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Abstract 15 

Choice of mating partners may affect fitness. Both phenotypic and genetic traits have been 16 

shown to play roles in the mating process of animals. We investigated the roles of phenotypic 17 

and genetic characteristics in the patterns of social mating in the Silver-throated Tit (Aegithalos 18 

glaucogularis), a sexually monochromatic species that exhibits sexual size dimorphism, rarely 19 

sings, does not occupy territories, and has relative low level of extra-pair paternity. To explore 20 

the role of phenotype traits, we tested for assortative mating based on the sizes of seven 21 

morphological traits. To explore the role of genetic traits, we tested for assortative mating with 22 

respect to genetic heterozygosity (heterozygous mate hypothesis) and whether birds mated with 23 

genetically dissimilar individuals (compatible mate hypothesis). We found significant 24 

correlations between paired individuals for bill length and body length, indicating possible 25 

assortative mating based on these two traits. In contrast, genetic heterozygosity was not 26 

correlated between paired individuals, and the mean relatedness of the mates was not 27 

significantly different from that of randomly mated individuals, not supporting that 28 

Silver-throated Tits assortatively mate with heterozygous individuals, or choose more 29 

genetically dissimilar mates. Also, individual heterozygosity was not reflected in the measured 30 

morphological traits, as no correlation was detected. Neither the individual heterozygosity nor 31 

the relatedness between mates was correlated with the reproductive performance measures, 32 

including clutch size, brood size, and number of fledglings. However, we found that clutch size 33 

increased with female body length, which could explain the benefit for males mating with 34 

larger females. Taken together, while our current data failed to provide evidence for the effect 35 

of genetic characteristics on the social mating pattern of the Silver-throated Tits, the results 36 

suggest that phenotypic traits are likely associated with their mating pattern.  37 
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Introduction 40 

Mate choice, which usually refers to the process of selecting a social or copulation partner 41 

(Kempenaers 2007), is important for maximizing individual fitness. Studies of animal mating 42 

patterns have often focused on phenotypic traits, such as body size (e.g. Verrell 1995; Harano 43 

et al. 2012), plumage coloration (e.g. Bennett et al. 1996), and mating display (Gibson et al. 44 

1991), because phenotypic traits usually indicate individual quality, and an individual may 45 

benefit from mating with a partner possessing certain traits (reviewed in Andersson 1994; 46 

Candolin 2003). 47 

As phenotypic traits are often reflections of an individual’s genetic characteristics, recent 48 

studies have attempted to explore the role of genetic characteristics involved in the mating 49 

process. It is suggested that individuals may gain genetic benefits through increasing the fitness 50 

of their offspring when mating with partners with certain superior alleles or combination of 51 

alleles (Mays and Hill 2004), because the offspring of such parents would benefit from the 52 

inheritance of these alleles (Kempenaers 2007; Neff and Pitcher 2005). This kind of mating 53 

preference has been argued, however, that its additive genetic benefit would be rapidly depleted 54 

by strong directional selection for mating with these universally attractive individuals, leading 55 

to the so-called lek paradox (reviewed in Kotiaho et al. 2008). 56 

Genetic heterozygosity is also related to individual phenotype, including many traits 57 

related to fitness (Brown 1997; Kempenaers 2007; Chapman et al. 2009). Although benefits 58 

from heterozygosity are genetically non-additive, genetic heterozygosity has also been found to 59 

play a role in mate choice, and two major mechanisms have been proposed for explaining the 60 

benefits of heterozygosity-based mating. The “heterozygous mate” hypothesis proposes that 61 

individuals may mate with partners having heterozygous genes (Kempenaers 2007) because 62 
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mating with heterozygous individuals may result in direct benefits such as better parental care 63 

(García-Navas et al. 2009) and larger territory (Seddon et al. 2004), as well as indirect benefits 64 

through the possibility of increasing offspring heterozygosity (García-Navas et al. 2009; 65 

