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The contribution of extra-pair paternity to the variation in lifetime and age-specific male
reproductive success in a socially monogamous species

Abstract

In socially monogamous species, extra-pair paternity (EPP) is predicted to increase variance
in male reproductive success beyond that resulting from genetic monogamy, thus increasing
the ‘opportunity for selection’ (maximum strength of selection that can act on traits). This
prediction is challenging to investigate in wild populations because lifetime reproduction data
are often incomplete. Moreover, age-specific variances in reproduction have been rarely
quantified. We analysed 21 years of near-complete social and genetic reproduction data from

an insular population of Seychelles warblers (Acrocephalus sechellensis). We quantified
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EPP’s contribution to lifetime and age-specific opportunities for selection in males. We
compared the variance in male genetic reproductive success (RS) vs. social (‘apparent’)
reproductive success (RS;p) to assess if EPP increased the opportunity for selection over that
resulting from genetic monogamy. Despite not causing a statistically significant excess (19%)
of the former over the latter, EPP contributed substantially (27%) to the variance in lifetime
RS, similarly to within-pair paternity (WPP, 39%) and to the positive WPP-EPP covariance
(34%). Partitioning the opportunity for selection into age-specific (co)variance components,
showed that EPP also provided a substantial contribution at most ages, varying with age.
Therefore, despite possibly not playing the main role in shaping sexual selection in
Seychelles warblers, EPP provided a substantial contribution to the lifetime and age-specific
opportunity for selection, which can influence evolutionary processes in age-structured

populations.

Keywords: extra-pair paternity, opportunity for selection, lifetime reproductive success, age-

specific reproduction, sexual selection, Seychelles warbler.

Introduction

Extra-pair paternity (EPP), obtained by mating outside the pair bond, is common across
socially monogamous species (Uller and Olsson 2008; Leclaire et al. 2013; Lee-Jenkins et al.
2015; Dillard 2017; Brouwer and Griffith 2019). It has been widely hypothesized that higher-
quality males are more successful at gaining both EPP and within-pair paternity (WPP;
Jennions and Petrie 2000; Hsu et al. 2015). Consequently, EPP is predicted to covary
positively with WPP and increase the total reproductive output of males with an already high

WPP (Jennions and Petrie 2000; Ackay and Roughgarden 2007). Therefore, EPP should
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increase the variance in male total reproductive success (RS) beyond that arising from a
genetically monogamous mating system (Webster et al. 1995). This increase in the variance
of RS translates into an EPP-mediated rise in the ‘opportunity for selection’, i.e. the
maximum strength of selection that can act on a trait (Arnold and Wade 1984). The
opportunity for selection is estimated as the mean-standardised variance in RS, i.e. the ratio

of the variance in RS to the squared mean RS (Arnold and Wade 1984).

Many studies have investigated whether EPP increases the opportunity for selection in
socially monogamous systems. Such studies, which have been mainly conducted in avian
species, compared the standardised variance in genetic RS (which we refer to simply as
‘RS’), i.e. the total number of offspring sired by a male (WPP + EPP), to the standardised
variance in social (‘apparent’) reproduction (RS,;), i.e. the number of offspring produced by a
male’s social female and not necessarily sired by the male (reviewed in: Lebigre et al. 2012).
Several of these studies also assessed the contributions of EPP, WPP and their covariance to
the standardised variance in male RS. The covariance between EPP and WPP is often
considered because, depending on its sign, EPP may increase (positive covariance) or
decrease (negative covariance) the opportunity for selection (Webster et al. 1995, 2007,
Lebigre et al. 2012). However, the evidence that EPP increases the opportunity for selection
is mixed. While several studies have shown a large increase (e.g. Yezerinac et al. 1995;
Kleven et al. 2006; Albrecht et al. 2007; Dolan et al. 2007), others have found only a limited
or no change in the opportunity for selection via EPP (e.g. Webster et al. 2001, 2007; While
et al. 2011; Lebigre et al. 2012; Grunst et al. 2019). Studies assessing whether genetic
promiscuity increases the opportunity for selection among males in different social mating

systems (including monogamy, polygyny and multi-male groups with one or more females)
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also provided variable results (see e.g. Weatherhead and Boag 1997 (birds); Jones et al. 2001
(fish); Collet et al. 2012 (birds); Isvaran and Sankaran 2017 (mammals)). Interestingly, the
effect of promiscuity on the opportunity for selection can be modulated by the type of social
mating system, with extra-pair or extra-group paternity increasing the opportunity for
selection under no or low social polygyny and decreasing it in highly polygynous mating
systems (Isvaran and Sankaran 2017). More research, across different taxonomic groups,
based on complete social and genetic data is needed to avoid common pitfalls (see below)
and better understand how EPP may impact the opportunity for selection in natural

populations.

Investigating whether and how EPP increases the variance in reproductive success is
challenging in wild populations. Firstly, studies are often unable to assign paternity to a large
fraction of extra-pair offspring, often because they work on open study systems, where
sampling all males and their offspring is not possible. This is problematic because incomplete
sampling of extra-pair sires and of the young produced by individual males causes a

systematic under-estimation of the mean RS. Given that the opportunity for selection is the

variance RS

mean-standardised variance in RS (estimated as ————
(mean RS)?

), underestimating the mean RS

leads to an overestimation of the opportunity for selection and, consequently, of the effect of
EPP on it (Freeman-Gallant et al. 2005; Lebigre et al. 2012). Secondly, it is often not possible
to perform random sampling of males in a population with respect to genetic and/or
phenotypic quality, as it is often only possible to sample successful reproducers (i.e. high-
quality males). This can be due to the relative ease in detecting successful males that defend
their territories/social females and rear dependent offspring, compared to males that do not
obtain a territory/social mate or compared to males whose breeding attempt(s) fail. This bias

may cause a significant underestimation of males with zero RS and a consequent bias in the
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mean and variance of RS (Webster et al. 1995, 2001; Sheldon and Ellegren 1999; Lebigre et
al. 2012; Schlicht and Kempenaers 2013). Thirdly, the standardised variance in RS is often
measured within a single year, or at best over a few years. This is problematic, because it is
lifetime, rather than annual, RS that constitutes the genetic contribution of an individual to
the next generation (Brommer et al. 2002). Therefore, the standardised variance in lifetime
RS better captures the total opportunity for selection that ultimately shapes evolutionary

processes (Brommer et al. 2002; Lebigre et al. 2012).

