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Abstract 12 

The explanation for extra-pair paternity (EPP) variation continues to attract research interest in the area of avian 13 

breeding systems. Comparisons among closely related species are recommended to explore factors that affect 14 

EPP rate variations. We utilised microsatellite markers to investigate extra-pair paternity in two sympatric 15 

populations of congeneric Black-throated Tits, Aegithalos concinnus, and Silver-throated Tits, A. glaucogularis. 16 

The two species share a similar breeding period at our study site and have helpers during breeding at some nests. 17 

The results suggest that the two species had low levels of extra-pair paternity: 5.7% of the offspring in the Black-18 

throated Tits and 6.8% of the offspring in the Silver-throated Tits. The proportion of broods with extra-pair 19 

paternity in the Silver-throated Tits (33.3%) was higher overall than the Black-throated Tits (17.2%). This 20 

difference is consistent with the prediction by their different male attendance of incubation, but failed to be 21 

explained by major ecological factors. On the one hand, we conducted the study at the same site during the same 22 

time, which therefore limited the potential effect of different environmental conditions and habitat on their EPP 23 

incidence. On the other hand, other factors such as the inter-nest distances failed to explain the observed pattern. 24 

Current results also could not rule out an effect of evolutionary history on the EPP patterns of these two related 25 

species. Our research of their cooperative breeding system found a low proportion of cooperative breeding nests 26 

with offspring sired by helpers (Black-throated Tit, 8.3% and Silver-throated Tit, 25.0%), indicating that a direct 27 

reproductive benefit is not a likely major reason for the existence of the helpers in these two species.  28 

Keywords: Aegithalos concinnus · A. glaucogularis · Extra-pair paternity · Comparison · Helper  29 
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Introduction 30 

Extra-pair paternity (EPP), defined as fertilisations that result from copulations outside of the 31 

social bonds in tradition mating system classification (Griffith et al. 2002), is recognised as a 32 

common phenomenon in socially monogamous birds. The EPP rate varies across species and 33 

populations, ranging from 0% (e.g. Robertson et al. 2001; Townsend et al. 2011) to greater 34 

than 80% of the broods (e.g. Dixon et al. 1994; Mulder et al. 1994). Several factors such as 35 

breeding density (Richardson and Burke 2001; Charmantier and Perret 2004; Stewart et al. 36 

2010), breeding synchrony (Stutchbury et al. 1998; Stewart et al. 2010), need for parental care 37 

(Hoi-Leitner et al. 1999; Schwagmeyer et al. 1999), and breeding system (Cornwallis et al. 38 

2010) are important for the variation of EPP incidence. Despite extensive progress in this area, 39 

EPP rate variation patterns are often inconsistent across studies, and further research is needed 40 

to understand how EPP rates vary across species and populations (see reviews by Griffith et al. 41 

2002; Neodorf 2004).  42 

Predictions of EPP patterns are difficult because variation can arise from the female or 43 

male perspective or the benefit and cost perspective, and different explanations are often not 44 

mutually exclusive (Petrie and Kempenaers 1998; Westneat and Stewart 2003). Moreover, the 45 

explanation of EPP pattern could be confounded by uncontrolled factors that relate to inter-46 

species and inter-population variation. For example, over 50% of the inter-specific variances 47 

in EPP are found at the taxonomic family level or above (Arnold and Owens 2002). Petrie and 48 

Kempenaers (1998) therefore suggested a comparison among different populations of the 49 

same species or between sister species to control the phylogenetic effect. However, direct 50 

comparative field studies are still rare (but see Emlen and Wrege 1991; Tarof et al. 1998; 51 

LaBarbera et al. 2010 for examples). Other ecological factors in addition to breeding density 52 

and synchrony can affect the EPP rate. For instance, studies found that the morning 53 

temperature affected the EPP rate in the Bluethroat, Luscinia svecica (Johnsen and Lifjeld 54 

2003), and the food availability affected the pattern of EPP in Mountain Bluebirds, Sialia 55 

currucoides (O'Brien and Dawson 2011). These environmental contexts are seldom 56 
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considered while making inter-specific and inter-population comparisons, so the results 57 

cannot be conclusively interpreted (Neodorf 2004).  58 

Black-throated Tits, Aegithalos concinnus (BT) and Silver-throated Tits, A. glaucogularis 59 

(ST) are small passerine species in the family Aegithalidae and are distributed in East Asia. 60 