Ortego et al. 2009). The “heterozygous mate” hypothesis, like the “good alleles” hypothesis, 66 

assumes that universally attractive mates exist in the population, which are preferred by the 67 

opposite sex (Mays and Hill 2004; Puurtinen et al. 2009).  68 

In contrast, the “compatible mate” hypothesis proposes that there are no unanimous 69 

mating preferences for all individuals (Puurtinen et al. 2009; Hettyey et al. 2010). Rather, each 70 

individual may mate with a partner who carries alleles that complement its own, and the 71 

benefits of such a mating pattern do not rely on the inheritance of a particular allele (or alleles), 72 

but on the interactions of parental alleles (Trivers 1972; Brown 1997). According to the 73 

“compatible mate” hypothesis, individuals are expected to mate with genetically unrelated or 74 

dissimilar individuals to produce offspring possessing heterozygous genes (Mays and Hill 75 

2004).  76 

While there is a growing body of empirical studies that have documented the role of 77 

genetic characteristics in the mating process, this area remains debated and evidences 78 

supporting the hypotheses are often mixed (Kempenaers 2007; Puurtinen et al. 2009). For 79 

example, the heterozygous mate hypothesis was supported by some studies (e.g. García-Navas 80 

et al. 2009; Ortego et al. 2009), but not by others (e.g. Kleven and Lifjeld 2005; Ferretti et al. 81 

2011). Similarly, not all studies testing the compatible mate hypothesis have found evidence for 82 

it (Stapleton et al. 2007; García-Navas et al. 2009; Mulard et al. 2009; Ferretti et al. 2011). A 83 

better understanding of the role of genetic characteristics in animal mating preference may 84 

therefore require more evidences from empirical studies. 85 
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In this study, we explored the roles of both phenotypic and genetic characteristics in the 86 

social mating pattern of a small passerine, the Silver-throated Tit (Aegithalos glaucogularis). 87 

Silver-throated Tit used to be treated as a subspecies of the closely related Long-tailed Tit (Ae. 88 

caudatus), but was recently classified as a separate species because of its distinctive plumage 89 

and breeding isolation (Harrap 2008), which was also supported by their genetic distance 90 

(Päckert et al. 2010). We focused on the social mating pattern of the Silver-throated Tit because 91 

the level of extra-pair paternity is relatively low in this species (7% of the offspring in 33% of 92 

the broods, Li et al. 2014), which suggests that breeding with only one social partner is the 93 

major way to produce offspring.  94 

As phenotypic traits, we used seven morphological measurements and tested for 95 

size-assortative mating based on these traits. Unlike many birds that use song, territories and 96 

sex-specific ornaments to attract mate (e.g. Dalziell and Cockburn 2008; Hasegawa et al. 2012; 97 

Toomey and McGraw 2012), Silver-throated Tits rarely sing, do not occupy territories, and are 98 

sexually monochromatic (at least in human visual reception). As they have size dimorphism 99 

between the sexes, with males being larger than females (Li et al. 2010), it is possible that 100 

morphological size difference plays a role in their mate choice.  101 

For genetic characteristics, we estimated individual heterozygosity and relatedness 102 

between mates with polymorphic microsatellite markers and tested the “heterozygous mate” 103 

and “compatible mate” hypotheses. Regarding the former hypothesis, we asked whether there 104 

was assortative mating based on individual heterozygosity, a pattern that has been documented 105 

in a few bird species (e.g. García-Navas et al. 2009; Ortego et al. 2009). For the “compatible 106 

mate” hypothesis, we tested whether the average relatedness of the observed mates was lower 107 

than that of two randomly selected opposite-sex individuals in the population, as expected if 108 
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individuals choose genetically more dissimilar individuals as mates (García-Navas et al. 2009; 109 

Mulard et al. 2009). To further explore the potential fitness consequences of mating preference 110 

in this species, we also investigated whether phenotypic and genetic characteristics of the 111 

mates were related to their reproductive performance measures.  112 

 113 

Materials and Methods 114 

Study population and field methods 115 

The study population of Silver-throated Tits was located in the Dongzhai National Nature 116 

Reserve (31.95°N, 114.25°E) of Henan Province in central China, which is at the transitional 117 

region between subtropical and temperate zones and is characterized by a rich avian diversity 118 

(for more information of the study site, see Li et al. 2012). Silver-throated Tits are resident at 119 

the study site and usually breed from late January to late May, with one brood annually (Li et al. 120 