To our knowledge, the standardised variance in lifetime genetic reproductive success
(LRS) and lifetime social (‘apparent’) reproductive success (LRS;p) has been estimated only
in three socially monogamous species (avoiding the other mentioned pitfalls), i.e. splendid
fairy-wren, Malurus splendens (study period: 7 years, n: 204 males) (Webster et al. 2007),
song sparrow, Melospiza melodia (study period: 16 years, n: 183 males) (Lebigre et al. 2012,
2013) and white-throated sparrow, Zonotrichia albicollis (study period: 17 years, n: 277
males) (Grunst et al. 2019). These studies have not detected a substantial difference between
the standardised variance in LRS and LRS,;,. Only one of these studies (Lebigre et al. 2013)
also quantified the age-specific standardised variances in RS and RS,, (and found
considerable variation across ages), despite this being important in age-structured populations

(Coulson and Tuljapurkar 2008).

In iteroparous species, there is ample evidence for changes across different ages in
mean RS, which often increases in early life and declines in late life (see reviews e.g. Nussey
et al. 2013; Lemaitre and Gaillard 2017). A large body of work also provides evidence that
both EPP and WPP, which together form RS, vary with age, as older males (up to the point of
senescence) are generally found to gain more EPP and lose less WPP (e.g. Cleasby and

Nakagawa 2012; Hsu et al. 2015, 2017; Raj Pant et al. 2020). If, in addition to the mean, the
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variance in age-specific EPP were to differ across male age groups, this may cause the
variance in RS, and thus the opportunity for selection, to vary with age. These changes may,
in turn, affect demographic variance (i.e.variance in survival and reproduction of individuals
within a population in a year; Engen et al. 2005b), genetic drift and inbreeding (Arnold and
Wade 1984; Engen et al. 2005a; Vindenes et al. 2008; Lebigre et al. 2013). Studies solely
addressing the overall standardised variance in LRS overlook the effect that EPP may have at
different ages on both the age-specific and total (lifetime) opportunity for selection.
Comprehensive analyses that quantify both the lifetime and age-specific standardised
variances in RS, and compare such variances with the standardised variances in lifetime and
age-specific RS,,, are required if we are to better understand the effect of EPP on

evolutionary processes in age-structured populations (Lebigre et al. 2013).

Here, we analyse 21 years (1997-2018) of genetic pedigree and life history data for
237 males from a natural population of Seychelles warblers (Acrocephalus sechellensis) on
Cousin Island, Seychelles. This species is a facultative cooperative-breeder and is socially
monogamous but genetically promiscuous (Komdeur 1992; Richardson et al. 2001). Circa
44% of young are sired by males other than a female’s social male, and this sire is almost
always an extra-group male, i.e. a (dominant) male from another territory (Richardson et al.
2001; Hadfield et al. 2006). Seychelles warblers are long-lived (mean life expectancy: 5.5
years after fledging, maximum observed lifespan: 19 years; Komdeur 1991; Hammers and
Brouwer 2017) and undergo a senescent decline in survival after 6 years of age (Hammers et
al. 2013). Reproduction is also age-dependent: in particular, in males, annual within-group
paternity (WGP) and extra-group paternity (EGP) acquisition display an early-life increase
and a late-life decline (Raj Pant et al. 2020). Moreover, between-individual differences in
annual WGP and EGP are unrelated to selective appearance and disappearance (Raj Pant et

al. 2020). Accurate data on extra-pair paternity are available because inter-island migration is
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virtually absent (Komdeur et al. 2004) and, since 1997, over 96% of birds have been
individually colour-ringed and blood sampled (for molecular sexing and parentage
assignment), with their annual reproductive success monitored from birth till death (Brouwer
et al. 2010; Hammers et al. 2015). Using these data, which allows us to avoid the pitfalls
described earlier, we: (I) quantify the total and age-specific opportunity for selection via
EGP, and (II) assess whether EGP increases the amount of standardised variance in male RS
beyond that arising under the apparent (social) mating system in the Seychelles warbler. For
this, we estimate the contribution of EGP to the mean-standardised variance in lifetime and
age-specific RS. We then compare the mean-standardised lifetime and age-specific variances

in RS vs RS,,.

Methods

Study system

The Seychelles warbler is an insectivorous passerine endemic to the Seychelles archipelago.
The population on Cousin Island (29 ha, 04°20'S, 55°40'E) has been monitored as part of a
long-term study, which started in 1981 and was intensified from 1997 (Komdeur 1992;
Richardson et al. 2003; Hammers et al. 2019). Since 1997, over 96% of the individuals in the
population have been ringed and blood sampled (Richardson et al. 2001). Virtually all
(successful and unsuccessful) breeding events have been followed each year during the major
breeding season (June—September) and, often, also during the minor breeding season
(January—March; Hammers et al. 2019). Every year, as many individuals as possible were
caught, either in the nest (nestlings) or using mist nets (recently fledged juveniles and adults).

Newly caught birds were assigned a unique combination of three colour rings and a British
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Trust for Ornithology metal ring. DNA extracted from blood samples was used for molecular
sexing (following Griffiths et al. 1998) and genotyping based on 30 microsatellite loci (see:
Richardson et al. 2001; Spurgin et al. 2014). This enabled the creation of a pedigree for the
population, with parentage assigned to 2039 individuals (born 1991-2018) using MasterBayes
2.52 (methods in: Hadfield et al. 2006; Edwards et al. 2018; Sparks et al. preprint). The
population is effectively a ‘closed system’ with virtually no inter-island dispersal (<0.1%;
Komdeur et al. 2004, 2016) and very high re-sighting probability (98%; Brouwer et al. 2010).
This enables us to monitor all individuals throughout their lives and to accurately calculate

parentage, survival and reproductive success (annual and lifetime).

Seychelles warblers are facultatively cooperative-breeding and territorial. They live in
and defend territories that are more or less stable (spatially and temporally) as pairs or in
groups of 3-8 individuals (ca 50% of territories have >2 individuals). Groups consist of a
dominant breeding pair — which live in the same territory until death — sexually mature
subordinates, and dependent young of either sex (Komdeur 1992; Richardson et al. 2002;
Kingma et al. 2016). Each season, group membership and individual social status were
assigned to all birds. Groups, and their territory boundaries, were identified using
observations of foraging and singing locations, non-aggressive social interactions and
aggressive territorial interactions (e.g. Bebbington et al. 2017). Within groups, dominant pairs
were identified via pair and courtship behaviours. Subordinate birds, which are often, but not
always, offspring that have delayed dispersal (Komdeur 1992; Kingma et al. 2016a) were
assigned ‘helper’ or ‘non-helper’ status based on whether they contributed to raising young in

their territory (Komdeur 1994; Richardson et al. 2002).

