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The hypothesis that females of socially monogamous species obtain indirect benefits (good or compatible
genes) from extra-pair mating behaviour has received enormous attention but much less generally accepted
support. Here we ask whether selection for adult survival and fecundity or sexual selection contribute to
indirect selection of the extra-pair mating behaviour in socially monogamous coal tits (Periparus ater). We
tracked locally recruited individuals with known paternity status through their lives predicting that the
extra-pair offspring (EPO) would outperform the within-pair offspring (WPO). No differences between
the WPO and EPO recruits were detected in lifespan or age of first reproduction. However, the male WPO
had a higher lifetime number of broods and higher lifetime number of social offspring compared with male
EPO recruits, while no such differences were evident for female recruits. Male EPO recruits did not
compensate for their lower social reproductive success by higher fertilization success within their social pair
bonds. Thus, our results do not support the idea that enhanced adult survival, fecundity or within-pair
fertilization success are manifestations of the genetic benefits of extra-pair matings. But we emphasize that
a crucial fitness component, the extra-pair fertilization success of male recruits, has yet to be taken into
account to fully appreciate the fitness consequences of extra-pair matings.
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1. INTRODUCTION

The adaptive significance of female extra-pair mating
behaviour in socially monogamous bird species is one of
the most contentious issues in evolutionary ecology (e.g.
Griffith ez al. 2002; Westneat & Stewart 2003; Arngvist &
Kirkpatrick 2005; Ak¢ay & Roughgarden 2007; Griffith
2007). Why do females of so many species mate extra-pair
so frequently? Any truly comprehensive understanding of
avian mating systems and sexual selection in birds is
impossible without providing a convincing answer to this
long-standing question. Different hypotheses have been
put forward in order to explain how a fitness benefit could
outweigh the potential costs (e.g. Dixon et al. 1994) of
female extra-pair mating behaviour. In particular, the idea
that females mate extra-pair to obtain good or compatible
genes that increase offspring genetic quality has received
enormous attention but much less generally accepted
empirical support (reviewed in Griffith er al. 2002;
Westneat & Stewart 2003; Akcay & Roughgarden 2007).
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Comparing fitness-related traits of the within-pair
offspring (WPO) and the extra-pair offspring (EPO) is a
strong test for the genetic benefits of extra-pair matings
(e.g. Sheldon er al. 1997; Griffith er al. 2002). If genetic
benefits select for extra-pair mating behaviour, EPO are
predicted to have higher fitness than WPO and thus to
outperform them in terms of viability, fecundity or sexual
attractiveness. Some of the studies that compared half-
sibling performance supported the good and/or compa-
tible genes models of female extra-pair mating (e.g.
Sheldon er al. 1997; Foerster et al. 2003; Fossay et al.
2008), but others failed to do so (e.g. Lubjuhn ez al.
19994q; Whittingham & Dunn 2001; Kleven & Lifjeld
2004). Furthermore, recent work suggests that environ-
mental context dependence of paternal genetic effects
adds another layer of complexity to this problem (Schmoll
et al. 2005; Garvin et al. 2006). Thus, the evidence from
this promising approach is mixed, and rather sceptical
evaluations of the genetic benefit models of extra-pair
mating tend to prevail in recent synthetic contributions
(e.g. Westneat & Stewart 2003; Arnqgvist & Kirkpatrick
2005; Akcay & Roughgarden 2007).