2012). They live in flocks during non-breeding season and flocks break up to form breeding 121 

pairs when weather becomes warm in late January or early February. The species has a short 122 

life span (mostly ≦3 years), and individuals are capable of breeding in their second year of 123 

life. Females lay 5–10 eggs per clutch (mostly 7 or 8) and no brood parasitism has been 124 

documented (Li et al. 2014). Incubation and nestling periods last for approximately 13 and 15 125 

days, respectively, and only about 30% of the nesting attempts can successfully produce 126 

fledglings (Li et al. 2012). 127 

The data for this study were collected between 2011 and 2013 (48, 51 and 76 nests in the 128 

three years were involved in the study, respectively). During the breeding seasons, we searched 129 

for nests by following adult birds and systematically checking potential nesting sites. The 130 

mating pairs observed at the nests were identified by unique combinations of color rings. Most 131 



8 

birds were taken for seven morphological measurements, including bill length, bill depth, 132 

bill-head length, tarsus length, wing length, tail length and body length (see Li et al. 2010), and 133 

all morphological measurements were taken by one person in each year (J. Li in 2011 and 2012, 134 

and a technician in 2013) to reduce observer bias. Nests were monitored every 1–3 days to 135 

determine breeding status and nest content. We recorded clutch size, brood size, and number of 136 

fledglings as the measures of reproductive performance of each pair. 137 

Molecular genetic analyses 138 

A blood sample was taken from each bird through venipuncture of the brachial vein for genetic 139 

analysis. Genomic DNA was extracted using a TIANamp Genomic DNA Kit (Tiangen, Beijing, 140 

China). The sex of each Silver-throated Tit was determined using the primers sex1’/sex2 (Wang 141 

et al. 2010).  142 

Microsatellite genotyping was conducted for samples collected in 2011 and 2012, and 143 

therefore, our analyses in relation to genetic traits were only based on these samples. We 144 

genotyped the samples with ten fluorescently labeled microsatellite markers: Ase18, Ase37, 145 

Ase64, Escµ6, Man13, Pca3, HrU2 (Simeoni et al. 2007), TG01040, TG03031 and TG04004 146 

(Dawson et al. 2010). All loci were amplified with polymerase chain reactions (PCRs) in three 147 

independent multiplex reactions (for details of the procedures, see Li et al. 2014). GeneMapper 148 

version 4.0 (ABI) was used to score the microsatellite genotypes.  149 

Estimation of heterozygosity and genetic similarity 150 

Among the ten loci genotyped, loci Ase18 and TG04004 failed in the test of Hardy-Weinberg 151 

equilibrium (in Genepop version 4.2) and therefore were not used in the estimation of 152 

hetrerozgyosity and genetic similarity.  153 

We used the package Rhh (Alho et al. 2010) in R 2.15.1 (R Core Team 2012) to estimate 154 
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individual heterozygosity. Rhh output three estimators of individual heterozygosity: 155 

homozygosity by loci (Aparicio et al. 2006), internal relatedness (Amos et al. 2001) and 156 

standardized heterozygosity (Coltman et al. 1999). These three estimators were highly 157 

correlated between each two of them in our Silver-throated Tit data set (all r > 0.95), and so we 158 

used only the standardized heterozygosity as an index of individual heterozygosity. 159 

Standardized heterozygosity is defined as the proportion of heterozygous loci divided by the 160 

mean heterozygosity of the scored loci, which can take into account allele dropout or different 161 

numbers of loci genotyped in individuals (Coltman et al. 1999).  162 

The genetic similarity between individuals was estimated by their pairwise relatedness 163 

using ML-RELATE (Kalinowski et al. 2006), a program designed to use microsatellite data to 164 

calculate maximum likelihood estimates of relatedness. For the purpose of further explaining 165 

the observed mating pattern, the relationship of each pair of Silver-throated Tits was also 166 

estimated by ML-RELATE based on the highest likelihood of the following four common 167 

relationships: unrelated, half siblings, full siblings and parent–offspring (Kalinowski et al. 168 

2006).  169 

Statistical analysis 170 

To control for the effect of potential yearly variation, we standardized the data of each year 171 