Seychelles warblers are socially, but not genetically, monogamous and ca 44% of

offspring are sired by males other than the dominant male in their group (Richardson et al.
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2001; Hadfield et al. 2006; Raj Pant et al. 2020). Clutches typically consist of one egg,
though ca 20% of nests contain one or two extra eggs, often laid by subordinate females
(11% of offspring in the population are produced by subordinate females; Richardson et al.
2001; Hammers et al. 2019; Raj Pant et al. 2019). Over 97% of all paternity is acquired by
dominant males (Richardson et al. 2001; Raj Pant et al. 2019) either in their own territory
(WGP) or with females living in other territories (EGP). For simplicity, we refer to dominant
females and the co-breeding subordinate females as the ‘social females’ of the dominant male
in their group, because dominant males can produce offspring with both the dominant and
subordinate female(s) in their territory (Richardson et al. 2001, 2002). However, in most
cases breeding is carried out by the dominant pair alone (89% of offspring are produced by
dominant females; Raj Pant et al. 2019). About 70% (1997-1999) or 50% (2003-2014) of
territories are occupied only by the dominant pair, while in the remainder territories the pair
is joined by subordinates of either sex (Kingma et al. 2016a). On multi-female territories,
only about 40% of helper females breed, producing ca. 40% of the offspring of these
territories (Richardson et al. 2001; Hammers et al. 2019). Moreover, dominant males form a
life-long pair bond with dominant, but not subordinate, females; further, the bond between
dominant individuals is tighter, with dominant pairs exhibiting clear courtship and pair
behaviours and males mostly mate-guarding dominant females even when subordinate
females are present in the group (Komdeur et al. 1999). Hence, the Seychelles warbler
system can be considered as a special case of social monogamy. In the Seychelles warbler,
there is evidence that dominant males seek EGP via extra-territorial forays (Komdeur et al.
1999) and 59% of extra-group offspring are sired by males from within two territories away
(Richardson et al. 2001). The risk of WGP loss suffered by dominant males is known to be

higher in larger groups and to be unrelated to clutch size and several other socio-ecological
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factors, including breeding density, breeding synchrony and territory quality (Raj Pant et al.

2019).

Dataset assembly and description

We compiled a dataset (spanning 21 years: 1997-2018) of 237 reproductively mature males
born on Cousin in 1997-2005, for which complete data on annual and lifetime reproductive
success (i.e. the total number of offspring produced in life) were available. This dataset does
not include 33 individuals that were translocated in 2004 and 2011 to other islands for
conservation reasons (Richardson et al. 2006; Wright et al. 2014). It also excludes six
individuals that had not died by 2018 (i.e. the last year with pedigree data). The upper bound
of 2005 for hatch year was set to avoid biasing the dataset towards short-lived males born in
later years of the field project. Individuals were assigned their age in years, rounded up to the
closest integer (e.g. an individual was assigned the age of 3 when it was >2.5 and <3.5 years
old). Since reproductive maturity occurs at around 8 months, we assigned age of 1 year to all
males aged >8 months and <1.5 years. Parentage data for young surviving to independence
(i.e. >3 months of age) was used to estimate components of male genetic reproductive
success at each age (age-specific RS) and throughout life (lifetime RS or ‘LRS’): age-specific
and lifetime EGP (the number of young sired outside a male’s social group) and WGP (the
number of young sired within a male’s social group). For each male, age-specific and lifetime
social (‘apparent’) reproductive success (RS,,) were estimated as the total number of young
(per age or throughout life, respectively) that were produced by the male’s social female(s)
and not necessarily sired by the male (see Table 1 for a summary of the different paternity

terms we use). Males not occupying a dominant position (at a given age or throughout life)
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were assigned RS,, of zero (at that age or throughout life, respectively), because they were

not socially bonded to female(s).

Variance partitioning and statistical analyses

First, we assessed how much variance lifetime EGP contributed to LRS. We partitioned the
variance in LRS into its (co)variance components to quantify the total contribution of lifetime
EGP and WGP to the variance in LRS. LRS is the sum of lifetime EGP and WGP, so the
variance in LRS, var(LRS), can be partitioned into the variances in lifetime EGP and WGP,
var(lifetime EGP) and var(lifetime WGP), and their covariance, cov(lifetime EGP, lifetime

WGP) (Webster et al. 1995):

var(LRS) = var(lifetime EGP) + var(lifetime WGP) + 2cov(lifetime EGP, lifetime WGP)

Equation 1

Second, we assessed at what ages the contribution of age-specific EGP to the variance
in LRS was highest. We quantified the contribution of age-specific EGP and WGP to the
variance in LRS across all males, accounting for their longevity. To do so, all variances of
age-specific RS, and all (co)variance components of age-specific RS, are required to add up
to the total variance in LRS, var(LRS). To fulfill this requirement, we employed the ‘additive
method’ of variance partitioning (Arnold and Wade 1984; Koenig et al. 1991), which
involves assigning an age-specific RS of zero to individuals that have died at earlier ages than
the oldest observed individual(s). Thus, the variance in LRS, var(LRS), can be partitioned

nto:

var(LRS) = YiL; var(RS;) + Y51 2cov(RS;, RS))

Equation 2
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where var(RS;) and var(RS;) are the variances in RS at ages 1 and j (age-specific variances),
respectively, cov(RS;, RS;) is the covariance between the RS at age i1 and j (between-age
covariance), and » is the maximum age considered (Arnold and Wade 1984; Koenig et al.
1991; Lebigre et al. 2013). Var(LRS) can be further partitioned into its age-specific EGP and

WGP (co)variance components:

var(LRS) =YL, var(EGPR) + }i., var(WGP,) + Equation

3

n n
" 2cov(EGR,EGR) + ) 2cov(WGP, WGR) +

j>iz1 j>i=1

n n
EZCOV(EGPi,WGPi) + z 2cov(EGP, WGP)

i>1 j>iz1

where var(EGP;) and var(WGP;) are the age-specific variances in EGP and WGP,
respectively; cov(EGP;, EGP;) and cov(WGP;, WGP;) are the between-age covariances in
EGP and WGP; cov(EGP;, WGP;) and cov(EGP;, WGP;) are the age-specific and between-
age covariances between EGP and WGP (Arnold and Wade 1984; Koenig et al. 1991;
Lebigre et al. 2013). We estimated age-specific (co)variances for 12 age classes. We grouped
males aged >12 years into one class, as these were rare in our dataset (<0.1%, see Fig. 1). All

other age classes consist of one year, i.e. 1 to 11-year-old males.

Third, we assessed at what ages the contribution of EGP to the variance in age-
specific RS was highest. To do so, we employed the ‘independent method’ of variance
decomposition (Koenig and Albano 1987; Koenig et al. 1991), which estimates (co)variance
components of age-specific RS independent of longevity, by assigning missing values (rather

than zero age-specific RS) to individuals that died before each age. Using this method, we
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quantified the contribution of EGP and WGP to the variance in age-specific RS of males that
survived to each age (i.e. we plugged (co)variances in age-specific RS, EGP and WGP into

equation 1).

Fourth, we compared the variance in RS to that in RS,, to assess whether EGP
increased the opportunity for selection over that arising from the monogamous mating
system. Comparisons were performed by calculating the ratio of RS over RS, at three levels:
overall (i.e. lifetime measures), at each age across all males (i.e. age-specific measures
estimated with the additive method) and at each age across males surviving to that age (i.e.

age-specific measures estimated with the independent method).