Failure to detect the predicted differences in half-sibling
performance may result, for example, from insufficient
statistical power due to small expected effect sizes (e.g.
Moller & Alatalo 1999) or from environmental effects
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masking such differences (e.g. Schmoll ez al. 2005). But it is
also important to envision that to date no study has actually
compared the lifetime reproductive performance or even
fitness of WPO and EPO. In the majority of the studies, half
siblings were compared at the nestling stage with respect to
traits known or thought to be fitness relevant (e.g. fledgling
size-corrected body mass, Sheldon er al. 1997; immuno-
competence, Johnsen et al. 2000; heterozygosity, Foerster
et al. 2003). Few studies were able to track the fate of
individuals further and analysed fledgling survival (e.g.
Suter et al. 2007) or local recruitment into the breeding
population (which integrates the critical first winter survival
and successful establishment as a breeder, e.g. Lubjuhn
et al. 1999qa). So far, in only one avian study system, was it
directly investigated whether offspring—once recruited—
differ in their (first-year) reproductive performance with
respect to their paternity status (no such effects were
detectable, Schmoll ez al. 2003, 2005; but see Cohas er al.
2007 for an example in mammals). Yet, even in compara-
tively short-lived species similar to many passerines
frequently investigated in this context, establishing oneself
as a first-year breeder is only part of the exercise and the
duration of the entire reproductive lifespan is potentially
very important for variation in lifetime reproductive
success. What happens beyond recruitment into the
breeding population? It is easily conceivable that selection
for adult survival and fecundity as well as sexual selection
operates beyond recruitment and that they contribute to
indirect selection of an extra-pair mating preference of
females. To fully appreciate the fitness consequences
of extra-pair matings, it is therefore of major importance
to analyse the paternity-related fitness variation due to
traits expressed beyond recruitment.

Building on previous work (Schmoll ez al. 2003), we
report here the data on long-term fitness consequences of
extra-pair matings in the coal tit Periparus ater (formerly
Parus ater), a socially monogamous passerine with a high
frequency of extra-pair paternity as well as high local
recruitment rates. We followed the fate of a total of 242
locally recruited individuals with known paternity status
(WPO or EPO) from three cohorts to analyse how lifespan,
lifetime reproductive performance and paternity loss (for
male recruits) relate to paternity. Previous results from the
study population showed that male extra-pair fertilization
success is strongly and positively related to the male age
(Schmoll ez al. 2007). Assuming that females control extra-
pair copulations, this result is compatible with an extra-pair
mating preference of females for older males. Such a
preference may be indirectly selected through genetic
viability benefits according to an age-based indicator
mechanism of genetic quality (reviewed in Brooks & Kemp
2001). If female coal tits mate extra-pair in order to obtain
such viability benefits, EPO are predicted to have longer
lifespan than their WPO half siblings and, accordingly,
higher lifetime reproductive success.

We found no evidence in support of the hypothesis that
survival selection during the adult stage, fecundity
selection or sexual selection indirectly select for the female
extra-pair mating behaviour in our study population. But
our analysis also highlights that a crucially important
fitness component, the extra-pair fertilization success of
the male offspring, is still missing from a comprehensive
picture of the fitness consequences of extra-pair matings in
natural populations.

Proc. R. Soc. B (2009)

2. MATERIAL AND METHODS

(a) Study species, study population and general

field methods

Coal tits are small, territorial, altricial, cavity-nesting
passerine birds with biparental care (Glutz von Blotzheim &
Bauer 1993). They are socially monogamous (Glutz von
Blotzheim & Bauer 1993), but show comparatively high rates
of extra-pair paternity (Lubjuhn ez al. 19995; Dietrich ez al.
2004). From 2000 to 2007 we studied an established nest-
box population of coal tits in a mixed coniferous forest near
Lingen/Emsland (Lower Saxony, Germany, 52°27'N,
7°15' E). The 325 ha study area contained approximately
560 nest-boxes (only 470 nest-boxes in 2007), harbouring
between 106 and 195 coal tit breeding pairs per year during
the study period. Parentage analysis (see below) was
conducted from 2000 to 2002 and the data on recapture
and reproductive performance of locally recruited individuals
were collected from 2001 to 2007. The percentage of broods
with extra-pair paternity in the study population ranged from
66.3 to 67.0% in first brood periods and 83.6 to 91.3% in
second brood periods with an overall proportion of the EPO
ranging from 27.0 to 28.6% in first broods and 43.9 to 49.4%
in second broods (for details see Dietrich ez al. 2004). The
study population is mainly non-migratory and natal dispersal
(see Winkel 1981; Schmoll er al. 2005), and in particular
breeding dispersal distances (Winkel 1981, and see below)
are rather short. This leads to comparatively high local
recapture rates that permit the estimation of the long-term
fitness consequences of mating decisions.

