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ABSTRACT

Socially-monogamous females regularly mate with males outside the pair bond. The
prevailing explanation for this behavior is that females gain genetic benefits resulting from
increased fitness of extra-pair offspring. Furthermore, because of the risk of reduced paternal
care in response to cuckoldry, females are expected to seek extra-pair copulations when they
can rear offspring with little help from their social partner (“constrained female” hypothesis).
We tested these hypotheses and analyzed variation in paternal care in the Afrotropical,
facultative cooperative breeding placid greenbul (Phyllastrephus placidus). Overall, ca. 50%
of the offspring resulted from extra-pair (and extra-group) mating. Identified extra-pair males
were in most cases neighboring dominant males, yet never within-group subordinates. As
predicted by the constrained female hypothesis, the occurrence of extra-pair paternity (EPP)
increased with the number of cooperative helpers (and not with total group size). However,
dominant males did not adjust their food provisioning rates in response to EPP. Although
extra-pair males were more strongly related to the dominant female and less heterozygous
than the latter’s social mate, this did not result in more inbred extra-pair offspring, likely
because identified extra-pair males were not representative of the extra-pair male population.
While earlier studies on EPP mainly focused on male genetic quality, results from this study

provide evidence that female’s social context may affect extra-pair strategies too.

Keywords: constrained female hypothesis, cooperative breeding, extra-pair paternity, genetic

fitness benefits, paternal care, placid greenbul.
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INTRODUCTION

Extra-pair paternity (EPP), where offspring are sired by a male other than the female’s social
partner, is very common in socially monogamous passerines. It is recorded in 86% of
songbirds where on average 11% of offspring are the results of extra-pair paternity (Griffith et
al. 2002). Females engaging in extra-pair matings may profit from fitness advantages such as
insurance against infertility of their mates (Wetton and Parkin 1991; Krokene 1998; Griffith et
al. 2002), access to additional resources (Gray 1997), securing a future partner (Heg et al.
1993) or receiving additional help at the nest by extra-pair males (Burke et al. 1989;
Kempenaers 1993). In addition, a large number of studies tested the hypothesis that females
gain genetic benefits resulting from increased fitness of extra-pair offspring (Kempenaers et
al. 1997; Foerster et al. 2003; Fossgy et al. 2008; but see Schmoll et al. 2009; Sardell et al.
2012). Increased genetic quality of offspring may result from female preference for males
with superior genes to those available from the within-pair mate (‘good genes’ hypothesis;
Neff and Pitcher 2005), or for males that maximize offspring heterozygosity (heterozygosity
hypothesis; Brown 1996; Kempenaers 2007). Females can maximize offspring heterozygosity
either by mating with a more heterozygous male (Mitton et al. 1993; Nietlisbach et al. 2016),
or with a genetically dissimilar, less related, male (genetic compatibility hypothesis; Zeh and
Zeh 1996; Tarvin et al. 2005; Kempenaers 2007). High heterozygosity has been associated
with several fitness benefits including increased survival (Coltman et al. 1998; Markert et al.
2004), reproductive success (Foerster et al. 2003; Charpentier et al. 2005) and resistance to
pathogens (Cassinello et al. 2001; Hawley et al. 2005). Besides this ongoing debate regarding
the relative importance of genetic fitness benefits in explaining the function of EPP, there is
growing evidence that extra-pair mating in females may also result from non-adaptive, or

even maladaptive, scenarios (Westneat and Stewart 2003; Forstmeier et al. 2014).
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Besides benefits, however, females may suffer significant costs resulting from mating with
multiple males, such as aggression by social males as retaliation (Valera et al. 2003),
increased exposure to parasites and pathogens (Lombardo and Thorpe 2000) or reduced
parental care by the cuckolded male (Mgller and Birkhead 1993; Arnqgvist and Kirkpatrick
2005). Since parental care is costly, one may expect a positive relationship between the
certainty of paternity and the amount of care provided by the male (Sheldon 2002). Yet, while
observed in some species (Dixon et al. 1994; Sheldon 2002; Ball et al. 2017), reduced
paternal care when EPP occurs in the nest does not seem the rule (Dickinson 2003; Du et al.
2015; Barati et al. 2018), which raises the question why cuckolded males provide care to
unrelated offspring. First, males may have a low ability to assess paternity in their brood, and
natural selection may act against reduction of paternal care to avoid the potential costs of
harming own offspring (Dickinson 2003). Second, males may only reduce their investment if
both the cost of offspring care and the risk of cuckoldry are high (Griffin et al. 2013). Hence,
under some environmental or intrinsic conditions, natural selection may favor male tolerance

to unfaithful females if this does not compromise their fitness.