(including individual morphological measurements, genetic heterozygosity, relatedness 172 

between mates, clutch size, brood size and number of fledglings) by subtracting the mean value 173 

of the respective year from each observed value, and then dividing it by the standard deviation 174 

of the respective year.  175 

To test if Silver-throated Tits mated assortatively based on morphological traits and 176 

genetic heterozygosity, we used Pearson correlations to compare the pairwise relationship of 177 
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each morphological trait and the heterozygosity for paired individuals. We also tested the 178 

correlations between heterozygosity and morphological measurements to see if an individual’s 179 

genetic heterozygosity was reflected by its phenotypic traits. For individuals that were 180 

observed across years, only data from one year (usually the first year if we had measurements 181 

of both parents in that year) were used to avoid pseudoreplication in these analyses. 182 

    To test whether paired individuals were more genetically dissimilar than two randomly 183 

selected opposite-sex individuals, we compared the mean relatedness of observed pairs with 184 

that of randomly generated pairs using PERM 1.0 (Duchesne et al. 2006). The analyses were 185 

conducted for pairs of each year, respectively. From the females and males of all paired 186 

individuals of each year, we used PERM to generate the same number of randomly mated pairs 187 

as that of the observed pairs. This process was repeated 1,000 times and significance was 188 

assessed by comparing the relatedness of observed pairs to that of simulated pairs (Duchesne et 189 

al. 2006). 190 

The assigned relationship based on the highest likelihood in ML-RELATE may not 191 

always be true, especially when the likelihood of other relationship categories is not lower 192 

(Kalinowski et al. 2006). For the first-class related mates identified by ML-RELATE (i.e. 193 

parental–offspring and full siblings; see Results), which were usually rare in wild populations, 194 

we therefore further performed likelihood ratio tests in ML-RELATE to evaluate their 195 

possibility against the possibility of being second-class relatives (i.e. half siblings). This was 196 

done with 1,000 simulations in ML-RELATE and the possibility of being second-class relatives 197 

could be excluded when P < 0.05. 198 

For the phenotypic (morphological) traits that were found to have relationships with 199 

assortative mating pattern, we examined their relationship with reproductive performance with 200 
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three linear mixed models (LMMs), using clutch size, brood size, and number of fledglings as 201 

responsive variable, respectively. Some individuals laid second clutches if the first breeding 202 

attempts failed, but we used only first attempts in the analyses. In the LMMs, we included 203 

female identity as a random factor to account for the non-independence of breeding attempts of 204 

a same female in different years. In the initial LMMs, we included phenotypic traits of the 205 

respective mates and the interactions of the same traits between mates as explanatory variables. 206 

Final models were obtained by sequentially removing the least significant terms from the initial 207 

models. To examine whether parental genetic characteristics affected reproductive performance, 208 

we conducted similar LMM analyses, with explanatory variables being female and male 209 

heterozygosity and their interactions, as well as the relatedness between the mates. Year was 210 

not included in all the above models because no significant effects were detected for it and its 211 

interactions with other variables in an initial examination, and the data were standardized by 212 

year (see above).  213 

In addition, we investigated if morphological differences among individuals were related 214 

to age by comparing: 1) the morphological measurements of recaptured individuals to their 215 

measurements when first captured (i.e. with at least one interval of molting season) using 216 

paired t-tests, and 2) the morphological measurements of young individuals (1year old) to those 217 

of old individuals (≧ 2 years old) using independent t-tests.  218 

Statistical analyses were conducted in SPSS 19.0 (SPSS Inc., Chicago, IL, USA). We 219 

reported means with standard deviation (SD) unless otherwise stated. All tests were two-tailed 220 

and were reported as significant when P ≤ 0.05. Sample size variations were due to missing 221 

values. 222 

 223 
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Results 224 

Mating pattern in relation to morphological measurements 225 

Among the morphological traits, significant correlations between paired individuals were 226 

detected for bill length as well as body length (Table 1; Fig. 1), indicating possible assortative 227 

mating based on these two traits in Silver-throated Tits.  228 

We then examined whether bill length and body length were related to reproductive 229 

performance using LMMs with bill length and body length of the mates (including the 230 

interactions between mates) as explanatory variables. Female body length had a significant 231 

positive relationship with clutch size (Table 2; Fig. 2). There were no relationships between the 232 

phenotypic traits (bill length and body length) and brood size or the number of fledglings 233 

(Tables 3 and 4). 234 

The bill and body lengths of recaptured individuals were not significantly different from 235 

their measurements in previous breeding seasons (paired t-tests; female bill length, t11 = -0.1, P 236 