During the breeding seasons (April-July), nest-boxes were
monitored at least weekly to record breeding phenology
(laying and hatching date), parameters of reproductive
performance (e.g. brood size, hatching and recruitment
success) and the identity of adult birds. Adults were captured
while feeding 10-14-day-old nestlings and regarded as the
social (i.e. putative) parents of the respective broods.
Capturing effort was high and highly standardized over the
study period so that only a very small fraction of the nest-box
breeding population (estimated as less than 5%) could not be
captured (including few very shy, capture-resistant individ-
uals and individuals that had deserted their broods before
capturing took place and also had not produced replacement
clutches). Both adults and nestlings were banded with
uniquely numbered metal rings of the Institute of Avian
‘Vogelwarte Helgoland® (Wilhelmshaven,
Germany). Blood samples (approx. 50 ul) were taken from
the ulnar vein under license (no. 509f-42502-46), diluted in
250 ul APS buffer (Arctander 1988) and stored at —20°C
until further use.

Research

(b) Parentage analysis

We used multilocus DNA fingerprinting in order to exclude
putative parents from genetic parentage. Details of the basic
DNA fingerprinting procedures used for parentage exclusion
have been described in detail elsewhere (Lubjuhn er al.
19995; Dietrich 2001); hence the fundamental method is
outlined only briefly,. DNA was isolated according to a
modified standard protocol (Lubjuhn & Sauer 1999) and
digested with the restriction enzyme Hae III. After separation
by horizontal agarose gel electrophoresis, gels were dried
followed by in-gel hybridization using the >?P-labelled
oligonucleotide (CA)g. The banding patterns were visualized
by scanning with a phosphoimager (Storm 860, Amersham,
Freiburg, Germany). Parentage exclusion gels always
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contained a brood’s nestlings along with its social (i.e.
putative) parents. Banding patterns were highly informative
and analysed according to Westneat (1990) using the image-
editing software ADOBE PHOTOSHOP V. 5.5. The putative (i.e.
social) fathers were excluded from genetic parentage if greater
than or equal to two novel fragments (i.e. distinct fragments
neither attributable to the social mother’s nor to the social
father’s banding pattern) were present in the banding pattern
of the focal nestling (Dietrich 2001). The probability of
falsely assigning one putative parent to an offspring was as low
as 1.1X 10 (Dietrich 2001).

(¢) Statistical analysis

In order to test for effects of paternity that become effective
beyond local recruitment into the breeding population, we
analysed patterns of presence or absence of breeding birds as
well as the reproductive performance for recruits originating
from three cohorts (2000, 2001 and 2002). Thus, we only
included individuals for which (i) paternity status (WPO
versus EPO) had been established at the nestling stage and
(ii) that were recaptured at least once as a breeding bird in the
study population. Overall, 9.2 per cent of the 3549 nestlings
for which paternity status had been unequivocally determined
were locally recruited. We excluded recruits from analysis that
had either been raised in nests with experimentally manipu-
lated brood sizes (enlarged or reduced) or that had provided
parental care for broods with such experimentally manipu-
lated brood sizes as adults because both kinds of manipula-
tions may affect adult recapture probability in later years.
This procedure resulted in a sample of 242 recruits (121
males and females each, 164 WPO and 78 EPO) originating
from 168 successfully genotyped broods. Of these 242
recruits, 168 (81 males and 87 females, 100 WPO and 68
EPO) came from 116 broods with mixed paternity (MP; at
least one WPO as well as one EPO present in the brood of
origin). These broods are thereafter referred to as MP broods.
In the text, we report and discuss results only for this latter
sample, because the predicted differences between the WPO
and EPO recruits should be most easily detectable in the MP
broods sample despite its smaller size (WPO from broods
with 100% within-pair paternity are expected to be of
comparatively high quality and including them may blur the
differences between the WPO and EPO descendants of those
females that had actually mated extra-pair). Results based on
the sample of all 168 genotyped broods are given in tabulated
and graphical form in the electronic supplementary material.