All estimated (co)variances were standardised by dividing them by the squared mean
of RS (or RS,p) in order to quantify the ‘opportunity for selection’ and to allow comparison
with other studies. Lifetime (co)variances as well as age-specific (co)variance components of
LRS or LRS,, (estimated with the additive method) were standardised by the squared mean
of LRS or LRS,; (co)variances in the age-specific RS or RS, of males surviving to each age
(estimated with the independent method) were mean-standardised within ages (i.e. divided by
the corresponding age-specific squared mean of RS or RS,;). For each standardised
(co)variance value, we estimated the 95% confidence interval (CI), which we used to
determine if values differed significantly from one another (two values were considered to
vary significantly if their Cls did not overlap). The CIs we generated were bias-corrected
accelerated (BCa) Cls, estimated using non-parametric bootstrapping with the R package

boot (1.3.24; Canty and Ripley 2020).

Finally, we assessed whether variance in male lifetime reproduction (total, extra-
group and within-group) was reflected by longevity and by the age of first dominance (first

breeding opportunity), and whether variance in male LRS was reflected by the proportion of
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EGP gained in life (out of total LRS). For this, we built three generalized linear mixed
models (GLMMs) with Poisson error structure (log link function) and birth year (‘cohort’)
fitted as random intercept. GLMM 1 regressed LRS (of males with LRS > 1; n = 123) against
three fixed predictors — the proportion of lifetime EGP, age of first dominance and longevity.
GLMMs 2 and 3 regressed lifetime EGP and WGP (of males who gained dominance in life; n
= 182), respectively, against three fixed predictors: age of first dominance, longevity and
lifetime WGP (GLMM 2) or EGP (GLMM 3). Lifetime EGP and WGP were included in
models 2 and 3, respectively, to assess the relationship between these two paternity measures.
An observation-level random intercept was included in GLMMs 2 and 3 to account for
overdispersion (Harrison 2014). Models were fitted using the Ime4 (1.1-20) package (Bates et
al. 2015) in R (3.6.3). We checked for collinearity between fixed effects using the variance
inflation factor (VIF) and found none (VIF<3). We standardized (mean centred and scaled to
one standard deviation) continuous predictors and used the ‘BOBYQA’ non-linear

optimization (Powell 2009) to aid convergence of models.

Results

Throughout their lives, Seychelles warbler males born in 1997-2005 (n = 237) sired an
average of 2.17 offspring that reached independence (range: 0-19, median: 1, mode: 0), of
which 1.30 were within-group offspring (range: 0-12, median: 0, mode: 0) and 0.87 were
extra-group offspring (range: 0-9, median: 0, mode: 0). Males raised an average of 1.88 social
offspring, i.e. offspring produced by their social female(s) but not necessarily sired by them
(range: 0-13, median: 1, mode: 0) (Fig. 1). Across these males, EGP gains accounted for ca
40% of mean LRS. Males who never gained a dominant position (n = 55) produced zero

offspring (except for 2 males who produced 1 offspring each). Males that did gain
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dominance during their life (» = 182) had a mean age of first dominance of 1.8 years (range:
1-6, median: 2, mode: 2; Fig. S1). The average lifespan across all males in our dataset was
5.1 years and the distribution of lifespan was heavily left-skewed (lifespan range: 1-16,
median: 4, mode: 1; see Fig. S2). Nearly all (within- and extra-group) young were sired by
dominant males: only 2% (12/513) of offspring were sired by a subordinate male. The
number of offspring that males sired in their life was left-skewed. 47% (112/237) of males
produced no offspring at all and only 9% (22/237) of males sired >6 offspring (Fig. 1). 65%
(154/237) of males produced no extra-group offspring and 56% (132/237) of males sired no
within-group offspring. Only ca 1% (2/237) and 3% (6/237) of males produced >6 extra-
group and within-group young, respectively (Fig. 1). The number of social offspring raised
by males was also left-skewed, with 47% (111/237) of males having no social offspring and

only 6% (14/237) of males having >6 social offspring (Fig. 1).

The variance contribution of lifetime EGP and WGP to LRS

The standardised variance in LRS across male Seychelles warblers was 2.08 (Fig. 2, Table 2).
The contributions of lifetime EGP and WGP to this variance were similar (with no
statistically significant difference between the two), i.e. ca 27% and 39%, respectively. Twice
the covariance between EGP and WGP, which was positive, accounted for 34% of the

variance in LRS (Table 2, Table S1).

The variance contribution of age-specific EGP and WGP to LRS (additive method)

The additive method allowed us to partition the variance in LRS into its additive age-specific
(co)variance components across all males (by assigning an age-specific RS of zero to
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individuals that died at earlier ages than the oldest observed individuals). This revealed that
age-specific contributions of EGP, WGP and RS to the variance in LRS varied across ages
and were all lowest in males of 1 year. In particular, he variance contribution of age-specific
EGP to the variance in LRS was lowest at age 1, higher at ages 2-9, and again low at ages
>10 (Table 2, Fig. S3). The contribution of age-specific WGP to the variance in LRS was
also lowest at 1 year of age and significantly higher at ages 2-7, and again low at ages >8
(Table 2, Fig. S3). Across ages, there were no statistically significant differences between the
age-specific relative contributions of WGP and EGP to the variance in LRS (Table 2). The
variance contribution of age-specific RS to total LRS was lowest at age 1 and higher at most

ages >2 (i.e. ages 2-10 and >12; Table 2, Fig. S3).

The age-specific covariance between EGP and WGP was positive at all ages, except
at the age of 1, when it was negative but with a near-zero absolute value (|<0.001|; Table 2).
Single covariance values — i.e. age-specific (within-age) covariances between EGP and WGP
and between-age EGP-EGP, WGP-WGP and EGP-WGP covariances — were generally small,
but the sums of age-specific and between-age covariances contributed, respectively, 6% and

28% of the total variance in LRS (Table 2, S1).

The variance contribution of age-specific EGP and WGP to age-specific RS (independent

method)

The independent method enabled us to partition the variance in age-specific RS into its age-
specific (co)variance components across males surviving to each age (by assigning missing
values to individuals that died before each age). This showed that, across different male age

groups, the contribution of EGP to the variance in age-specific RS was substantial and
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roughly as important as that of WGP. The standardised variance in age-specific EGP and
WGP (and, therefore, RS) of males surviving to each age was highest in males of 1 year
(Table 3), likely due to the very low mean in EGP (0.008) and WGP (0.03) in this age class
(Table 3). However, due to its very wide CI, the standardised variance in age-specific EGP
did not differ significantly from other age-specific variance values, which, from age 2
onward, did not vary substantially across males of different ages (Table 3). The standardised
variance in age-specific WGP, as well as RS, was significantly higher at age 1 and lower
thereafter (Table 3). The relative contributions of age-specific EGP and WGP to the variance
in age-specific RS did not differ significantly from one another across ages, except in males
>12 years old, when WGP contributed more than EGP. 75% of the age-specific covariances
between EGP and WGP were positive; absolute values of covariances were usually smaller

than those of variances of both EGP and WGP (significantly so at ages 3-6; Table 3).