= 0.91; female body length, t11 = 0.3, P = 0.78; male bill length, t18 = 0.5, P = 0.66; male body 237 

length, t18 = 1.2, P = 0.25). Also, young individuals (1year old) and old individuals (≧ 2 years 238 

old) did not differ in bill length (independent t-tests; females, t15 = -1.1, P = 0.29; males, t34 = 239 

-1.8, P = 0.09) and body length (independent t-tests; female, t15 = -0.1, P = 0.91; males, t34 = 240 

-0.1, P = 0.90). 241 

Mating pattern in relation to genetic characteristics 242 

Mean standardized individual heterozygosity was 1.001 ± 0.214 for females (n = 83) and 0.994 243 

± 0.235 for males (n = 82). The heterozygosity was not correlated between paired individuals 244 

(Pearson correlation, r = –0.01, n = 72 pairs, P = 0.91), suggesting that the Silver-throated Tits 245 

might have not mated assortatively with respect to genetic heterozygosity.  246 
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The mean relatedness between mates was 0.086 ± 0.122 in 2011 (n = 43 pairs) and 0.099 247 

± 0.145 in 2012 (n = 44 pairs), and 0.088 ± 0.125 across years (n = 72 pairs after excluding 248 

repeated individuals). Silver-throated Tits did not choose genetically dissimilar individuals as 249 

mates as the mean relatedness in either year was not significantly different from that of 250 

simulated pairs by random mating (2011, P = 0.16; 2012, P = 0.28). For the relationships 251 

between mates estimated by ML-RELATE based on the highest likelihood, most were 252 

unrelated (Fig. 3). There were six pairs of mates identified as full siblings and parent-offspring 253 

by ML-RELATE (Fig. 3), but the likelihood ratio tests could not exclude their possibility of 254 

being half siblings for five of them (P values ranged from 0.086 to 0.202). Only one pair, 255 

which was assigned as mating between full siblings, was relatively unlikely to be half siblings 256 

(P = 0.047).  257 

The morphological traits that we measured were not correlated with individual 258 

heterozygosity for both females and males (Pearson correlations, n = 76–81, all P > 0.15). The 259 

breeding performance measures, which included clutch size, brood size, and number of 260 

fledglings, were not related to either the heterozygosity of paired females and males or the 261 

relatedness between them (Table 5).  262 

 263 

Discussion 264 

The role of genetic characteristics 265 

We have tested the “heterozygous mate” and “compatible mate” hypotheses in the 266 

Silver-throated Tit. Evidence for assortative mating based on genetic heterozygosity has 267 

increased in recent studies of birds, such as the Blue Tit (Cyanistes caeruleus) (García-Navas et 268 

al. 2009) and Lesser Kestrel (Falco naumanni) (Ortego et al. 2009). Our results were consistent 269 



14 

with those that failed to find correlations between individual heterozygosity and mating 270 

patterns (e.g. Kleven and Lifjeld 2005; Ferretti et al. 2011). A precondition for 271 

heterozygosity-based mating is that there needs to be some phenotypic traits for assessing 272 

heterozygosity. In the Blue Tit, individual genetic heterozygosity is related to the crown 273 

brightness (García-Navas et al. 2009), while in the Wire-tailed Manakin (Pipra filicauda), 274 

individual genetic heterozygosity is reflected by the wing and tarsus length (Ryder et al. 2010). 275 

In this study, however, we detected no significant correlations between heterozygosity and the 276 

morphological traits measured, despite with reasonable sample sizes in the analyses (ca. 80 277 

individuals for each sex; if there is a significant relationship, the power for the correlation 278 

analyses to detect it is greater than 0.7 when the effect size is 0.3 and greater than 0.9 when the 279 

effect size is 0.4, with a sample size of 80). Therefore, although additional phenotypic 280 

characteristics (e.g. plumage coloration) should be tested for their correlations with genetic 281 

heterozygosity, it is possible that the absence of heterozygosity-based mating in Silver-throated 282 

Tits may be due to the lack of phenotypic traits for heterozygosity assessment.  283 