(1) Stawistical modelling approach and general structure

of the models

We used R v. 2.6.1 (R Development Core Team 2007) for
statistical analyses, all tests were two-tailed and the null
hypothesis was rejected at p<0.05. We fitted generalized
linear models (GLMs) and generalized linear mixed models
(GLMM:s, R function /mer with Laplace approximation of the
maximum likelihood as implemented in the R package /me4,
Bates 2007) to our data. To obtain minimal adequate models,
we removed fixed effect terms from a maximal model stepwise
as long as this caused no significant decrease in model fit as
assessed by likelihood ratio tests (Crawley 2005). Reported
p values refer to the increase in deviance when respective
terms are removed from the more complex models. All
maximal models included paternity status (WPO versus
EPO, thereafter referred to as paternity), cohort (2000, 2001
or 2002), brood period within which the recruits hatched
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(first versus second, thereafter referred to as hatch period)
and sex (unless analyses were conducted separately for the
sexes, see below) as categorical independent variables.
Previous studies indicated that local recruitment into the
study population is affected by paternity in a context-
dependent way, in that EPO recruited better than their
WPO half siblings when originating from broods late in the
year (i.e. from second broods, see Schmoll ez al. 2005). To test
whether paternity effects vary with environmental conditions,
maximal models included the two-way interactions of
paternity with cohort and hatch period. Furthermore,
we included the two-way interaction of paternity with sex
when applicable.

To account for the non-independence of the data from
recruits originating from the same brood and to control for
random variation between the broods of origin, we always
included a random effect of the brood of origin. Thus, we
estimated the fixed effect of paternity status (and other
independent variables of interest) while controlling for
potentially confounding variation between broods that
may be due to maternal genotype, nest environment,
parental or territory quality. Broods of origin from which
members of both half-sibling groups recruited have the
greatest weight in these analyses, but—in contrast to classic
pairwise comparisons—GLMMs can also make use of
information for those broods from which only members of
one half-sibling group recruited. The significance of random
effects in these models was tested by removing them from
the respective minimal adequate model and comparing the
resulting increase in model deviance against a chi-square
distribution. The proportion of variation explained by
random effects was calculated as the adjusted coefficient of
determination r? (Nagelkerke 1991) of the minimal
adequate GLMM minus the adjusted r2 of the correspond-
ing GLM with an identical fixed effects structure, but
lacking the focal random effect.

(i1) Recruit lifespan and latency to first reproduction

When analysing survival in natural populations, it is
important to take into account that (i) the observed
lifespan may be right censored because individuals may still
be alive at the end of the study period and (ii) the capture
probability of individuals is normally less than one so that
observed periods of presence may underestimate true life-
span. We argue that censoring is not relevant for our
datasets: by 2007, the number of capture events has dropped
to nearly zero for recruits from all three focal cohorts
(figure 1), and the predicted number of captures for a further
sampling season amounted to 0.27, 0.41 and 1.26 individuals
for the cohorts 2000, 2001 and 2002, respectively (predic-
tions based on a minimal adequate GLM for the full sample
with Poisson errors and log link and the significant predictor
variables cohort, cohort age and squared cohort age,
all p<0.01). Thus, we argue that sampling was performed
for a sufficiently long time to reliably estimate the lifespan as
well as the lifetime reproductive performance for members
of these cohorts.

When analysing individual sequences of presence and
absence in our samples over the recapture period (2001-—
2007), we furthermore found that absence followed by
presence nearly always referred to special cases where
individuals were not captured in the season(s) directly
following their year of birth (implying a latency period to
the first recorded reproduction), but were then continuously
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Figure 1. Capture events over the recapture period (2001—
2007) for locally recruited coal tits from different cohorts
(n=242 recruits originating from all 168 successfully
genotyped broods). Filled circles, 2000 cohort; open circles,
2001 cohort; triangles, 2002 cohort.

present from their first until their last recorded reproduction.
Only 6 out of 168 individuals (3.6%) from MP broods and 10
out of 242 recruits (4.1%) from all genotyped broods were
absent in between two presences (all these individuals were
males). This implies that the capture probability of living
individuals that had been captured at least once before is close
to one. We thus measured recruit lifespan directly as the age
when individuals were last captured breeding and separately
analysed the latency to the first (recorded) reproduction
to test for the differences between the WPO and EPO in
this trait.