The two species have overlapping distributions along the Yangtze River in the eastern part of 61 

central China (Zheng 2011), which provided the opportunity to study them under the same 62 

environmental conditions. We conducted a study concerning their sympatric populations in 63 

the Dongzhai Nature Reserve of the Henan province in central China between 2008 and 2011. 64 

The objectives of this study were 1) to investigate the rate of EPP in these two species, and 2) 65 

to discuss potential factors that might account for the difference in EPP rate between them. 66 

Because BT and ST are cooperative breeding species that have helpers at some nests during 67 

breeding (Li et al. 2012), we additionally investigated whether helpers of these two species 68 

shared paternity and asked whether sharing paternity could be a benefit driving the occurrence 69 

of the helping behaviour in the two species, as helpers of many cooperative breeders are 70 

found to share parentage of the helped brood to gain direct benefits (e.g. Richardson et al. 71 

2001; Rubenstein 2007; Du and Lu 2009). 72 

Methods 73 

Studied populations and field procedures 74 

The populations of BT and ST were studied in the Dongzhai National Nature Reserve 75 

(31.95°N, 114.25°E), which is located in the Henan province of central China in the transition 76 

area of the temperate zone and subtropical zone (for more information of the study site, see Li 77 

et al. 2009; Xu et al. 2009). The two species are residents, occurring in conifer and broadleaf 78 

forests and shrubs at our study site. Their breeding periods are similar, usually starting in late 79 

January and lasting until late May (Li et al. 2012). BTs place their nests closer to each other 80 

than STs (averagely 35m for BTs and 113m for STs, respectively, between two closest nests;  81 

Li et al. 2012). The two species show weak territorial behaviour during breeding; driving 82 

away an intruder was only observed occasionally during the nest-construction period. The 83 
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incubation of BTs is shared by both sexes, but in STs, only females attend incubation, and 84 

males sometimes provision their incubating mates (Li et al. 2012). In the studied populations, 85 

helpers of the two species usually occur at the nestling stage to assist parents in food 86 

provision; 20%-30% of the nests with nestlings had helpers, which are usually males (Li et al. 87 

2012). 88 

During the breeding seasons between 2008 and 2011, we searched for nests by 89 

systematically checking potential nesting sites and following adult birds. Adult birds were 90 

usually banded during previous winters or while present at the nests during the breeding 91 

season, so that each individual could be identified through unique colour ring combination. 92 

The helpers usually appeared at a later breeding stage when there were nestlings at the nests 93 

(Li et al. 2012). The nests were observed (with binoculars and telescopes) or filmed (with 94 

video cameras) regularly (usually every 1–3 days) to determine the identities of the adults in 95 

each nest. We collected a 20–50 μl blood sample from each adult via venipuncture of the 96 

brachial vein and sopped the sample with alcohol (95%)-soaked cotton swabs. The blood 97 

samples of nestlings were collected in the same way when they were older than 8 days. We 98 

collected any unhatched eggs and dead nestlings that were present in the nests. All samples 99 

were refrigerated until genotyping.  100 

Microsatellite genotyping 101 

We utilised the TIANamp Genomic DNA Kit (TIANGEN) to extract a full genomic DNA 102 

from 575 BT samples and 658 ST samples collected during 2008 to 2011. Eleven fluorescent 103 

labelled microsatellite markers were utilised to genotype the BT offspring: Ase18, Ase37, 104 

Escµ6, Man13, Pca3, PmaD22 (Simeoni et al. 2007), TG01040, TG03031, TG04004, 105 

TG04041 and TG01147 (Dawson et al. 2010); 10 fluorescent labelled microsatellite markers 106 

were utilised to genotype the ST offspring: Ase18, Ase37, Ase64, Escµ6, Man13, Pca3, and 107 

HrU2 (Simeoni et al. 2007), TG01040, TG03031, and TG04004 (Dawson et al. 2010). All 108 

loci were amplified with polymerase chain reactions (PCRs) in three independent multiplex 109 

reactions. The reaction conditions were the same for all multiplex reactions; all reactions were 110 

conducted in a total volume of 10 µL, containing 5 µL 2× QIAGEN multiplex PCR Master 111 
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Mix, 1 µL 10× primer mix (0.2 µM each primer) and 1 µL of 20 ng ⁄ µL DNA. The 112 