Because of the risk of reduced paternal care as a response to cuckoldry, it can be predicted
that females will solicit extra-pair copulations when offspring can be reared with little help
from their social partner (‘constrained female hypothesis’, Gowaty 1996). Gowaty (1996) thus
predicted that low quality females or who occupy low quality habitats are less likely to engage
in extra-pair copulations. In support of this, Hoi-Leitner et al. (1999) found more incidences
of EPP in serins (Serinus serinus) in areas where natural or experimental food abundance

around nests was higher during the female fertile phase.
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In addition to female quality and environmental conditions, characteristics of the breeding
system may also reduce constraints on female’s extra-pair behavior. By providing an
alternative source of paternal investment that can potentially compensate for reduced
investment or desertion by the social partner, the presence of helpers in cooperative breeding
species may reduce the level of female dependency on dominant male care. In such context,
the constrained female hypothesis predicts that females are more likely to engage in extra-pair
mating in the presence of helpers (Mulder et al. 1994; Webster et al. 2004; Brouwer et al.
2017). This hypothesis assumes that females can reliably predict the level of future care by

helpers prior to making a decision about whether or not to engage in extra-pair mating.

In this study, we analyze variation in EPP and paternal care in a facultative cooperative
breeding passerine from SE Kenya, and test whether females gain fitness benefits by extra-
pair mating. Placid greenbuls (Phyllastrephus placidus) offer an excellent model to test the
constrained female hypothesis within the context of cooperative breeding, for two reasons.
First, social groups are composed of a mix of helpers (i.e. subordinates who provide food to
the nestlings) and non-helping subordinates. This allows us to disentangle effects of
alloparental care provided by helpers from alternative group size effects that may also result
in higher EPP, such as extra-pair fertilization by within-group subordinates (Webster et al.
2004), reduced mate-guarding efficiency by the dominant male (Cohas et al. 2006) or territory
quality effects that may affect both group size (Komdeur 1992; Legge 2000) and EPP (Hoi-
Leitner et al. 1999). Second, as the placid greenbul is a facultative cooperative breeder, levels

of EPP of cooperative breeding females can be compared with those breeding without helpers.
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MATERIAL AND METHODS

Study system and field procedures

The Taita Hills (3°25'S, 38°20'E, SE Kenya) (max. altitude 2200 m.a.s.l.) represent the
northernmost isolate of the Eastern-Arc Mountains, an ancient mountain chain boasting high
levels of endemism that suffered from an estimated 95% forest loss during the last 200 years,
mainly due to agricultural encroachment (Burgess et al. 2007; Pellikka et al. 2009).
Remaining indigenous cloud forest in the Taita Hills is fragmented into 13 habitat remnants of
different size and quality, embedded within a matrix of agricultural fields and exotic
plantations (Chege and Bytebier 2005; Aerts et al. 2011). Nine of these forest fragments host
populations of the socially-monogamous and facultative cooperative breeding placid greenbul
(Phyllastrephus placidus; formerly considered a subspecies of the Cabanis’s greenbul P.
cabanisi), a common, medium-sized understory insectivore. Dispersal rates between the two
larger (> 80 ha) fragments (Ngangao and Chawia) are very low (Lens et al. 2002; Van de
Loock 2019) and both populations form distinct genetic clusters (Husemann et al. 2015). In
contrast, natal dispersal was recorded among four of the five small fragments (< 15 ha)
included in this study. Nests located in these fragments were lumped into a single small
population cluster in subsequent analyses. Overall, ca. 65% of placid greenbul pairs breed in
cooperative groups that contain one to five subordinate individuals of both sexes (among pairs
with subordinates, mean £ s.d.: 1.5 = 0.8). The vast majority of subordinates are offspring
from previous breeding season(s) that delayed their dispersal. In ca. 50% of these groups,
breeding pairs are assisted by up to three helpers to care the nestlings (among pairs with
helpers, mean £ s.d.: 1.2 £ 0.5). Typically two eggs are laid and incubated by the dominant

female. Breeding pairs often renest after failure, and occasionally after success. Females often
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renest with the same males on consecutive years. The maximum number of breeding attempts

observed by a pair was four times.

During six breeding seasons (2007-10 and 2012-15), nests were consistently mapped in seven
forest fragments (two large (> 80 ha) and five small (< 15 ha) ones) and were subsequently
monitored during the breeding season. A total of 512 nestlings were metal- and color-banded,
bled and measured (tarsus length (mm) and body mass (g)) when c. 10 days old. As a measure
of nestling body condition, we used Scaled Mass Index (SMI; Peig and Green 2009) which
scales the mass of all individuals to values that would be expected if they were all of identical
body size. Based on the 512 nestlings, we obtained a regression slope of 1.8 (as calculated
using the R package smart; Warton et al. 2012) and an average tarsus length of 23.64 mm.
Following Peig and Green 2009, we calculated SMI as: body mass x (23.64/tarsus length)®.
At each nest, we estimated total group size based on focal observations and targeted mist-
netting. Upon capture, individuals were marked with unique color-ring combinations. In
addition, tarsus length (mm) and body mass (g) were measured, and blood or feather samples
were collected for genetic analysis. Some of the individuals were already color-ringed,
measured and sampled from previous ringing efforts (which started in 1996, the oldest placid
greenbul recorded was at least 19 years old). Dominant individuals were identified based on
cloacal swelling for males and on the presence of a brood patch or observed incubation for
females. A subordinate was considered helping if it was observed feeding nestlings through
video recordings. Food provisioning rates (feeds/h/nestling) and prey size were quantified
through standardized nest video recording (at least four hours of continuous recording when
nestlings were ca. 8 days old). More details are given in Supporting information S1. We only
extracted hourly provisioning rates for nests where video recordings revealed the identity of