Our results also showed that the average relatedness of observed Silver-throated Tit pairs 284 

was not different from that of random mating. This suggests that individuals of this species 285 

may not actively choose mates based on relatedness, inconsistent to the prediction by the 286 

compatible mate hypothesis. It is perhaps that inbreeding avoidance in the Silver-throated Tits 287 

is mainly achieved through sex-biased natal dispersal, as it is a common mechanism in animals 288 

(Pusey 1987; Pusey and Wolf 1996) including the closely related Long-tailed Tit (Russel 2001; 289 

Sharp et al. 2008). Although this may be a sufficient mechanism to avoid mating between close 290 

kin such as parent-offspring and siblings who once have a close association and may recognize 291 

each other, it may not effectively prevent mating between less related kin such as half siblings 292 
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who do not have the prior associations. In the Long-tailed Tit, it has been experimentally 293 

shown that individuals are able to discriminate close kin (parent offspring and siblings) from 294 

unrelated individuals (Hatchwell et al. 2001; Sharp et al. 2005), yet their ability to indentify 295 

less related kin (e.g. half siblings) was not tested and may be discounted. This may explain the 296 

fact that most related mates were found to be half-siblings as estimated by ML-RELATE. 297 

Although ML-RELATE also identified six pairs that might be full siblings and parent-offspring 298 

based on the highest likelihood, we think this may be due to misclassification because the 299 

likelihood ratio tests could not exclude the possibility of five of them being half siblings.  300 

Therefore, it appears that neither the heterozygous mate nor the compatible mate 301 

hypotheses were supported. One may argue that the genetic markers used in the study may 302 

have not effectively reflected their genome-wide heterozygosity (Väli et al. 2008; Ljungqvist et 303 

al. 2010) and may have low power in estimating relatedness between individuals (Blouin et al. 304 

1996; Kalinowski et al. 2006). However, while the necessity of additional studies with more 305 

number of microsatellite loci or other genetic markers (e.g. MHC genes) should be considered 306 

in future, many relevant studies produced positive results despite using a similar or smaller 307 

number of loci (e.g. Hoffman et al. 2007; Mulard et al. 2009; Ryder et al. 2010).  308 

It is likely that the absence of mating pattern in relation to genetic characteristics is 309 

because of no apparent correlation between genetic heterozygosity and fitness in 310 

Silver-throated Tits, although heterozygosity-fitness correlation is the prior assumption for the 311 

heterozygous mate and compatible mate hypotheses. This is partially supported by our results 312 

that the reproductive performance measures, which included clutch size, brood size, and 313 

number of fledglings, were unrelated to individual heterozygosity or the relatedness between 314 

mates.  315 
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In addition, this study did not examine the extra-pair mating behaviors in relation to 316 

genetic traits, because Silver-throated Tits have a relatively low level of extra-pair paternity (Li 317 

et al. 2014) and we currently do not have enough data. However, some studies have shown that 318 

both the individual heterozygosity (Rubenstein 2007) and the relatedness between mates (Suter 319 

et al. 2007; Varian-Ramos and Webster 2012) may affect extra-pair mating behaviors in birds. 320 

Further confirmation of the role of genetic traits in the mating process of Silver-throated Tits 321 

may benefit from such an investigation in future. 322 

The role of phenotypic characteristics 323 

Assortative mating based on body size has been previously documented in some vertebrates 324 

(e.g. Olsson 1993; Wagner 1999; Pack et al. 2012). Our results that bill length and body length 325 

in Silver-throated Tits were related between mates indicate that size-assortative mating may 326 

exist in this species. The correlation coefficients (i.e. effect size) in our study are close to the 327 

mean correlation (0.28) between mates of 256 species in a recent review of animal assortative 328 

mating (Jiang et al. 2013). 329 

A size-assortative mating pattern may result from several nonexclusive processes. For 330 

instance, this pattern may be due to an age effect, i.e. older individuals have larger 331 

morphological measurements and tend to mate with older individuals of a comparative body 332 

size (Delestrade 2001). However, this may not be true for the Silver-throated Tits because the 333 

results suggest that the differences in bill and body lengths were probably independent of age. 334 

Other studies have suggested that size-assortative mating may result from correlated 335 

distribution of female and male body size in space (Johannesson et al. 1995). This is also an 336 

unlikely situation in the Silver-throated Tits because this species has almost no territorial 337 

behavior, and the habitats are relatively evenly distributed in our study site.  338 
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Two other mechanisms are more likely to explain the size-assortative mating pattern in 339 