GLMMs with Poisson error structure and log-link
function were fitted for both these dependent variables.
Lifespan data were — 1-transformed in order to meet Poisson
assumptions (as only recruited individuals entered analyses,
the minimum possible lifespan is 1 year, whereas a Poisson
distribution has a non-zero probability of obtaining zero
counts). In addition, pairwise Wilcoxon rank-sum tests of
WPO versus EPO lifespan and latency to first reproduction
were computed for 16 broods producing recruits of both
types of maternal half siblings. If more than one individual per
half-sibling type and brood had recruited, average values were
used. Furthermore, multinomial log-linear models fitted via
neural networks (R library nner, Venables & Ripley 2002)
were used to test for paternity effects on the entire distribution
of lifespan (rather than just the mean lifespan).

(iii) Recruit breeding dispersal

Differential breeding dispersal of WPO and EPO may affect
adult recapture probability and could thus confound
estimates of lifespan. We therefore tested whether any of
our independent variables affected the lifetime short-range
breeding dispersal, i.e. the vector of breeding dispersal
distances within the study site measured over a recruit’s
lifetime. Breeding dispersal distances in the study population
are very short (Winkel 1981, and see below), and many
individuals or pairs reuse the same nest-box in a subsequent
year. This results in a frequency distribution of dispersal
distances with an excess of zero values. To account for this,
GLMMs with gamma error structure and log-link function
were fitted to dispersal distances +0.4 m (a small transfor-
mation constant had to be added in order to meet the
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assumption that gamma variables are strictly greater than
zero). Furthermore, we included random effects of individual
nested within the brood of origin in order to account for the
non-independence of dispersal distances measured for the
same recruit and for recruits originating from the same brood.

@iv) Recruit lifetime reproductive performance

The lifetime number of recorded broods (including first as
well as second broods) and the lifetime number of hatchlings
were used as dependent variables to analyse a recruit’s
lifetime reproductive performance. GLMMs with Poisson
error structure and log-link function were fitted for
both of these dependent variables. Number of broods was
— l-transformed to meet Poisson assumptions (as only
recruited individuals entered analyses, the minimum possible
number of broods is one). In 2003, a balanced cross-foster
experiment had been performed in some of the first broods,
including broods for which recruits from the three focal
cohorts provided parental care. Since nestlings were cross
fostered at day 2 post-hatch, the number of fledglings cannot
be used as a measure of reproductive performance in these
broods. Hence, we used the lifetime number of hatchlings to
quantify a recruit’s lifetime reproductive performance.
Reproductive performance was analysed separately for both
sexes since the dependent variables can be compared
meaningfully only within sexes. This is because the male
genetic reproductive success cannot be estimated reliably
from the number of hatchlings due to the high rates of extra-
pair paternity (cf. Dietrich er al. 2004) in the study
population. Thus, lifetime reproductive performance in
these analyses refers to social (or apparent) reproductive
success for male recruits but to genetic (or realized)
reproductive success for female recruits (exclusion of genetic
maternity was extremely rare in the study population, see
Schmoll ez al. 2008). Due to this splitting of the data,
sample sizes for reproductive performance traits were too
small for classic pairwise tests as a supplement to mixed
model analyses.

(v) Paternity loss and within-pair fertilization success

of male recruits

Data on paternity loss were available for a subsample, namely
for male recruits of the 2000 cohort breeding in 2001 and
2002 and for recruits of the 2001 cohort breeding in 2002
(note that the data for recruits of the 2000 cohort breeding in
2001 were already reported in Schmoll ez al. 2003). We use
these data to assess whether male WPO recruits differ from
male EPO recruits in terms of attractiveness or sperm
competitiveness and thus in fertilization success within their
social pair bonds. GLMMs with binomial error structure and
logit-link function were fitted to model the proportion of EPO
per brood using the number of successfully genotyped
nestlings per brood as the binomial denominator. GLMMs
with Poisson error structure and log-link function were fitted
to model the number of WPO sired (reflecting fertilization
success within the social pair bond). In addition to the
independent variables used in other analyses (see above), this
analysis included also year and brood period (first versus
second) as fixed categorical variables. Furthermore, we
included random effects of individual nested within the
brood of origin in order to account for the non-independence
of the data measured for the same recruit and for recruits
originating from the same brood.
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Figure 2. Relative frequency distributions of recruit lifespan in relation to paternity and sex for 168 recruits originating from 116
broods with MP (WPO, within-pair offspring; EPO, extra-pair offspring; »=50 female WPO, 50 male WPO, 37 female EPO
and 31 male EPO). (a) Female WPO, (b) male WPO, (¢) female EPO and (d) male EPO.