visiting individuals in at least 70% of all cases. Tarsus length was used as a measure of
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structural body size (Freeman and Jackson 1990; Senar and Pascual 1997). When individuals
were measured more than once, we used average values in our analyses. We did not estimate
body condition as proxy of male and female quality since body weight could not always be

measured during the fertile period of the female, when extra-pair copulation can occur.

Parentage analysis, heterozygosity and pairwise relatedness

Out of the 512 nestlings banded during 2007-15 (see higher), parentage could be assessed for
237 nestlings from 137 broods for which the dominant pair was genotyped. In total, 598
individuals (nestlings, subordinates and dominants) were genotyped with twelve
microsatellites, of which eight had been used in an earlier study (Asel8, Indigo4l, Lsl,
Mcyu4, Pca3, Pfi04, Pfl54 and WBSW?2; Husemann et al. 2015); while four additional ones
were developed for this study (CG1, CG31, CG34 and CG45; Supporting information S2).
We used the DNeasy Blood and Tissue kit to extract DNA from feathers and InstaGene
matrix kit for blood samples. PCR were performed in 6 L reactions containing 2 pL DNA, 2
pL of primer mix and 2 uL of Qiagen multiplex PCR Master Mix (primer concentrations can
be found in Husemann et al. (2015) and Supporting information S2). The PCR products were
analyzed on an ABI 3130XL Genetic Analyzer (Applied Biosystems), and genotypes were
scored with GENEIOUS 7.0.5 (Kearse et al. 2012). Observed and expected heterozygosity
averaged over populations and loci were 0.64 and 0.63, respectively (n = 598; Supporting
information S2). Individuals were molecularly sexed using a set of sex-linked primers P2/P8

(Griffiths et al. 1998).

We used the exclusion method (Jones & Ardren, 2003) to assess whether dominant females

and males were the genetic parents of nestlings. Because genetic dissimilarities between



189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

parents and offspring can arise due to genotyping errors, we defined the parentage exclusion
threshold by comparing mother-offspring genotypes. Among 237 nestlings, 19 (8%) showed a
genetic mismatch with the mother at one locus only. Thus, dominant males were excluded
genetic father if they showed mismatches at two or more loci with the offspring while taking
into account the mother’s genotype We used the full-likelihood method with a weak prior in
the program COLONY 2.0.6.3 (Jones & Wang, 2010) to assign candidate fathers to extra-pair
offspring. We provided the genotypes of the dominant females as known mothers. Candidate
fathers comprised both genotyped males (594 ind) and unsexed individuals (150 ind) that
were more than one year old during the offspring’s birth year. 414 of these individuals were
previously genotyped with the set of eight microsatellites (Husemann et al. 2015). We
excluded individuals trapped in a different population during the same year. All assigned
fathers showed a probability of the mother-father dyad of one and did not mismatch at more
than one locus with the offspring while taking into account the mother’s genotype. Details on
COLONY performance and parameter settings can be found in Supporting information S2.
Using the same set of markers for parentage analysis as well as for heterozygosity and
relatedness estimates has earlier been shown to bias paternity assignment in favor of certain
genotypes (Wang, 2010; Wetzel & Westneat, 2009). In Supporting information S2, we

provide arguments indicating that our results are unlikely subject to such bias.

Individual genetic diversity was estimated using the standardized individual heterozygosity,
defined as the proportion of heterozygous loci divided by the mean heterozygosity of the
scored loci and was computed using the R package inbreedR (Stoffel et al. 2016). In order to
evaluate to what extent heterozygosity at the selected set of markers reflects genome-wide
heterozygosity, we estimated g» as a measure of identity disequilibrium (David et al. 2007)

with the R package inbreedR (Stoffel et al. 2016). G2 statistics assess the level of covariance
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of heterozygosity between markers standardized by their average heterozygosity (Miller and
Coltman 2014). Significance was tested using 1000 permutations and 95% confidence interval
was estimated using 1000 bootstraps. We found a non-significant, positive value (g2 [95% CI]

=0.0032 [-0.005 ; 0.008]; p-value = 0.27; n = 598).