RS vs RS, (additive and independent methods)

The additive and independent methods showed that there was no statistically significant
difference between the variation in lifetime or age-specific RS vs. RS,,. In particular, the
standardised variance in LRS was 2.08 while that in LRS,, was 1.75, but the two did not
differ significantly from one another (Table 2). The variance ratio of LRS to LRS,, was 1.19,
indicating that EGP increased the variance in LRS by 19% over the variance arising from the
social mating system, though this increment was not statistically significant (Table 2).
Partitioning the variance in LRS,, with the additive method revealed that the contribution of
variances in age-specific RS,, was lowest at age 1, significantly higher from 2 years onward,
and low again at ages >8 (Tables 1, S1, Fig. S4). The age-specific variance ratio of RS over

RS,, was >0.80 across all ages, except for age 1 when the ratio was 0.39, but age-specific
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variances in RS and RS,, did not differ from one another in a statistically significant way at

any age (Table 2).

When estimating variances with the independent method, the standardised variance in
age-dependent RS,, was highest in males that survived to 1 year of age and was lower in
males >2 years old (Table 3). The variance ratio of age-specific RS to RS,, had values
between 1 and 1.6 across over half of male age groups (Table 3), suggesting that the variance
in age-specific RS was higher than the variance in age-dependent RS,, across the majority of

age groups, but differences between RS and RS,, were not statistically significant.

Drivers of variation in lifetime reproduction

Among successful breeders (i.e. males siring at least one offspring), the proportion of EGP
gained in life (out of total lifetime reproduction) had a positive effect on LRS (Table 4). Not
surprisingly, longevity had a large positive effect on LRS, while a later age of first
dominance (i.e. breeding opportunity) had a negative effect (Table 4). Longevity was also
positively associated with both lifetime EGP and lifetime WGP acquired by males that gained
dominance in their life (Table 5). Lifetime WGP, but not lifetime EGP, was negatively
related to age of first dominance (Table 5). After controlling for age of first dominance and
longevity, lifetime EGP and WGP were not significantly related to one another in males that

gained a breeding spot in life (Table 5).

Discussion

The total opportunity for selection via lifetime EGP
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In male Seychelles warblers, the contributions of EGP (27%) and WGP (39%) to the variance
in LRS were similar, indicating that both EGP and WGP provide an important contribution to
the total opportunity for selection. The positive covariance between lifetime EGP and WGP
(accounting for 34% of the total variance in LRS) indicates that Seychelles warblers that sire
more within-group offspring also sire more extra-group young. These results are comparable
to those found by the, to our knowledge, only other study that has assessed the contribution of
infidelity to the variance in male LRS in a socially monogamous cooperative breeder, the
splendid fairy-wren (Webster et al. 2007). On the other hand, the few other studies that have
analysed near-complete reproductive data to decompose the variance in lifetime reproduction
in socially monogamous populations, found EPP to contribute little to the total opportunity
for selection compared to WPP, i.e. 18% vs 45% in song sparrows (Lebigre et al. 2012), 4%

vs 88% in white-throated sparrows (Grunst et al. 2019).

The strong positive effect of longevity on both lifetime EGP and WGP (and, hence,
also LRS) of male Seychelles warblers, revealed by our models, indicates that the positive
covariance between EGP and WGP is due to longevity. That is because individuals with
longer lifespans can engage in more reproductive events and, therefore, obtain higher LRS, as
has been shown in many species (e.g. Clutton-Brock 1988; Merild and Sheldon 2000; but see
e.g. Herényi et al. 2012). Our models showed that lifetime EGP and WGP were not
significantly related, which seems in apparent contrast with the positive EGP-WGP
covariance we found in the male population. However, the lack of a relationship between
EGP and WGP in our models resulted from controlling for the effect of longevity (and age of
first dominance) and only considering males that gained dominance (i.e. a breeding spot) in
life. Across the whole male population, Seychelles warblers that acquire more lifetime EGP

also gain more lifetime WGP, and this effect is driven by longevity.
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Longer-lived males (and individuals gaining dominance earlier in life) may also have
the opportunity to acquire a higher number of mates in life, and variation in this number may
increase the opportunity for selection (Webster et al. 1995; Germain et al. 2021). In fact, in
Seychelles warblers, a substantial amount of the variance in male LRS results from the
variation in the number of mates that a male has in life, i.e. 26% and 32% for extra-group and
within-group mates, respectively (while 34% results from the positive covariance between
them, indicating that males with more within-group mates also have more extra-group mates;
Table S2). Interestingly, variation in the number of within- and extra-group mates contributes
a similar amount of variance to LRS. In particular, variation in the number of within-group
mates may derive from a combination of different sources, including the number of within-
group sexually mature female subordinates that a male can copulate with, the number of
territories a male has dominance in (rarely, but occasionally, >1), and the amount of

stochastic turnover in social mates due to mortality.

Comparing LRS and LRS,, showed that lifetime EGP increased the total opportunity
for selection in males (over that arising from the monogamous mating system) by 19%, but
this increase was not statistically significant. 19% is a considerably lower value than the
increase in variance found in most earlier studies which only analysed annual male
reproduction (often >200%, range: 3-1330%; see references in Lebigre et al. 2012). It is,
however, comparable to that found in the few other studies that examined male lifetime

reproduction (range: 1-20%; Webster et al. 2007; Lebigre et al. 2012; Grunst et al. 2019).

The total opportunity for selection via age-specific EGP (additive method)
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Among all males, the age-specific contribution of EGP to the total opportunity for selection
ranged from 0.09 to 1.98% across ages, and was similar to the contribution of WGP (range:
0.30-2.43%), indicative of a similarly important age-specific contribution of EGP and WGP
to the total opportunity for selection. On the other hand, the other study (Lebigre et al. 2013)
that assessed the age-specific components of the variance in LRS (and LRS,;,) showed that, in
song sparrows, the age-specific contribution of WGP was higher than that of EGP across

ages.