3. RESULTS

(a) Recruit lifespan

Lifespan ranged from 1 to 6 years with a median of 1.5 years.
Frequency distributions of lifespan in relation to paternity
and sex are given in figure 2 (see also figure S1 in the
electronic supplementary material). Neither paternity
(x3=0.51, p=0.47) nor any other independent variable
nor their two-way interactions with paternity predicted
recruit lifespan (all other p>0.05, see table S1 in the
electronic supplementary material for full details of analysis
of deviance). There was significant random variation in
lifespan between recruits’ broods of origin (x3=15.97,
$<0.001), which explained 11.4 per cent of the total
variation in lifespan in the minimal adequate model. A
pairwise test of WPO versus EPO lifespan within those
broods producing recruits of both half-sibling types revealed
no difference (Wilcoxon rank-sum test: W=14.0, p=0.67,
n=16 pairwise comparisons involving 40 recruits) and thus
supported the results of the mixed model analysis.
Inspection of the data suggested that WPO and EPO
recruits may differ in the shape of their lifespan distributions
(in particular, female WPO compared with female EPO,
figure 2). However, multinomial log-linear models indicated
that neither paternity nor sex or their two-way interaction
had significant effects on the distribution of recruits across
lifespan classes (all x2<6.25, all p>0.25).

(b) Lifetime breeding dispersal

Breeding dispersal distances ranged from 0 to 510 m with
a median of 25 m and a modal value of 0 m. Lifetime
short-range breeding dispersal was not affected either by
paternity (x3=0.01, p=0.91) or by any other predictor
variable or their two-way interactions with paternity
(all other p>0.20; see table S2 in the electronic supple-
mentary material for details).

(¢) Latency to first reproduction
Out of 168 recruits from MP broods 19.0 per cent were
not captured in the season directly following their year of
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birth but only in later years (data for all genotyped broods:
23.1% out of 242 recruits). Thus, while paternity did not
affect lifespan (see above), it might still affect the age at
first (recorded) reproduction. Male recruits had a
significantly longer latency than females in terms of the
number of years before first recorded breeding (x3=7.35,
$»=0.007). Furthermore, a marginally significant cohort
effect was also detected (x3=6.01, p=0.049). Yet, neither
paternity (x3=2.31, p=0.13) nor any other independent
variable nor their two-way interaction with paternity was
a significant predictor of the latency to first reproduction
(all other effects p>0.1; see table S3 in the electronic
supplementary material for details). In the minimal
adequate model, there was a tendency for random
variation between recruits’ broods of origin (x3=3.17,
p»=0.07), which explained 2.9 per cent of the total
variation in latency. A pairwise test of WPO versus EPO
latency within those broods producing recruits of both
half-sibling types revealed no difference (Wilcoxon rank-
sum test: W=19.0, p=0.38, n=16 pairwise comparisons
involving 40 recruits).

When further exploring the detected sex difference in
latency to first reproduction, we found that in 78 per cent
of the total of 45 cases in which only one of the two
attending adults of a breeding pair were captured, this was
the female partner (binomial p<0.001 for a deviation
from a probability of 0.5 based on a period of 6 years from
2001 to 2006 with a high and highly standardized
capturing effort).