We further estimated pairwise relatedness between dominant females and within-pair and
extra-pair males. To select the most optimal relatedness estimator we compared deviations
between true and estimated relatedness for a set of known parent-offspring (r = 0.5, n = 237)
and halfsib (r = 0.25, n = 24) dyads. We assessed the performance of seven relatedness
estimators (triadic likelihood estimator (Wang 2007), Wang moment estimator (Wang 2002),
Lynch & Li moment estimator (Lynch 1988; Li et al. 1993), Lynch & Ritland moment
estimator (Lynch and Ritland 1999), Ritland moment estimator (Ritland 1996), Queller &
Goodnight moment estimator (Queller and Goodnight 1989) and dyadic likelihood estimator
(Milligan 2003) using the program COANCESTRY (Wang 2011). Median deviations
between known and estimated relatedness values were small for nearly all estimators,
relatedness values were highly correlated across estimators, and the main results of the study
were not affected by the choice of the estimator (details in Supporting information S3). We
here present results for Queller and Goodnight estimator only as it showed high correlations
with all other estimators (min. Pearson’s r correlation coefficients: 0.73 with Ritland , max. r:

0.91 with Lynch & Li, p-values <0.01)

Statistical analyses

General procedure

10
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We fitted Generalized Estimating Equations (GEEs, geepack library; Halekoh et al. 2006)
with exchangeable working correlation structures to account for clustered data (Horton and
Lipsitz 1999). GEEs may be more suitable than linear mixed models when the primary
objective of an analysis is to make inferences on mean responses as a function of multilevel
covariates, rather than on the variance components (Heagerty and Zeger 2000; Fieberg et al.
2009). To prevent collinearity among predictors variables, we checked that pairwise Pearson’s
r correlation coefficients were < 0.30. We used MuMIn package (Barton 2018) to produce all
subsets of models based on the global model for each response variable, and to rank them
based on the lowest corrected Quasi-likelihood under the Independence model Criterion value
(QICc) (Pan 2001) computed using the R package MESS (Ekstrgm 2018). We first retained
all models with AQICc < 2 and then discarded the ones that were more complex versions of
simpler (nested) models with lower QICc values (Richards et al. 2011). When more than one
model was retained, we calculated model averaged parameter estimates and 95% confidence
intervals from these models using package MuMIn (Burnham and Anderson 2002; Barton
2018). All statistical analyses were performed using R 3.4.1 software (R Core Development

Team 2017).

Factors shaping variation in EPP

We fitted binomial GEEs to model variation in EPP using data from 177 nestlings of 104
nests. We either modeled (i) presence-absence of EPP in a brood (0 or 1) or (ii) the number of
extra-pair offspring in a brood (0 to 2). Fixed factors included year, population, number of
helpers (0, 1 or 2+), dominant female traits (standardized individual heterozygosity and tarsus
length) and dominant male traits (standardized individual heterozygosity, relatedness to the
dominant female and tarsus length). Nests located in the five small spatially clustered forest

fragments were lumped into a single small population cluster (thereby avoiding small sample
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sizes). Population was hence modelled as a factor with three levels. Pair identity was
modelled as a clustering factor. In order to limit the number of models in the set of candidate
models, we limited the total number of explanatory variables in a single model to three, which

resulted in a set of 93 candidate models.

Male food provisioning response to EPP

We fitted Gaussian GEE models with pair identity as a clustering factor (i) to investigate
within-nest differences in food provisioning rates between dominant males and females (110
nests), and between dominant males and helpers (41 nests) and (ii) to test whether males
reduce their food provisioning rates in response to EPP (81 nests). Individual food
provisioning rates were regressed on mean prey sizes and their residuals were included as
response variables in the models. In both analyses, the number of helpers (0 to 2+), population
and year were included as categorical fixed effects, while in the latter, EPP (either added as a
binary or as the proportion of extra-pair nestlings in the brood) and nestling age were included

as additional covariates (nestling age was included in all competing models).

Quality of extra-pair mates and extra-pair nestlings

To test whether females mated with males of higher quality than their social mate, we
performed randomized paired t-tests to compare three trait values (standardized individual
heterozygosity, relatedness with dominant female and tarsus length) between cuckolded males
and extra-pair sires. We removed duplicated “dominant female — dominant male — extra-pair
male” triads from the 17 broods for which we were able to assign the extra-pair sire, resulting
in a sample size of 13. We used randomized tests in order to take into account that within- and

extra-pair males were not from separate statistical populations (i.e. in at least two cases a

12
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cuckolded mate also gained extra-pair paternity) (Wetzel and Westneat 2009; Harrison et al.
2013). We performed 10 000 permutations of pairwise values between both groups of males.
We then compared the observed t value derived from a paired t-test on the empirical data to
the distribution of t values generated by the randomization. We used a paired t-test to compare
SMI (25 nests, 52 nestlings), tarsus length and standardized individual heterozygosity (26
nests, 54 nestlings) of within- and extra-pair nestlings from a same brood. Finally, we used
Pearson’s correlation coefficient (r) to assess whether more related parents produced less

heterozygous offspring.
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RESULTS