HotStarTaq DNA polymerase was activated by an initial denaturation step of 95 ℃ for 15 113 

min, then 40 cycles of 94 ℃ for 30 s, 58℃ for 90 s, 72 ℃ for 90 s and an extension of 60 ℃ 114 

for 30 min. All PCR reactions were performed using a Veriti 96-Well Thermal Cycler (ABI). 115 

Amplicons were sized by capillary electrophoresis utilising an ABI 3730xl DNA analyser by 116 

a service provider (Beijing TsingKe BioTech Co., Ltd.). LIZ500 (ABI) was utilised as an 117 

internal size standard. We utilised GeneMapper version 4.0 (ABI) software to score the 118 

microsatellite genotype. To assure the quality of genotyping, all electropherograms were 119 

visually checked.  120 

After re-genotyping a subset of individuals at each locus in 6.6% ~ 15.8% of BT 121 

individuals and in 2.1% ~ 5.3% of ST individuals, we estimated two classes of genotyping 122 

error utilising the software PEDANT (Johnson and Haydon 2007). Allelic dropouts were 123 

defined as class 1 with probability E1 (the probability of allelic dropouts per-allele), and false 124 

alleles were defined as class 2 with probability E2 (the probability of all stochastic errors that 125 

lead to a false allele per-allele) (Wang 2004). The characteristic of the loci including the allele 126 

frequencies, mean number of alleles, expected and observed heterozygosity as well as null 127 

allele frequency (Table 1) were computed utilising 173 adult BTs and 220 adult STs observed 128 

during the breeding season in CERVUS 3.0 (Kalinowski et al. 2007).  129 

Parentage analysis 130 

The 575 BTs were from 63 families where both parents were sampled, one family where only 131 

female parent was sampled and three families where only male parents were sampled. The 132 

658 STs were from 59 families where both parents were sampled, four families where only 133 

female parents were sampled and four families where only male parents were sampled. These 134 

samples included four female parents and two male parents of BTs and four female parents 135 

and one male parent of STs that had repeated offspring samples across years. One of the 136 

above BT families (including two parents and seven offspring) was later excluded from the 137 

parentage analysis because fewer loci of the offspring were amplified due to decomposition of 138 

tissue (muscle) samples collected from dead nestlings.  139 
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We assigned maternity for the broods whose female parents were sampled with the 140 

exclusion approach. We utilised the CERVUS 3.0 software (Kalinowski et al. 2007), which 141 

output the number of mismatches between the offspring and the putative mothers. Due to the 142 

high mutation rate of microsatellite loci, we excluded the putative female as the genetic 143 

mother of a nestling only in cases with more than one mismatched locus. In cases with two 144 

mismatches, we additionally examined whether the mismatched genotypes could be attributed 145 

to allelic dropouts or mutations.  146 

In the paternity analyses, we first utilised CERVUS to assign the paternity of the offspring. 147 

CERVUS is a maximum-likelihood program that calculates the logarithm-of-odds scores for 148 

candidate parents from simulations based on given allele frequencies (Kalinowski et al. 2007). 149 

Given known maternity, the combined sire exclusion probability was 0.9999 for the 150 

microsatellite loci utilised in BT and 0.9992 in ST. We conservatively set 0.01 (the mistyping 151 

rate) as the overall genotyping error rate and 100,000 as the number of simulated offspring 152 

when running the simulation. We allowed CERVUS to output the two most likely fathers. To 153 

increase the accuracy of the paternity assignment, we integrated field observation data with 154 

the result from CERVUS. An offspring would not be considered as extra-pair offspring (EPO) 155 

in the following cases: 1) its first assigned father was a male that lived > 800 m away from the 156 

target nest, and the second most likely father was the putative father we observed and had ≤1 157 

mismatch with the offspring; or 2) its first assigned father was a nearby one but had the same 158 

number of mismatches (≤1) as the second most likely father, which was the putative father we 159 

observed. We chose 800 m as the distance beyond which a father was excluded as the extra-160 

pair sire because a study of the related Long-tailed Tit, Aegithalos caudatus, suggested that 161 

the maximum distance of the extra-pair male to the nests where he was assigned as a father 162 

was approximately 700 m when the putative father was unequivocally excluded (Hatchwell et 163 

al. 2002). This distance criteria rejected six BT offspring and three ST offspring as EPOs, 164 

respectively. Our conservative utilisation of the above approach to report EPP might slightly 165 

underestimate the EPP rate.  166 

To further improve the accuracy, we repeated the paternity analysis with COLONY 2.0 167 