(d) Lifetime reproductive performance

The lifetime number of recorded broods ranged from one
to eight with a median of one for females and from one to
five with a median of one for males. Relative frequency
distributions of the lifetime number of broods in relation
to paternity and sex are given in figure S2 in the electronic
supplementary material (see also figure S3 in the
electronic supplementary material). There was an overall
positive correlation between the lifespan and the lifetime
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Figure 3. GLMM estimates (*s.e.) for the lifetime number
of broods recorded for male WPO and EPO recruits (=81
recruits originating from 62 broods with MP).

number of broods recorded (Spearman’s rank correlation:
rs=0.79, p<0.001, sexes combined). For female recruits,
neither paternity (x?=0.003, p=0.96) nor any other
independent variable or their two-way interactions with
paternity predicted the lifetime number of broods (all
other p>0.05; see table S4a,b in the electronic supple-
mentary material for details). However, male EPO recruits
produced significantly less broods over their lifetime than
male WPO recruits (x?=6.07, p=0.014; figure 3; see also
figure S4 in the electronic supplementary material). This
effect was not caused by a differential propensity of male
WPO and EPO recruits to engage in second broods as
there was no significant difference in the lifetime number
of second broods (main effect of paternity: x3=0.86,
p»=0.35). None of the other fixed effect terms reached
significance (all p>0.10; table S4c, see also table S4d in
the electronic supplementary material). However, there
was significant random variation in the number of broods
between the female as well as male recruits’ broods
of origin (x3=42.1, p<0.001 for females and y3=7.11,
»=0.008 for males), explaining 43.3 and 9.7 per cent,
respectively, of the total variation in number of broods
in the minimal adequate models.

The lifetime number of hatchlings ranged from 2 to
72 with a median of 9 for females and from 2 to 40 with
a median of 9 for males. Relative frequency distributions
of the lifetime number of hatchlings in relation to
paternity and sex are given in figure S5 in the electronic
supplementary material (see also figure S6 in the
electronic supplementary material). There was an overall
positive correlation between the lifetime number of broods
recorded and the lifetime number of hatchlings produced
(Spearman’s rank correlation: r,=0.90, p<<0.001, sexes
combined). For female recruits, neither paternity
(x3=0.38, p=0.54) nor any other independent variable
nor their two-way interactions with paternity predicted the
lifetime number of hatchlings (all other p>0.10; see table
S5a,b in the electronic supplementary material for
details). However, male EPO recruits produced signi-
ficantly less hatchlings over their lifetime than male WPO
recruits (x3=7.50, p=0.006; figure 4; see also figure S7 in
the electronic supplementary material). None of the other
terms reached significance (all p>0.05; see table S5¢,d in
the electronic supplementary material for details). When
including the lifetime number of broods as a covariate in
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Figure 4. GLMM estimates (+£s.e.) for the lifetime number
of hatchlings produced by male WPO and EPO recruits
(n==81 recruits originating from 62 broods with MP).

the minimal adequate model for the lifetime number of
hatchlings, the main effect of paternity turned insignificant
(x3=0.80, p=0.37). This indicates that the paternity-
related difference in lifetime number of hatchling of males
largely result from the paternity-related difference in the
lifetime number of broods.

(e) Paternity loss and within-pair fertilization
success of male recruits

Paternity loss in broods of male recruits ranged from 0 to
100% (note that data on paternity loss for male recruits
were only available for the breeding seasons 2001 and
2002, and thus for broods of recruits from the cohorts
2000 and 2001). There was no difference in the mean
proportion of EPO in broods of male WPO versus EPO
recruits (=57 male recruits caring for 74 broods:
xf20.24, p=0.62; see table S6a,b in the electronic
supplementary material for details). Within-pair fertiliza-
tion success of male recruits ranged from 0 to 10 genetic
offspring per brood. There was no difference in the mean
number of WPO in broods of male WPO versus EPO
recruits (xf=0.12, p=0.73; see table S7a,b in the
electronic supplementary material for details).