In Seychelles warblers, males increase both their within- and extra-group offspring
production till ca 6 and 8 years, respectively, after which they show a senescent decline (Raj
Pant et al. 2020). In particular, at the age of 1 year, most males are unable to successfully
breed and those that attempt to do so in their territory are most likely to be cuckolded (Raj
Pant et al. 2020). Here, we found that the age-specific contributions of EGP and WGP to the
total opportunity for selection were lowest at age 1, as almost no offspring were sired by 1
year old males, including the ca 55% of males that had gained dominance at the age of 1.
The age-specific variance contributions of both EGP and WGP increased significantly from 1
to 2 years old males. This is likely because of an age-related increase in the ability of males
to guard paternity and sire within-and extra-group offspring, with an evident improvement
occurring from the age of 1 (when males attempt to reproduce for the first time) to the age of
2 years. This improvement in obtaining paternity is possibly mediated by an age-dependent
increase in breeding experience and/or physiological changes in early life, resulting, for
instance, in improvements in body condition, ejaculate competitiveness, timing of
copulations, mate-guarding ability and effectiveness in finding and copulating with fertile

extra-pair females (Westneat and Stewart 2003; Hsu et al. 2015; Nakagawa et al. 2015).
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Comparing the variance contributions of age-specific RS vs RS,, (to the variance in
LRS and LRS,,, respectively) showed that the EGP-mediated increases of the former over the
latter (by 9-73%, in about half of the ages), were not statistically significant. Our results
differ from those of Lebigre et al. (2013), who found that, in song sparrows, age-specific EPP
did significantly increase the variance contribution of age-specific RS to LRS, beyond that
arising from monogamy, at the youngest and oldest ages, and did so to a more variable extent

(4-251%) across ages.

The age-specific opportunity for selection via age-specific EGP (independent method)

Among males surviving to each age, the variance contributed by age-specific EGP to the age-
specific RS was substantial (23-59% across ages) and not dissimilar from that of WGP (37-
78%). The age-specific opportunity for selection was highest in 1 year old males and lower
from 2 years of age, a result which is consistent with the one other study that assessed this
(Lebigre et al. 2013) and with the pattern of early-life improvement in paternity acquisition
and guarding that occurs in male Seychelles warblers (especially from 1 to 2 years of age).
On the other hand, in contrast with song sparrows, where EGP significantly increased the
age-specific variances in RS over RS,, (Lebigre et al. 2013), in Seychelles warblers the EGP-
mediated increases in the opportunity for selection which we found at most ages (by 8-62%),

were not statistically significant.

Implications and future directions

EPP has been widely hypothesised to be a key mechanism underlying sexual selection in
socially monogamous species, many of which feature sexually dimorphic traits, despite the
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low (apparent) variation in mating success (Andersson 1994; Webster et al. 1995; Grunst et
al. 2019). The Seychelles warbler is a good candidate species to test this prediction, as it
displays a socially monogamous and genetically promiscuous breeding system, as well as
sexual dimorphism in body size (males being larger than females; Kingma et al. 2016b) and
song (males singing more frequently and more complex songs than females; Catchopole and
Komdeur 1993). However, we found that, despite contributing substantially to the
opportunity for selection (to a similar extent as WGP), EGP does not cause the variance in
lifetime and age-specific RS to be significantly higher than the variance arising from the
social mating system (RS,,). Therefore, EGP is likely to play a role in shaping sexual
selection in the Seychelles warbler, despite probably not being the main mechanism via

which sexual selection can act in this species.

Other mechanisms through which sexual selection is predicted to act in socially
monogamous species are a male-biased adult sex-ratio, causing some males to obtain mates
while others do not (Price 1984; Dearborn et al. 2001), and variance in the quality of social
mates that males manage to attract, with higher-quality females producing more offspring
(Kirkpatrick et al. 1990; Jones and Ratterman 2009). In the Seychelles warbler population on
Cousin, sexual selection cannot act via male-biased sex ratio, as the adult sex ratio is on
average slightly, but significantly, female biased (mean + sd = 0.48 = 0.03; F.J.D. Speelman,

unpublished data).

Furthermore, social mate choice is also unlikely to drive sexual selection, because the
combination of habitat saturation, social fidelity and longevity are thought to constrain the
choice of social mates in the population (Richardson et al. 2005; Wright et al. 2015). Since
1982, the Seychelles warbler population on Cousin has been at a carrying capacity of ca 320

birds residing in 110 territories, causing a surplus of unpaired adult birds without an
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independent breeding position (Komdeur 1992; Komdeur et al. 1995, 2016). This shortage of
breeding spots is accentuated by the fact that Seychelles warblers generally form pairs for life
and such pairs can last for many years due to long individual lifespan. Therefore, Seychelles
warblers likely occupy a breeding spot as soon as this becomes available, without much of an
opportunity to actively choose between different social mates. However, variation in mate
breeding quality, independent of social mate choice, may still affect variation in the
reproductive output of males. In fact, about 38% of the variance in LRS (of males gaining
EGP and WGP in life) derives from variation in the fecundity of within-group mates, less so
(14%) from variation in extra-group female fecundity (Table S2). This suggests that both
social and, to a lower extent, extra-group mate breeding quality, contribute to the opportunity

for selection in Seychelles warblers.

Another potential mechanism via which sexual selection may act is habitat saturation
itself. In fact, in the Seychelles warbler, the pressure to obtain a territory and occupy a
dominant position is stronger in males than females (Eikenaar et al. 2009) because
subordinate males almost never breed, while subordinate females do reproduce (Richardson
et al. 2001; Hadfield et al. 2006; Hammers et al. 2019, Raj Pant et al. 2019). It is possible that
habitat saturation plays a greater role in the variation in male RS compared to EGP, though
the two mechanisms do not exclude one another and may act in concert. For instance, habitat
saturation may increase the density of territories and individuals in an area, thus increasing
the opportunity, for males that gain dominance in that area, to obtain more EGP. In the
Seychelles warbler population on Cousin, habitat saturation has increased territorial and
individual density (Komdeur et al. 1995, 2016). Moreover, local dominant male density is
used by male Seychelles warblers as a cue to assess paternity risk, with males adjusting their

mate-guarding rate accordingly (Komdeur 2001).
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Overall, in our study, even though comparisons of the variance in RS vs RS;, showed
that EGP did not provide a statistically significant increase in the former over the latter,
variance decomposition analyses revealed that EGP provided a considerable contribution to
the total and age-specific opportunities for selection (to a similar extent as WGP). In addition
to simple comparisons of RS and RS, it may therefore be helpful to address the issue with
other analyses, such as the estimation of lifetime and age-specific Bateman gradients, which
explicitly quantify the opportunity for sexual selection (see e.g. Webster et al. 2007), though
this was beyond the scope of our study. In addition, given that the opportunity for selection is
a measure of the maximum possible strength of selection, rather than actual force of selection
on a particular trait, selection gradient analyses are recommended to assess what the strength
of (sexual) selection via EGP is on traits of interest, such as body size and song structure.
Moreover, further research is required to shed more light on the factors driving the variance
in EGP, including investigations on the conditions that may promote male EGP, such as the
number of social females and helpers in a male’s group, the number of years since a pair-
bond between a male and his social female was formed, and whether a male’s social mate
participates in extra-group mating or not. Finally, further work is required to investigate the
variation in the reproductive success of females and the ratio of this variation to the variation

in male reproductive output.