A total of 110 out of 237 (46%) genotyped offspring (137 broods) were sired by extra-pair
males, while 74 broods (54%) contained at least one extra-pair young. In 48 broods with
extra-pair offspring, the dominant male did not sire any offspring. In all seven broods with
multiple extra-pair offspring for which the extra-pair male was identified, a single male sired
all extra-pair offspring. Genetic fathers could be assigned to 24 extra-pair offspring. These
extra-pair sires comprised seven unique individuals, of which four bred in surrounding
territories during the same year (max. distance between territories: 218 m). Three of these
males sired extra-pair young with the same respective dominant female during multiple
breeding seasons. Another extra-pair male, mating with four different females, was not
observed breeding during the years when EPP occurred but was breeding in years before and
after. The two remaining identified extra-pair males were never observed breeding, rendering
it impossible to assess whether they were active breeders or floating failed breeders. We
observed one case of reciprocal cuckoldry. Known male subordinates (n = 56) were never

assigned as extra-pair fathers. More details are given in Supporting information S2.

Factors shaping variation in EPP

Variation in the occurrence of EPP was best explained by the number of helpers which was
included in all top models (AQICc < 2) (model-average estimate and 95% confidence interval:
0.73 [0.15; 1.32], Table 1a, Fig. 1). Pairs breeding with 2 or more helpers had 67% chance
more to have extra-pair young in a brood than pairs breeding without helpers. While female
tarsus length was also included in the best-supported model, it was absent from the second
best model and its confidence interval included O (model-average estimate and 95%

confidence interval: 0.37 [-0.49; 1.23]), suggesting weak evidence that tarsus length was an
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important predictor of the data. Effects of male characteristics on the occurrence of EPP was
weakly supported by the data (Table 1a). In order to disentangle effects of food provisioning
behavior from other group size effects on the occurrence of EPP, we ran a complementary
analysis on a subset of data (breeding seasons 2012-2015 for which total group sizes were
known with the highest level of accuracy) where we compared both the effect of the number
of helpers and of the total number of subordinates (i.e. sum of helping and non-helping ones)
(details in Supporting Information S4). Results from this analysis showed that the total
number of subordinates (effect size and 95% confidence interval: 0.04 [-0.61; 0.70]) did not
better predict the occurrence of EPP than the number of subordinates that helped with
providing food to the nestlings (Table S4, Fig. 1). When modelling variation in the proportion
of extra-pair young in a brood, the best-supported model was the null model suggesting that

none of the tested variables were important predictors of the data.

Food provisioning response to EPP

Dominant males contributed to food provisioning on average less than dominant females
(42%). However, between-nest variation in parental care division was high, as in 41% of the
nests, dominant males provided food more frequently to nestlings than dominant females.
Variation in parental care between mates was best explained by the number of helpers (Table
2a). All other models showed a AQICc >2. Average food provisioning rates by both parents
were most similar in pairs breeding alone or with one helper. In cooperative groups with two
or more helpers, however, dominant males contributed more than dominant females (Fig. 2).
In ten out of 67 nests without helpers, we did not record any food provisioning activity by
dominant males, while absence of nestling feeding by dominant females was only recorded in

one of the two nests with three helpers.
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Variation in food provisioning rates between dominant males and helpers was also best
explained by the number of helpers (model-averaged estimate and 95% confidence interval:
0.22 [-0.27; 0.71]) (Table 2b). However, the second best model was the null model (QICc
weight of the two best models: 37% vs. 34%) suggesting only moderate support for the
number of helpers. Food provisioning rates by dominant males were on average 63% higher

than those by helpers and increased when two or more subordinates helped.

When modelling variation in male food provisioning, the best-supported model was the null
model (Table 3) suggesting that extra-pair paternity in a brood and number of helpers were

not important predictors of the data.

Are extra-pair mates and extra-pair offspring of higher quality?

Extra-pair mates were significantly less heterozygous (on average 0.88 versus 1.14; t = 2.32,
p-value = 0.04), and also more related to the dominant female (Queller & Goodnight moment
estimator; on average 0.12 versus -0.04; t = -2.37, p-value = 0.04), than the social mates that
were cuckolded (randomized paired t-test, df = 12) (Fig. 3). Tarsus length (t = 0.94, p-value =
0.37) did not differ significantly between extra-pair and social mates (randomized paired t-
test, df = 12) (Fig. 3). Extra-pair offspring were not more heterozygous (paired t-test, t = -
0.68, df = 27, p-value = 0.50) or in better condition (paired t-test, SMI: t = -0.22, n = 26, p-
value = 0.82; tarsus length: t = 0.33, df = 27, p-value = 0.74) than within-pair offspring (Fig.
4). Relatedness between mates and heterozygosity of their offspring was negatively correlated
(social pairs: Pearson’s r = -0.47, df = 125, p-value < 0.01; identified extra-pair couples:

Pearson’s r: -0.46, df = 22, p-value = 0.02).
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DISCUSSION

As predicted by the constrained female hypothesis, we found that the occurrence of EPP
increased with the number of helpers and female body size, while EPP did not vary with total
group size. Contrary to our prediction, dominant males did not adjust their food provisioning
rates in response to EPP. The few identified extra-pair males were in most cases males
breeding in surrounding nests and never within-group subordinates. Extra-pair sires were less
heterozygous and more related to the dominant female than their within-pair males. While this
may result in more inbred extra-pair offspring, within- and extra-pair offspring did not differ

in level of heterozygosity nor in body condition.