Silver-throated Tits: mate choice for large size (Harari et al. 1999) or intra-sexual competition 340 

(Taborsky et al. 2009). As a sexually monochromatic species, one may reasonably expect that 341 

morphological sizes play roles in mate choice or intra-sexual competition. Although the exact 342 

mechanisms remain unknown, the results suggest that males mating with larger females may 343 

gain benefit from larger clutch size. As the morphological difference is unrelated to age, the 344 

positive correlation between clutch size and female body length was unlikely a byproduct of 345 

age effect (i.e. older individuals tend to have larger body measurements and lay larger clutches) 346 

(Hamann and Cooke 1987; Decker et al. 2012). Interestingly, we did not find that female body 347 

length affected brood size and number of fledglings. We think that this may be due to that 348 

brood size and number of fledglings combined the effects of hatching rate, nestling starvation, 349 

and predation, and it is also possible that the nonsignificant results were due to reduced 350 

statistical power because of smaller sample size, as in the results we also found that female 351 

body length tended to be positively correlated with brood size and number of fledglings 352 

(although not significant; results not shown).  353 

The benefits gained from bill-size-based mating pattern or females mating with males 354 

having longer body length remains unclear, but it has been found that in some bird species both 355 

bill length and body length are related to individual dominance status (e.g. Searcy 1979; 356 

Richner 1989; Burton and Evans 2001). Moreover, bill length may be related to foraging ability 357 

(Radford and Du Plessis 2003), and larger males may provide more food to the broods 358 

(Badyaev and Martin 2000). 359 

Considering the benefit of mating with large females, it is likely that male Sliver-throated 360 

Tits may prefer larger females as mates and acquire them through competition with other males. 361 



18 

Females, on the other hand, may also actively choose larger males as mates when there are 362 

benefits for mating with larger males. Consequently, a size-assortative mating pattern may 363 

appear when larger males mate with larger females, whilst smaller males have to mate with 364 

smaller females. This explanation assumes the existence of mate choice by male 365 

Silver-throated Tits. Male choice of female partners in birds is probably less investigated, but 366 

has been reported in many species such as Blue-footed Booby (Torres and Velando, 2005), 367 

Rock Sparrow (Griggio et al. 2005) and Zebra Finch (Jones et al. 2001; Holveck et al. 2011). 368 

Moreover, it has been recently argued that mate choice by males is potentially widespread in 369 

nature (Edward and Chapman 2011). We currently do not know the exact situation in 370 

Silver-throated Tits. Further clarification of the exact mechanism may require more detailed 371 

field observation or experimental procedures in future.  372 

Conclusions 373 

Our results from current data support neither the “heterozygous mate” nor the “compatible 374 

mate” hypotheses, hence failed to document evidence for the role of genetic characteristics in 375 

the social mating pattern of the Silver-throated Tits. Instead, for this sexually monochromatic 376 

species that rarely sings, does not occupy territories, but exhibits sexual size dimorphism, our 377 

results suggest that morphological sizes are likely associated with their mating process. Future 378 

studies on the Silver-throated Tits may need to examine the exact mechanism of this possible 379 

phenotype-based social mating pattern. In addition, further investigations of genetic 380 

characteristics, e.g. using more genetic markers and comparing social mate with extra-pair 381 

mate, may help to eventually clarify the role of genetic traits in the mating process of this 382 

species. 383 

 384 
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Table 1 Pearson correlations between paired Silver-throated Tits regarding standardized 591 

morphological measurements. Significant P values are highlighted in bold 592 

 

Number of pairs  r P 

Bill lengtha  99 0.25 0.01 

Bill depth  99 0.09 0.36 

Bill-head length  98 0.08 0.43 

Tarsus length  99 0.01 0.94 

Wing length  99 0.11 0.28 

Tail length  98 0.02 0.84 

Total body lengthb  97 0.25 0.01 

a, r = 0.21, 0.37 and 0.23 in 2011, 2012 and 2013, respectively; 593 

b, r = 0.17, 0.39 and 0.17 in 2011, 2012 and 2013, respectively; 594 

595 
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Table 2 Results of linear mixed model (LMM) analyses of the effect of bill length and body 596 

length of the mates on clutch size. Data collected between 2011 and 2013. Female identity was 597 

included as a random factor in the LMMs to account for the non-independence of multiple 598 

broods from a same female in different years. Significant P values are highlighted in bold 599 