(Wang 2004; Jones and Wang 2010), a computer program that utilises multilocus genotype 168 
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data to implement a full-pedigree of likelihood methods and simultaneously infer sibship and 169 

parentage among individuals (Jones and Wang 2010). The mating system was set as 170 

“polygamous” for the paternity assignment because the same males or females might mate 171 

with different mates. We utilised the full likelihood method, a medium run and a medium 172 

likelihood precision as suggested by the COLONY user’s manual. Both E1 and E2 estimated 173 

by the PEDANT (see above) were utilised during the COLONY maternity assignment. We 174 

performed three replicate runs with different seeding numbers. The paternity assignment of 12 175 

(3%) BT offspring and 13 (3%) ST offspring disagreed between replicates. We found that 176 

these inconsistencies were primarily caused by incorrect assignments of offspring sibships 177 

due to allele dropouts at some loci and a BT brood (4 offspring) in which the mother of the 178 

nest was unsampled. In these cases, we selected the results from the replicates with correct 179 

assignment of the sibships of offspring.  180 

The paternity analyses included the broods whose male parents were sampled. Three BT 181 

broods and four ST broods had putative mothers that were not sampled, and we treated their 182 

maternity as unknown. The EPP rate was calculated with a pool of data from all years due to 183 

the smaller sample size each year, and we conservatively utilised only those broods with 184 

consistent results from CERVUS and COLONY.  185 

Results 186 

Maternity assignment 187 

A total of 379 BT nestlings belonging to 63 broods were utilised to assign the maternity from 188 

the observed female parents. One of the seven offspring in a brood failed to be assigned to the 189 

putative mother due to five mismatches, indicating a possibility of intra-specific parasitism 190 

(0.3% of the offspring and 1.6% of the broods) in this species. The remaining 378 offspring of 191 

the 63 broods were successfully assigned maternity to the putative mothers.  192 

In ST, the maternity of all 414 nestlings of 63 broods were successfully assigned to the 193 

putative mother based on the rule that the mismatch between the putative mother and 194 

offspring was ≤ 1 loci.  195 
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Paternity assignment 196 

The paternity assignment by CERVUS and COLONY was inconsistent in one out of the 65 197 

BT nests with sampling of male parents. CERVUS assigned three of the seven offspring to the 198 

observed male parent at the nest (including the offspring produced by a different female, see 199 

above) with 95% confidence, while COLONY treated the whole brood as EPOs sired by an 200 

unsampled male. After exclusion of this nest, the EPP rate of the remaining nests was 5.7% 201 

(22/383) of the offspring and 17.2% (11/64) of the nests.  202 

For ST, the paternity assignment results from COLONY and CERVUS were consistent for 203 

all the broods, and 6.8% (28/412) of the offspring in 33.3% (21/63) of nests were identified as 204 

EPOs. The proportion of ST nests that contained EPP was significantly higher than the BT 205 

nests (Chi-square test, χ2 = 4.4, df = 1, P = 0.04; Fig. 1), although the mean proportion of 206 

EPOs per nest (BT, 6.6%; ST, 6.5%) was not different between the two species (independent t 207 

test, t125 = 0.07, P = 0.94). If we included the BT brood which was excluded for reporting the 208 

EPP rate because of inconsistent results between softwares (see above), the two species were 209 

still different in the proportion of nests with EPP (Chi-square test, χ2 = 3.7, df = 1, P = 0.05). 210 

We additionally compared the proportion of nests with EPP between the two species by only 211 

including the first broods of the parents that had repeated broods across years, and the result 212 

was still significantly different (BT, 10/59; ST, 19/57; Chi-square test, χ2 = 4.2, df = 1, P = 213 