Empirical support for the constrained female hypothesis

A relationship between EPP and cooperative groups was first shown in the superb fairy-wren
(Malurus cyaneus) (Mulder et al. 1994) where up to 70% of the nests of cooperative-breeding
pairs contained at least one extra-pair offspring, compared to only 15% in non-cooperative
nests. This pattern was subsequently supported by studies of three other cooperative-breeding
wren species (Webster et al. 2004; Brouwer et al. 2017), while a reverse relationship was
observed in the variegated fairy-wren (Malurus lamberti) (Johnson and Pruett-Jones 2018).
Possible mechanisms underlying such strategy need further investigation since females should
be able to assess expected levels of future care by helpers during the mating phase already.
Yet, which intrinsic or external factors determine the propensity of helping in subordinate
greenbuls currently remains unknown. To our knowledge, only one other study (in Seychelles

warblers Acrocephalus sechellensis; Raj Pant et al. 2019) disentangled the effect of helpers
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from total group size and they found an opposite result (i.e. a positive effect of group size and
no effect of the number of helpers). This highlights the need for a better understanding on

how social context and mating systems shape EPP.

Apart from the number of helpers, female body size also predicted the occurrence of EPP in
her brood. This may provide additional support for the constrained female hypothesis which
predicts higher incidence of EPP in higher quality females. In placid greenbuls, larger females
lay larger eggs (Van de Loock 2019) which is assumed to increase nestling survival and
growth rate (Krist 2011) and to reduce female dependency on male care. Yet, while body size
is indeed often used as a proxy for individual quality in the EPP literature (e.g. Akcay and
Roughgarden 2007; Lampila et al. 2011; Harrison et al. 2013), avian studies showing positive
effects of body size on fitness are still scant. Given this lack of general support for positive
relationships between female body size and individual quality, and based on the fact that the
95% confidence interval for the effect of tarsus length on the occurrence of EPP overlapped
with 0 (Table 1), we cannot conclude that this result is fully consistent with the constrained

female hypothesis.

Male response to EPP

Our results further support the view that reduced paternal care is not a systematic response to
increased EPP. Rather, it may depend on the costs of care and the risk of EPP (Griffin et al.
2013). While genetic analysis enable us to evaluate the latter, our data do not allow us to
estimate potential fitness costs of paternal food provisioning directly. Yet, the fact that male
breeders, in contrast to females (Van de Loock 2019), did not adopt a load-lightening strategy

and thus that their relative contribution to care increased with the number of helpers, suggests
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that costs of paternal care are relatively low in our study species. The risk of EPP, on the other
hand, appears substantial, given that extra-pair males sired 46% of the offspring and dominant
males were fully cuckolded in 35% of their brood. Yet, in long-lived species with low adult
annual mortality and long-lasting pair bonds (as reported for the placid greenbul; Husemann
et al. 2015; Van de Loock et al., unpubl. data), within-pair life-time reproductive success
likely remains substantial, especially so if males are successful in acquiring paternity both

within and outside pairs.

Female benefits arising from EPP

EPP may provide genetic benefits to females through increased fitness of extra-pair offspring.
Identified extra-pair males appeared to be dominant individuals, which would support the
‘good genes’ hypothesis (Neff and Pitcher 2005), as such individuals are generally of high
quality. However, only one male gained paternity in several neighboring nests, while all other
extra-pair males consistently mated with the same females over consecutive years. Such
pattern suggests that extra-pair males were not necessarily superior males that were able to
monopolize reproduction. Moreover, extra-pair males were not larger or more heterozygous
than within-pair males, and EPP did not result in fitter extra-pair offspring, which would be
expected from the ‘good genes’ and heterozygosity hypotheses. On the contrary, identified
extra-pair males were both less heterozygous and more related to the dominant females than

cuckolded males.