Explanatory variables  df  F  P  

Full model    

Female bill length  1,58  0.4  0.54  

Female body length  1,58  4.0  0.05  

Male bill length  1,58  0.4  0.51  

Male body length  1,58  0.0  0.87  

Female ×Male bill lengths  1,58  0.5  0.48  

Female ×Male body lengths  1,58  0.6  0.46  

Minimum model    

Female body lengtha  1,63  8.0  0.006 

a, parameter estimate ± SE = 0.27 ± 0.10. 600 

601 
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Table 3 Results of a linear mixed model (LMM) analysis of the effect of bill length and body 602 

length of the mates on brood size. Data collected between 2011 and 2013. Female identity was 603 

included as a random factor in the LMM to account for the non-independence of multiple 604 

broods from a same female in different years 605 

Explanatory variables  df  F  P  

Female bill length  1,48  0.3  0.58  

Female body length  1,48  1. 5  0.23  

Male bill length  1,48 1.7  0.20  

Male body length  1,48 0.2  0.62  

Female × Male bill lengths  1,48 3.1  0.08  

Female × Male body lengths  1,48 0.2  0.69  

 606 

607 
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Table 4 Results of a linear mixed model (LMM) analysis of the effect of bill length and body 608 

length of the mates on number of fledglings. Data collected between 2011 and 2013. Female 609 

identity was included as a random factor in the LMM to account for the non-independence of 610 

multiple broods from a same female in different years 611 

Explanatory variables  df  F  P  

Female bill length  1,32  0.1  0.45  

Female body length  1,32  0.6  0.42  

Male bill length  1,32  0.7  0.76  

Male body length  1,32  0.0  0.95  

Female × Male bill lengths  1,32  0.9  0.36  

Female × Male body lengths  1,32  0.0  0.96  

 612 
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Table 5 Results of linear mixed model (LMM) analyses of the effect of standardized 613 

heterozygosity (SH) of the mates and relatedness between mates on (1) clutch size, (2) brood 614 

size and (3) number of fledglings. Data from 2011 and 2012. Female identity was included as a 615 

random factor in the LMMs to account for the non-independence of multiple broods from a 616 

same female in different years 617 

Explanatory variables  df  F  P  

(1)    

Female SH  1,44  1.8  0.18  

Male SH  1,44  0.5  0.50  

Relatedness 1,44  0.1  0.73  

Female SH × Male SH  1,44  1.4  0.24  

(2)     

Female SH  1,35  1.2  0.28  

Male SH  1,35  0.1  0.76  

Relatedness 1,35  2.0  0.17  

Female SH × Male SH  1,35  0.0  0.92  

(3)    

Female SH  1,24  1.9  0.19  

Male SH  1,24  2.1  0.65  

Relatedness 1,24  3.3  0.08  

Female SH × Male SH  1,24  0.0  0.94  

  618 

619 
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Figure legends 620 

Fig. 1 Correlations of female and male (standardized) traits within pairs of Silver-throated Tits: 621 

(a) bill length and (b) body length. See Table 1 for correlation coefficients and significance 622 

tests 623 

Fig. 2 Relationship between (standardized) clutch size and female (standardized) body length 624 

in Silver-throated Tits 625 

Fig. 3 Relationship between Silver-throated Tit mates estimated by ML-RELATE based on 626 

highest likelihood (U = unrelated; HS = half siblings; FS = full siblings; PO = 627 

parent–offspring) 628 

 629 
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 630 

Fig. 1 Correlations of female and male (standardized) traits within pairs of 631 

Silver-throated Tits: (a) bill length and (b) body length. See Table 1 for correlation 632 

coefficients and significance tests 633 

634 
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 635 

Fig. 2 Relationship between (standardized) clutch size and female (standardized) 636 

body length in Silver-throated Tits637 
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 638 

Fig. 3 Relationship between Silver-throated Tit mates estimated by ML-RELATE 639 

based on highest likelihood (U = unrelated; HS = half siblings; FS = full siblings; PO 640 

= parent–offspring) 641 