0.04).  214 

Sharing of paternity by helpers 215 

A total of 12 BT cooperative breeding nests were involved in the study. Four of these nests 216 

contained EPP, but only one helper was assigned as the biological father of an EPO of a 217 

helped brood. Thus, helpers shared paternity in only 8.3% (1/12) of the BT cooperative 218 

breeding nests. Among the 16 ST cooperative breeding nests, seven were found to have EPP 219 

and helpers were the biological fathers in four nests. Therefore, 25.0% (4/16) of the helpers 220 

sired offspring at the broods that they helped. BT and ST did not differ in the proportion of 221 

cooperative breeding nests sired by the helper (Fisher's exact test, P = 0.36). Moreover, for 222 

those nests with EPP, the proportion fathered by helpers did not differ between the two 223 
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species (BTs, 1/11; STs, 4/21; Fisher's exact test, P = 0.64). Besides, the EPP rates were not 224 

significantly different between nests with and without helpers in both BT and ST (Chi-square 225 

test, both P > 0.2).   226 

Discussion 227 

Although BT and ST are social species, with weak territoriality and helpers at some nests, the 228 

frequency of intra-specific parasitism was low in our study populations (in one of the 64 BT 229 

broods). Moreover, EPP was found in just 5.7% of the BT offspring in 17.2% of the broods, 230 

and 6.8% of the ST offspring in 33.3% of the broods. 231 

Compared to other species in family Aegithalidae, the EPP rate of BT and ST was 232 

comparable to the congeneric Long-tailed Tit, whose EPP rate in a British population was 233 

2.4–6.9% of nestlings and 16–29% of broods (Hatchwell et al. 2002), but higher than the 234 

coordinal American Bushtits, Psaltriparus minimus, with no detected EPP (Bruce et al. 1996). 235 

Phylogeny has been shown to play an important role in determination of the inter-specific 236 

variation of EPP occurrence at the family level and above (Arnold and Owens 2002). These 237 

Aegithalidea species appear to have a consistent, relatively low EPP rate.  238 

Inter-specific difference in the rates of extra-pair paternity between the two 239 

species 240 

Although the EPP rates were low for both species, the results additionally suggest that the 241 

overall EPP rate of BT nests was lower than ST nests. This finding holds true when we 242 

compared their EPP rates with an inclusion of only the first broods of the parents with 243 

repeated broods across years.  244 

The EPP incidence relates to many ecological factors, such as the weather condition 245 

(Johnsen and Lifjeld 2003; Bouwman and Komdeur 2006). We conducted our study of BT 246 

and ST simultaneously and at the same site, therefore limited the potential effect of overall 247 

environmental conditions on the EPP incidence. Some studies have identified breeding 248 

synchrony as an additional ecological factor affecting EPP incidence (e.g. Stutchbury 1998; 249 

Stewart et al. 2010). Although we could not develop a reliable breeding synchrony index from 250 
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the current data for BT and ST, we did not detect any apparent difference in the breeding 251 

schedule between the two species, and the two had a similar start and end of the breeding 252 

season across years (Li et al. 2012).  253 

Breeding density, often measured using inter-nests distance as a proxy, is related to EPP 254 

incidence in many species (e.g. Eastern Bluebird, Sialia sialis, Stewart et al. 2010). BTs and 255 

STs differ in the inter-nests distance (averagely 35 m in BT vs. 113 m in ST; Li et al. 2012). If 256 

the inter-nests distance affects their EPP rates, then BTs should be expected to have a higher 257 

EPP rate because their nests are much closer to each other.  258 

The two species additionally differ in the paternal care of eggs; male BTs incubate, whereas 259 

male STs do not (Li et al. 2012). Need for paternal care is one of the few factors found to 260 

have strong link to EPP occurrence (reviewed by Griffith et al. 2002; Neodorf 2004). On the 261 

one hand, females are predicted to reduce extra-pair activities when paternal care is 262 

indispensable for females and males reduce their care after being cuckolded (Petrie and 263 

Kempenaers 1998). On the other hand, males may be constrained from opportunities for 264 

extra-pair copulations because of either time or physiological condition (Ketterson and Nolan 265 

1994). Incubation is suggested to be the paternal behaviour most likely to constrain extra-pair 266 

mating (Ketterson and Nolan 1994; Schwagmeyer et al. 1999; but not Moller and Cuervo 267 

2000). As male BTs incubate while male STs do not, male BTs may be more constrained 268 

from extra-pair activities than male STs. Meanwhile, if the male attendance of incubation in 269 

BT suggests that female BTs rely more on male parental care than female STs, the female 270 

BTs may be less likely to pursue extra-pair mating to avoid male reduction in incubation. 271 

Both the constraints on females and males predict that the EPP rate would be lower in BT.  272 