Why females would prefer less heterozygous males as extra-pair mate remains puzzling. The
fact that they were more strongly related to extra-pair males than to their social partners,

however, conforms with a growing number of studies showing that females do not avoid
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relatives as extra-pair mates (Kleven et al. 2005; Wang and Lu 2011; Harrison et al. 2013).
Yet results from our study should be interpreted with caution for several reasons. First, our
data showed no evidence for identity disequilibrium (as judged from the g, statistic). This
indicates that heterozygosity quantified through our set of markers may be a poor proxy of
individual quality as it does not represent genome-wide effects of heterozygosity (Miller and
Coltman 2014). Second, extra-pair males identified in our study may not constitute a
representative sample from the extra-pair male population, as we were unable to identify 80%
of extra-pair males, resulting in a small sample size, while a small number of males was
responsible for the majority of extra-pair matings. While relatedness between mates and
heterozygosity of their offspring was negatively correlated, within- and extra-pair offspring
showed similar levels of heterozygosity, making it unlikely that females systematically
choose more similar males. Such discrepancy may be due to incomplete sampling and
genotyping of the breeding population or because most of EPP is caused by unsampled
floaters. However, a performance assessment of COLONY (Supporting information S2)
showed that about half of within-pair males were not assigned as genetic fathers although they
were in the set of candidate fathers. This is likely because we assumed a probability of 45%
that the true father was in the set of candidate fathers, in order to reduce the probability of

misassignment (Supporting information S2).

Notwithstanding the limitations described above, none of our results point towards genetic
gain by females from extra-pair matings. While this certainly merits further investigation,
females may still benefit in other, non-genetic ways. First, EPP may offer a way to recruit
extra-paternal care, either as food provision or nest defense. While within-group extra-pair
paternity has been observed in several bird species (Mulder et al. 1994; Whittingham et al.

1997; Webster et al. 2004; Rubenstein 2007; Wang and Lu 2011), we did not find evidence of
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subordinates siring offspring in our study, likely because the large majority of subordinates
consisted of retained offspring (Cousseau et al. unpubl. data). Second, extra-pair males may
provide indirect help by providing access to territorial resources to unfaithful females (Gray;
1997). Although speculative at this stage, this may explain why home ranges of female
greenbuls occasionally overlap during the breeding season (Apfelbeck, unpubl. data) and
social groups frequently mix during the non-breeding season (Van de Loock, pers. obs.).
Extra-pair copulations may hence facilitate cooperation between neighboring groups through
increased inclusive fitness of extra-pair males. Hence, notwithstanding the ubiquity of extra-
pair copulations in avian species, many questions about the underlying drivers currently

remain unanswered.
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743  TABLES
744  Table 1. Model selection of factors explaining variation in (a) the proportion of broods with at least one extra-pair young and in (b) the
745  proportion of extra-pair young in a brood (n = 104 nests). Effect sizes and 95% confidence intervals are reported for each explanatory variable.
Model Intercept # Helpers Female characteristics Male characteristics Popu- Year K QL QICc AQICc  Weight
lation
Tarsus Het. Het. Tarsus Rel.
(@ -17.07 0.77 0.64 3 -68.45 14255  0.00 0.13
[-38.28;4.14]  [0.17;1.37]  [-0.16; 1.43]
-0.08 0.69 2 -69.77 14318  0.63 0.10
[-0.59; 0.42] [0.14; 1.24]
-15.59 0.79 0.62 -1.14 4 -68.00 14355  0.99 0.08
[-36.76;5.58]  [0.19;1.39]  [-0.17; 1.41] [-3.09; 0.82]
-26.58 0.76 0.60 0.38 4 -68.34 14417 161 0.06
[-55.08;1.92]  [0.16;1.36]  [-0.21; 1.41] [-0.47; 1.24]
1.14 0.72 -1.23 3 -69.41 14444  1.89 0.05
[0.94; 3.23] [0.17; 1.27] [-3.23;0.77]
-12.92 0.69 0.47 3 -69.38 14444  1.89 0.05
[-36.79; 10.95]  [0.13; 1.25] [-0.40; 1.33]
-17.03 0.77 0.64 -0.10 4 -68.44 14460  2.04 0.05
[-38.32;4.26]  [0.16;1.37]  [-0.16; 1.43] [-2.08; 1.89]
-17.55 0.76 0.65 0.13 4 -68.42 14477 222 0.04
[-39.69; 460]  [0.16;1.36]  [-0.16;1.46] [-1.91;2.16]
-0.08 0.69 -0.14 3 -69.75 14515  2.60 0.04
[-0.60; 0.45] [0.14; 1.24] [-2.01; 1.80]
0.20 1 -71.81 14577 322 0.03
[-0.23; 0.64]
(b) -0.11 1 -7161 14710  0.00 0.21
[-0.50; 0.27]
-0.33 0.43 2 -70.36 147.66  0.56 0.16
[-0.80; 0.14] [-0.07; 0.93]
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1.63
[-0.13; 3.40]

1.80
[0.00; 3.59]

-15.69
[-37.75; 6.36]

0.48
[-0.01; 0.98]

-1.96 3 -60.74 14947  2.37
[-3.66; -0.27]

-1.89 2 -7122 14955 245
[-3.61; -0.17]

