a GEE model (Table S2), EPO occurrence was significantly higher in urban than forest broods [odds ratio calculated from urban-forest linear contrast = 5.77, 95% confidence interval (CI): 1.72–19.4, p = 0.005].
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FIGURE 1. Occurrence of extra-pair offspring (EPO) in great tit broods at urban and forest study sites. Numbers below the bars refer to the number of genotyped broods in each site. Dots and whiskers show means and 87% confidence intervals, respectively, both calculated from the GEE model with study sites and years as predictors. Non-overlapping 87% CIs indicate statistically significant difference (i.e., that a 95% CI of the difference excludes zero).




Table 1. Occurrence of extra-pair offspring (EPO), i.e., proportion of studied broods that contained at least one EPO, and the percentage of EPO among all nestlings in the two urban and two forest study sites.
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The number and proportion of EPO was slightly higher in urban broods than in forests when we considered all broods (Table 1), but when we considered only the broods with at least one EPO there was no difference between urban and forest habitats in the number of EPO per brood (Table 1; Figure S1; Table S2, proportional difference between urban and forest broods from linear contrast = 1.175, 95% CI: 0.667–2.067, p = 0.58) and the proportion of EPO per brood (Table 1; Figure S2; Table S2, odds ratio from urban-forest linear contrast = 1.65, 95% CI: 0.793–3.43, p = 0.18). The results for all three variables of interest remained the same when we omitted data from 2012 when we did not have data for one urban site and did not collect samples from dead chicks and unhatched eggs (Supplementary Material, Table S3).

DISCUSSION

We found that urban broods of great tits contained at least one EPO significantly more often than forest broods, and this pattern was consistent across all 3 years. This result corroborates findings on other species: EPF tended to be higher in more urbanized areas in Canada geese (Branta canadensis) (Moore et al., 2012) and an unusually high rate of EPF was registered in urban Cooper's hawks (Accipiter cooperii) (Rosenfield et al., 2015). However, there was no habitat difference in EPF rate of mountain chickadees (Poecile gambeli) (Bonderud et al., 2018). On the other hand, in broods where EPO occurred we did not find difference in the number and proportion of EPO between urban and forest habitats. Thus, our results suggest that urbanization is associated with increased occurrence of EPF in great tits, although those females that engage in EPF produce similar numbers of EPO in both habitat types.

Several factors might explain the higher occurrence of EPO in urban populations. First, urban sites may offer more opportunities in space and time, for example through higher breeding density, as urban birds on average have 30% higher breeding density than rural populations (Moller et al., 2012), and higher breeding density can increase EPF frequency (Charmantier and Perret, 2004; Mayer and Pasinelli, 2013). Moreover, urban individuals often have a prolonged diurnal activity due to artificial lighting at night (Dominoni et al., 2013), offering more time for females to search for extra-pair males during early dawn (Double and Cockburn, 2000; Kempenaers et al., 2010; Halfwerk et al., 2011). Furthermore, night lighting enables males to start singing earlier and such males are more successful in siring EPO (Silva et al., 2015).

Further, food availability and its seasonal distribution may also contribute to the differences in extra-pair mating behavior between urban and forest populations. Caterpillars, the main food of great tits during the breeding season, are scarce in cities (Biard et al., 2017; Seress et al., 2018), so urban males might have to spend more time foraging at the expense of guarding their females during their fertile period, increasing opportunities for EPF in cities. However, previous experimental studies found that food scarcity can either increase (Hoi-leitner et al., 1999) or decrease EPF rates in various species (Václav et al., 2003; Kaiser et al., 2015). Furthermore, urban habitats lack the massive spring peak of caterpillar abundance that is typical in forests (Seress et al., 2018), which might lead to less synchronized breeding in urban populations, further facilitating EPF (Van Dongen and Mulder, 2009; García-Navas et al., 2015), although an opposite effect of breeding asynchrony is also possible (Stutchbury and Morton, 1995; Neudorf, 2004).

Also, birds might gain more benefits from EPF in urban habitats than in forests. Urban birds can suffer from a higher risk of inbreeding (Vangestel et al., 2011; Rodriguez-Martínez et al., 2014) and reduced reproductive success per breeding attempt (Bailly et al., 2016; Biard et al., 2017; Seress et al., 2018), so any benefit gained from fertility insurance and good genes might have more value in urban areas (Reding, 2014). Furthermore, urban females may be more motivated to pursue extra-pair partners because they might be more likely to perceive their social mate's quality as low. Individual quality and/or signals like song and plumage ornaments in birds are often relatively poorly developed in urban habitats, including the great tits' yellow plumage coloration (Halfwerk et al., 2011; Biard et al., 2017), black breast stripe (Senar et al., 2014), and song characteristics (Slabbekoorn and Peet, 2003). Urban great tit males that sing higher-frequency songs to overcome the noise-induced communication breakdown are cuckolded more often (Halfwerk et al., 2011), although another study found no difference in EPF in house sparrows (Passer domesticus) between noisy and quiet breeding sites (Schroeder et al., 2012).

Alternatively, the relationship between urbanization and EPO occurrence might be non-causal. For example, individuals with different behavioral types can differ in their habitat choice (Holtmann et al., 2017; Sprau and Dingemanse, 2017) and the propensity to engage in EPF can vary between females as part of their personality (Forstmeier, 2007; Forstmeier et al., 2014; Wolak et al., 2018). It is thus possible that a tendency for promiscuity is associated with the behavioral traits that facilitate settlement in cities, such as innovative problem solving and exploratory behavior (Bókony et al., 2017).

Taken together, there are many conceivable mechanisms by which habitat urbanization may influence the frequency of EPF. Understanding how these mechanisms shape avian reproductive behaviors, and why their effects differ between species, will further expand our knowledge on urban behavioral ecology and sexual selection. Furthermore, because EPF can decrease inbreeding and increase genetic diversity, uncovering the genetic mating systems of urban animals and identifying the main factors of urban cuckoldry may aid the conservation of fragmented populations in our urbanizing world.
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