The overall higher EPP rate in ST was consistent with the prediction based on the 273 

differentiation in male incubation attendance, not the distance between nests. This result 274 

supports previous conclusions from comparative studies that the effect of breeding density 275 

may only successfully explain the variation in the EPP rate at lower taxonomic levels (e.g., 276 

individuals or populations of a same species) (Griffith et al. 2002; Neodorf 2004). 277 

Interestingly, males of the coordinal American Bushtits, where no EPP was found (Bruce et al. 278 

1996) also attend incubation (Addicott 1938), supporting the possible constraint of male 279 
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incubation attendance on EPP occurrence. Future studies need to test whether this observed 280 

pattern between male incubation attendance and EPP rates reflects their causal relationship. 281 

The investigation of whether males in those nests with EPP contribute less to parental care 282 

and whether females whose partners invest less in incubating or feeding have higher costs 283 

than those whose partner invest more would provide valuable evidence.  284 

If the observed relationship between male incubation attendance and EPP incidence is true, 285 

it would propose a possibility that their intrinsic difference in the tendency to pursue extra-286 

pair activities resulted in the difference in the EPP rates between the two species. It is likely 287 

that some historical factors (including but not limited to male incubation attendance) have 288 

shaped the extent of their tendency to pursue extra-pair activities, which means that their 289 

current EPP incidence pattern is a result of their evolutionary history. In a review by Griffith 290 

et al. (2002), the variation in EPP rates among closely related species has been suggested to 291 

be more likely due to contemporary ecological conditions. Our current data, however, cannot 292 

rule out the possible effect of evolutionary history on the EPP incidence of these two 293 

congeneric species. A more detailed and well-designed study to exclude the effect of 294 

ecological condition on their EPP incidence will provide insight on such effect in the future. 295 

Sharing paternity by helpers 296 

We found that BT and ST helpers contributed little to the EPP of the helped broods. Only 8.3% 297 

and 25.0% of the BT and ST cooperative breeding nests contained offspring sired by helpers, 298 

respectively. Given that helpers are likely related to the breeding male as most cooperative 299 

breeders are (e.g. Lu et al. 2012), our conservative criteria in paternity assignment when using 300 

CERVUS may result in the rejection of related helpers as biological fathers, underestimating 301 

the proportion of nests with paternity sired by helpers. In our analysis, three helpers from one 302 

BT brood and two ST broods were rejected as fathers of the helped broods, although they 303 

were the first assigned fathers by CERVUS and had the same number of mismatch as the 304 

observed fathers. Inclusion of these cases may increase the proportion of cooperative breeding 305 

nests that had offspring sired by helpers, which, however, would still represent a relatively 306 

small part. The CERVUS result after our adjustment based on the conservative criteria also 307 
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agrees with that from COLONY, suggesting the adjustment might not have led to a significant 308 

bias. 309 

Our result concurs with research on the related Long-tailed Tit, where 21% of helpers were 310 

assigned as parents of offspring in the helped broods (Hatchwell et al. 2002). The finding is 311 

lower than many cooperative breeding species whose helpers can gain substantial amounts of 312 

parentage from the helped broods (e.g. Seychelles Warbler, Acrocephalus sechellensis, 44% 313 

of the helpers, Richardson et al. 2001; Ground Tit, Parus humilis, > 50% of the helpers, Lu et 314 

al. 2012). One possible explanation of the rare share of paternity by subordinates of many 315 

cooperative breeding species is inbreeding avoidance between helped breeders and their 316 

philopatric offspring (Haydock et al. 2001; Brouwer et al. 2011). However, this situation is 317 

unlikely in BT and ST because most of the helpers in this study were unrelated to the helped 318 

females in both species (> 85%; Jianqiang Li, unpublished data). The small proportion of 319 

paternity shared by helpers may be simply because these helpers lived nearby the helped 320 

broods, which is also possibly true for the non-helper extra-pair fathers. Although a study of 321 

the population structure of the BT and ST populations is certainly needed, this possibility is 322 

partially supported by the fact that the nests with and without helpers did not differ in their 323 

EPP rates. 324 

Helpers did not sire an offspring in most of the cooperative breeding nests, indicating that a 325 

direct reproductive benefit is an unlikely major explanation for the existence of helpers in the 326 

two species. More importantly, we found a case in ST where a male sired an EPO in one nest 327 

but became a helper at another nest in which he sired no offspring, further suggesting the 328 

existence of other helping motivations. In the Long-tailed Tit, the indirect fitness gained 329 

through helping close kin is found to be a major benefit for helpers (Russell and Hatchwell 330 