Conclusions

In the Seychelles warbler, the overall variance contribution of lifetime EGP to the total
opportunity for selection was substantial, yet it did not significantly increase the variance in
RS over that arising from the apparent (social) mating system. This indicates that, in this

species, EGP constitutes a mechanism via which sexual selection can act, despite probably
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not being the main mechanism. This finding is in contrast with many past studies which
found EPP to greatly increase the opportunity for selection; it highlights the importance of
complete (or at least near-complete) sampling of males over their lifetimes and of
implementing statistical tests when assessing the effect of EPP on the opportunity for
selection. Partitioning the total opportunity for selection (across all males) and the age-
specific opportunity for selection (of males surviving to each age) into their age-specific
(co)variance components, revealed that the contribution of EGP was as important as that of
WGP, and varied considerably between 1-year-old vs older males. Therefore, despite
probably not playing the major role in shaping sexual selection, EGP provided a substantial
contribution to the lifetime and age-specific opportunity for selection, potentially influencing
evolutionary processes in a wild population. Further research is now required for a deeper
understanding of what factors drive the variance in EGP itself, and to quantify and compare

the effect of habitat saturation vs EGP on the opportunity for selection.
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Table 1. Glossary of paternity terms.

Term Abbreviation Description
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Age-specific

Lifetime

Extra-pair paternity
Within-pair paternity
Extra-group paternity
Within-group paternity

Reproductive success

Apparent reproductive
success

Lifetime EGP

Lifetime WGP

Lifetime reproductive
success

Lifetime apparent
reproductive success

EPP
WPP
EGP
WGP

RS
RS,

LEGP
LWGP

LRS

LRS,,

At age x

Throughout life

Number of young sired outside the pair bond
Number of young sired within the pair bond
Number of young sired outside a male's social group

Number of young sired within a male’s social group
Number of (extra-group + within-group) young sired
(i.e. genetic offspring)

Number of young produced by the social female(s) of a
male and sired by either the focal male or other males
(i.e. social offspring)

Number of young sired outside a male's social group
throughout the male's life

Number of young sired within a male's social group
throughout the male's life

Number of (extra-group + within-group) young sired
(i.e. genetic offspring) throughout life

Number of young produced by the social female(s) of a
male (i.e. social offspring) throughout the male's life and
sired by either the focal male or other males
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Table 2. Additive method: standardised age-specific (co)variance components of lifetime

reproductive success of male Seychelles warblers (n = 237). The variance in lifetime

genetic reproductive success (RS) was partitioned into its age-specific additive components.

Variances (Var) in age-specific RS and its components — i.e. age-specific extra-group
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paternity (EGP), within-group paternity (WGP) and twice the covariances (2Cov) between
EGP and WGP — add up to their respective sums of variances or doubled covariances
‘LVar(age-specificy OF L2C0V(age-specific)’ - 1wice the between-age covariances in RS, EGP and
WGP, and between EGP and WGP, add up to their respective sums of covariances
‘22C0V(between-age) - The sum of the ZVar age-specific) OF X2C0OV (age-specific) Plus the 2CoV petween-age)
gives the variances, or doubled covariances, in lifetime reproduction measures, found in the
bottom row (‘Lifetime’). The relative contribution of age-specific EGP and WGP to the
variance in age-specific and lifetime RS is shown as the ratio of Var(EGP) over Var(WGP).
The age-specific (co)variance components of lifetime social (‘apparent’) reproductive success
(RS;p) and the variance ratio of overall and age-specific RS over RS, are also shown. All
(co)variances were standardised by the squared mean of lifetime RS (for genetic paternity
measures: EGP, WGP and RS) or lifetime RS,, (for social reproduction). (Co)variances are
associated with their 95% confidence interval (in brackets). For presentation purposes, values
>0.01 were rounded up to 2 decimal places and values <0.01 were rounded up to the number

of decimal places with a minimum of 1 significant figure.

Accepted Article

n=237 EGP WGP RS
Age (years) Var Mean Var Mean 2Cov(EGP,WGP) Var Mean
| 0.002 0.008 0.006 0.03 -0.0001 0.008 0.04
(0.00, 0.004) (0.002, 0.01) (-0.001, 0.00) (0.004, 0.01) (0.(
5 0.02 0.10 0.03 0.16 0.006 0.06 0.25
(0.01, 0.03) (0.02, 0.04) (-0.001, 0.02) (0.04, 0.09) (0.(
3 0.03 0.09 0.05 0.23 0.004 0.08 0.32
(0.02, 0.05) (0.04, 0.07) (-0.004, 0.02) (0.06, 0.11) (0.(
4 0.03 0.12 0.04 0.16 0.003 0.07 0.27
(0.02, 0.05) (0.03, 0.07) (-0.004, 0.01) (0.05, 0.10) (0.(
- 0.04 0.14 0.03 0.12 0.006 0.07 0.25
(0.02, 0.10) (0.02, 0.05) (-0.002, 0.02) (0.05, 0.12) (0.(
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‘ 0.04 0.12 0.03 0.14 0.02 0.09 0.27
(0.02, 0.08) (0.02, 0.04) (0.005, 0.04) (0.06, 0.15) (0.(
. 0.02 0.08 0.04 0.15 0.03 0.10 0.22
(0.01, 0.05) (0.03,0.07) (0.01, 0.10) (0.05, 0.22) (0.(
) 0.02 0.06 0.02 0.08 0.007 0.04 0.14
(0.008, 0.03) (0.01, 0.03) (0.001, 0.02) (0.03, 0.07) (0.(
9 0.01 0.05 0.02 0.08 0.01 0.05 0.13
(0.006, 0.03) (0.01, 0.03) (0.004, 0.04) (0.02, 0.10) (0.(
10 0.009 0.05 0.02 0.07 0.01 0.04 0.11
(0.004, 0.02) (0.009, 0.05) (0.003, 0.03) (0.02, 0.09) (0.(
" 0.01 0.04 0.01 0.03 0.009 0.03 0.07
(0.004, 0.03) (0.002, 0.04) (0.002, 0.03) (0.01, 0.09) (0.0
16 0.005 0.03 0.02 0.06 0.01 0.04 0.08
(0.002, 0.01) (0.01, 0.05) (0.003, 0.03) (0.02, 0.10) (0.(
2 Var aee-specific) OF
zzcoL desziﬁ’c) 0.24 0.32 0.12 0.68
22COV hetween-age) 0.31 0.50 0.58 1.39
0.55 0.87 0.82 1.30 0.71 2.08 2.17
Lifetime
(0.40, 0.78) (0.63,1.22) (0.44, 1.15) (1.54, 3.04) .
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Table 3. Independent method: standardised (co)variance components of the age-specific
reproductive success of male Seychelles warblers (n = 237) that survive to each age.
Variances (Var) in age-specific genetic reproductive success (RS) of males surviving to each
age were partitioned into their within- and extra-group paternity components. At each age,
the variance in age-specific RS and its components — i.e. age-specific extra-group paternity
(EGP), within-group paternity (WGP) and twice the covariances (2Cov) between EGP and
WGP — are associated to the number of males alive at that age (N). The relative contribution
of EGP and WGP to the variance in age-specific RS is shown as the ratio of Var(EGP) over
Var(WGP). The age-specific variances in social (‘apparent’) reproduction (RS,,) and the
variance ratio of RS over RS, are also shown. Age-specific (co)variances were standardised
by the squared mean of the corresponding age-specific RS (for genetic paternity measures:
EGP, WGP and RS) or RS, (for social reproduction). (Co)variances are associated with their
95% confidence interval (in brackets). Lifetime measures are shown in the bottom row for