0.56 2 -71.03 14965 255
[-0.24; 1.36]

0.06

0.06

0.06

746

747
748
749
750

751

Model rank is based on Quasi-likelihood under the Independence model Criterion value corrected for small sample size (QICc). Het. and Rel. corresponds to, respectively heterozygosity and
relatedness to the dominant female (Queller & Goodnight moment estimator). K is the number of parameters estimated for fixed effects (including the intercept), QL is the quasi-likelihood of the
model, AQICc denotes the change in QICc relative to the best model and weight is the QICc weight of the model. Only top ranked models (AQICc < 3) and the null model are presented. Only
variables that appeared in these top ranked models are presented. Retained models are in bold.
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752

753  Table 2. Model selection of factors explaining variation in within-nest differences in food provisioning rates (a) between dominant males and
754  females (n = 110 nests) and (b) between dominant males and helpers (n = 41 nests). Difference between residuals, obtained from regressing food
755  provisioning rates (feeds/h/nestling) to mean prey size, was used as a response variable. Effect sizes and 95% confidence intervals are reported

756

for each explanatory variable.

757
Model Intercept # Helpers! Population? K QL QICc AQICc  Weight
€)) -0.41 1 helper: 2 -53.13 111.00 0.00 0.66
[-0.68; -0.14] -0.01
[-0.37; 0.35]
>1 helpers:
0.96
[0.51; 1.42]
-0.23 1 helper: Ngangao: 5 -51.94 113.03 2.03 0.24
[-0.61; 0.16] -0.01 -0.28
[-0.37;0.35] [-0.69; 0.13]
>1 helpers: Small
0.91 fragments:
[0.41; 1.42] -0.38
[-0.93; 0.18]
-0.34 1 -57.00 116.12 5.12 0.05
(b) -0.17 >1 helpers: 2 -13.04 29.50 0.00 0.37
[-0.84; 0.46] 0.42
[0.06; 0.80]
0.35 1 -13.70 29.71 0.18 0.34
[0.09; 0.59]
0.64 Ngangao: 3 -12.50 31.22 1.65 0.16
[0.32; 0.95] -0.53

37



[-1.02; -0.03]
Small
fragments:
-0.30
[-0.99; 0.39]
0.24 >1 helpers: Ngangao: 4 -12.10 31.78 2.28 0.12
[-0.50; 0.91 0.31 -0.47
[-0.04;0.70] [-0.97; 0.03]
Small
fragments:
-0.28
[-0.92; 0.36]

758

759 Model rank is based on Quasi-likelihood under the Independence model Criterion value corrected for small sample size (QICc). K is the number of parameters estimated for fixed effects
760 (including the intercept), QL is the quasi-likelihood of the model, AQICc denotes the change in QICc relative to the best model and weight is the QICc weight of the model. Only top ranked
761 models (AQICc < 3) and the null model are presented. Retained models are in bold. * The reference number of helpers was 0 for model (a) and 1 for model (b). 2 The reference population was
762 Chawia.

763

764
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766
767
768

769

770
771
772
773

Table 3. Model selection of factors explaining variation in male food provisioning rates (n = 81 nests). Residuals, obtained from regressing food
provisioning rates (feeds/h/nestling) to mean prey size, were used as a response variable. Effect sizes and 95% confidence intervals are reported
for each explanatory variable.

Intercept  Nestlingage # Helpers!  Occurrence EPP  Proportion EP young Population? Year K QL QICc AQICc Weight
-0.50 0.05 2 -20.47 45.08 0.00 0.35
[-1.27; 0.28] [-0.05; 0.15]
-0.48 0.05 -0.06 5 -2044 46.84 176 0.15
[-1.26;0.31] [-0.05;0.15] [-0.39; 0.28]
-0.51 0.05 0.03 3 -2046 4730 222 0.12
[-1.28;0.27] -0.05; 0.15] [-0.28; 0.34]
-0.42 0.04 1 helper: 4 -20.24 4744 2.36 0.11
[-1.19;0.36] [-0.06; 0.14] -0.15
[-0.47; 0.18]
>1 helpers:
0.08
[-0.22; 0.37]
-0.31 0.05 Ngangao: 4 -19.24 4762 254 0.10
[-1.08; 0.46] [-0.06; 0.16] -0.38
[-0.74; -0.02]
Small fragments:
-0.14
[-0.70; 0.43]

Model rank is based on Quasi-likelihood under the Independence model Criterion value corrected for small sample size (QICc). K is the number of parameters estimated for fixed effects
(including the intercept), QL is the quasi-likelihood of the model, AQICc denotes the change in QICc relative to the best model and weight is the QICc weight of the model. Only top ranked
models (AQICc < 3) and the null model (i.e. nestling age only) are presented. Retained models are in bold. * The reference number of helpers was 0 for model (a) and 1 for model (b). 2 The
reference population was Chawia.
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