2001; Hatchwell et al. 2004; MacColl and Hatchwell 2004). We are currently investigating 331 

whether this is also the situation for BT and ST.  332 

Conclusion 333 

Comparisons between close-related species or among populations of the same species are 334 

recommended for exploring factors that affect EPP rate variations (Petrie and Kempenaers 335 



14 
 

1998). We investigated the EPP rates of the sympatric and related BT and ST and showed that 336 

STs were more likely to have a higher proportion of nests containing EPP, but the overall EPP 337 

rate was relatively low in both species. The ecological factors appeared unable to explain the 338 

EPP rate variation between the two species, and we also could not reject a possible effect of 339 

evolutionary history on their EPP incidence, even though the two species are closely related. 340 

Due to limited samples, we neither considered the annual variation of EPP rates of each year 341 

nor examined how the breeding density affected the variation of EPP rates within each species. 342 

Although the two species experienced similar overall environmental conditions during the 343 

study period, whether their extra-pair activities respond similarly to specific ecological 344 

conditions of different years also remains unknown. These research questions warrant future 345 

studies of these two species. 346 

We found that few BT and ST helpers shared paternity from the broods they helped. We 347 

concluded that a direct reproductive benefit is unlikely to be a major reason driving the 348 

helping behaviour in these two species. However, helpers of both species did share a small 349 

proportion of paternity at the broods they helped, and future study needs to clarify whether 350 

sharing paternity could be an alternative to the still unknown major benefits that motivate 351 

their helping behaviour. 352 
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Table 1 Summary of microsatellite loci of 173 adult Black-throated Tits, Aegithalos 469 

concinnus and 220 adult Silver-throated Tits, A. glaucogularis, in the Dongzhai National 470 

Nature Reserve, Henan, China 471 

Locus K n Ho
a He

b F(null)c E1d E2e 

Black-throated Tit 

Ase18 9 173 0.555 0.565 0.005 <0.001 <0.001 

Ase37 12 173 0.850 0.862 0.005 <0.001 <0.001 

Escµ6 16 172 0.715 0.767 0.027 0.005 <0.001 

Man13 3 173 0.283 0.259 -0.057 <0.001 <0.001 

Pca3 6 173 0.590 0.631 0.038 0.009 <0.001 

PmaD22 45 173 0.965 0.958 -0.006 <0.001 0.006 

TG01040 7 173 0.486 0.487 0.003 <0.001 <0.001 

TG01147 3 171 0.591 0.588 0.000 0.008 0.004 

TG03031 6 164 0.628 0.688 0.043 <0.001 <0.001 

TG04004 4 172 0.448 0.362 -0.105 <0.001 <0.001 

TG04041 6 173 0.514 0.510 -0.011 0.002 0.011 

Silver-throated Tit 

Ase18 18 220 0.818 0.897 0.045 <0.001 0.010 

Ase37 14 220 0.877 0.860 -0.012 <0.001 <0.001 

Ase64 8 220 0.682 0.727 0.037 <0.001 <0.001 

Escµ6 15 220 0.682 0.726 0.036 <0.001 <0.001 

HrU2 5 220 0.314 0.303 -0.024 <0.001 <0.001 

Man13 9 220 0.791 0.797 0.003 <0.001 0.011 

Pca3 9 220 0.709 0.707 -0.005 <0.001 <0.001 

TG01040 5 218 0.367 0.390 0.030 <0.001 <0.001 

TG03031 6 220 0.691 0.654 -0.029 <0.001 <0.001 

TG04004 3 217 0.535 0.462 -0.074 <0.001 <0.001 

a, observed heterozygosity; b, expected heterozygosity; c, estimated null allele frequency; d, 472 

the probability of allelic dropouts per-allele; e, the probability of all stochastic errors that lead 473 

to a false allele per-allele. 474 
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 475 

Fig. 1 Inter-specific comparisons of the proportions of nests with extra-pair paternity (□) and 476 

without extra-pair paternity (■), and the proportions of offspring that were from extra-pair 477 

sires (□) and not extra-pair sires (■). BT, Black-throated Tit, Aegithalos concinnus. ST, 478 

Silver-throated Tit, A. glaucogularis. Sample sizes are indicated above the bars 479 