comparison. For presentation purposes, values >0.01 were rounded up to 2 decimal places
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and values <0.01 were rounded up to the number of decimal places with a minimum of 1

significant figure.

EGP WGP RS
Age Var Mean Var Mean  2Cov(EGP,WGP) Var Mean
(years)

5.83 0.008 19.96 0.03 -0.35 25.44 0.04 ]
! 237 (0.00, 14.38) (5.83, 33.47) (-1.90, 0.00) 211;95)’ (8.9¢

5 193 1.20 0.12 1.83 0.19 0.28 3.31 0.31
(0.79, 1.86) (1.36, 2.56) (-0.14, 1.08) (2.42, 5.08) (2.5

3 162 0.88 0.14 1.41 0.33 -0.02 2.27 0.47
(0.47, 1.47) (1.09, 1.85) (-0.29, 0.31) (1.74, 3.05) (14

4 134 0.96 0.21 1.24 0.28 -0.11 2.09 0.49
(0.63, 1.45) (0.84,2.14) (-0.39,0.23) (1.58,2.94) (1.6

5 108 1.17 0.30 0.87 0.26 -0.08 1.96 0.56
(0.66, 2.83) (0.59, 1.31) (-0.38, 0.28) (1.34,3.23) (1.6

6 85 0.85 0.34 0.53 0.40 0.06 1.44 0.74
(0.49, 1.46) (0.42, 0.76) (-0.19, 0.40) (0.95,2.41) (1.0

7 7 0.51 0.27 0.79 0.52 0.56 1.87 0.79
(0.27, 1.18) (0.55, 1.32) (0.11, 1.85) (1.01, 4.38) (1.1

g 56 0.86 0.25 0.87 0.34 0.03 1.76 0.59
(0.43, 1.56) (0.58, 1.36) (-0.35, 0.48) (1.24,2.79) (14

9 0 0.56 0.29 0.64 0.45 0.32 1.53 0.74
(0.29, 1.01) (0.44,1.01) (-0.04, 1.17) (0.87,3.27) (1.1

10 34 0.36 0.32 0.70 0.47 0.18 1.23 0.79
(0.20,0.41) (0.37, 2.06) (-0.12, 0.72) (0.65, 3.23) (1.0

1 30 1.25 0.30 1.38 0.23 0.70 3.33 0.53
(0.51, 2.36) (0.33,4.53) (0.00, 2.47) (1.49, 8.27) (1.6

12-16 22 0.25 0.27 0.98 0.64 0.37 1.60 0.91
(0.10,0.31) (0.54, 1.90) (-0.08, 0.99) (0.68,3.18) (0.¢

. 0.55 0.87 0.82 1.30 0.71 2.08 217

Lifetime 237

(0.40, 0.78) (0.63, 1.22) (0.44, 1.15) (1.54, 3.04) (1.3
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Table 4. Generalised linear mixed model (GLMM) of lifetime reproductive success of

male Seychelles warblers that gain dominance and sire >1 offspring during their life, in

relation to longevity, age of first dominance and the proportion of extra-group offspring

sired in life out of all offspring sired in life (» = 123 males). Coefficient estimates, standard

errors (SE) and p-values (p) are shown for each fixed effect; AFD = age of first dominance,

Proportion lifetime EGP = proportion of extra-group offspring sired in life. Variance (%) and
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number of observations (n) are shown for each random effect. The GLMM was built with a

Poisson error structure. Significant predictors (»p<0.05) are shown in bold.

Lifetime Reproductive Success

Accepted Article

Fixed term /] SE D
Intercept 1.29 0.07 <0.001
AFD -0.15 0.05 0.003
Longevity 0.50 0.04 <0.001
Proportion lifetime EGP 0.10 0.05 0.045
Random term o n

Cohort 0.02 9

Table 5. Generalised linear mixed models (GLMMs) of lifetime extra-group paternity
(EGP) and within-group paternity (WGP) gained by male Seychelles warblers that
obtain a dominant position during their life, in relation to longevity, age of first
dominance and either lifetime WGP or EGP, respectively (n = 182 males). Coefficient
estimates, standard errors (SE) and p-values (p) are shown for each fixed effect; AFD = age
of first dominance. Variance (6°) and number of observations (n) are shown for each random

effect. The GLMMs were built with a Poisson error structure. Observation identity was added
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as a random effect to the models to eliminate overdispersion. Significant predictors (p<0.05)

are shown in bold.

Accepted Article

Lifetime EGP Lifetime WGP
Fixed term p SE D p SE D
Intercept -0.56 0.15 <0.001 | -0.06 0.12 0.599
AFD -0.20 0.11 0.073 -0.17 0.07 0.018
Longevity 0.76 0.14 <0.001 0.85 0.09 <0.001
Lifetime WGP 0.09 0.13 0.462 - - -
Lifetime EGP - - - 0.01 0.06 0918
Random term o n o n
Cohort 0.00 9 0.04 9
Male ID 0.69 182 0.15 182
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Figure 1. Distribution of lifetime extra-group paternity (LEGP, top left), within-group
paternity (LWGP, top right), reproductive success (LRS, bottom left) and apparent
reproductive success (LRS,,, bottom right) in male Seychelles warblers (n = 237).
Genetic paternity measures — LEGP, LWGP and LRS — consist of the number of extra-group,
within-group and total offspring sired by males throughout life. The social (‘apparent’)
reproduction measure LRS;, corresponds to the number of young produced by a male’s social

female(s), and not necessarily sired by that male, throughout the male’s life.
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(Co)variance

0 . l .
EGP WGP

Total 2Cov(EGP,WGP)

Lifetime reproductive success

Figure 2. The standardised variance in lifetime reproductive success and its lifetime
(co)variance components for male Seychelles warblers (n = 237). The variance in lifetime
reproductive success is partitioned into the variance in extra-group paternity (EGP) and

within-group paternity (WGP), plus twice their covariance, 2Cov(EGP,WGP).
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