4. DISCUSSION

There was a substantial variation in the age when
individual breeding birds were last captured (figure 2),
suggesting a considerable potential for selection on adult
survival to affect variation in fitness. Yet, in contrast to our
prediction, WPO and EPO recruits differed neither in the
mean lifespan nor in the frequency distribution of lifespan.
In addition, none of our other independent variables or
their interactions with paternity affected this fitness
component. Thus, our data do not support the hypothesis
that females benefit from extra-pair matings by obtaining
‘good longevity genes’ and that selection on adult survival
contributes to indirect selection for female extra-pair
mating behaviour. Differential breeding dispersal with
respect to paternity may affect recapture probabilities
of WPO and EPO and could thus confound estimates of
recruit lifespan. However, breeding dispersal distances in
our population showed a median of only 25 m and a modal
value of 0 m indicating the frequent reuse of the same
territory or even nest-box across years. Furthermore,
paternity did not influence the short-range breeding
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dispersal of recruits. While long-range dispersal can never
be ruled out completely as a confounding factor for
survival estimates in wild populations, we argue that
paternity effects on breeding dispersal did not bias our
lifespan estimates.

Male recruits showed a significantly longer latency to
their first recorded reproduction than females. This may
result from two different but not mutually exclusive
mechanisms. First, the pattern suggests that more males
than females delay their first reproduction or that they
have to use (probably suboptimal) natural cavities for the
first breeding attempt(s), e.g. due to intraspecific compe-
tition for high-quality nesting sites. Second, in the great
majority of those cases where we could catch only one of
the two partners of a breeding pair, this was the female.
This indicates that males were more difficult to capture
than females and/or that they are more likely to have
deserted a brood at the time of capturing (nestling day 10).
Given that males in this population have, on average, a
much lower certainty of genetic parentage than females,
sex differences in parental investment (e.g. in vigilance or
risk taking during feeding and nest defence behaviour)
may indeed be expected. In fact, if the differential capture
probability mainly resulted from younger males being less
likely to be captured than their female partners, this could
also confound estimates of males’ age at first reproduction
(see above). Importantly, however, we found no signi-
ficant differences when comparing the latency with the
first recorded reproduction of WPO and EPO recruits.
Thus, there is no evidence to suggest that paternity
status affects the age of first reproduction as a major life-
history trait.

Lifetime reproductive success may differ for individuals
with similar lifespan and we thus analysed—separately for
the sexes—the lifetime reproductive performance of
recruits. Contrary to our prediction, male WPO recruits
had a higher lifetime number of hatchlings than male EPO
recruits (figure 4). This effect was mainly due to a higher
number of broods raised (figure 3), although neither
lifespan, latency to first reproduction nor the number of
attended second broods differed significantly between the
(male) WPO and EPO recruits. However, inspection of
the sign of the parameter estimates in these analyses for
males revealed that the male WPO were on average slightly
younger when they were first captured, slightly older when
they were last captured, and that they were also captured
slightly more often attending second broods (data not
shown). In combination, these non-significant effects
resulted in a significantly higher lifetime number of broods
and hatchlings for male WPO recruits, while there were no
such differences for female recruits.

Are male WPO better off than EPO recruits after all?
Given that the high frequency of extra-pair paternity in the
study population precludes reliable inference of male
genetic reproductive success from male social success, it is
difficult to draw firm conclusions based on the social
reproductive success of males alone. For example, male
EPO recruits could be more attractive as within-pair
and/or extra-pair mating partners pre copula or they could
be more competitive fertilizers under a regime of intense
sperm competition post copula. Such a genetic attractive-
ness benefit (cf. Kokko ez al. 2002) of extra-pair matings
might (over-) compensate for the lower social reproduc-
tive success of male EPO recruits. In fact, their lower
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apparent success could even represent a consequence of
high investment in sexual attractiveness, e.g. in terms of
extra-pair mating effort (e.g. Hunt er al. 2004 for an
example of trading sexual attractiveness against other
fitness components). We were not able to measure the
lifetime total fertilization success of males as a function
of their paternity status, because genetic data over the
lifetime of focal cohorts were not available. However,
when analysing paternity loss and within-pair fertilization
success (as a measure of the within-pair sexual attractive-
ness) in the subsample for which these data were available,
we found no differences between the male WPO and EPO
recruits (in line with previously reported results, cf.
Schmoll ez al. 2003). Thus, it seems unlikely that male
EPO can compensate for their lower social reproductive
success through higher within-pair fertilization success.
However, for a truly comprehensive picture, a crucial and
still missing part is whether male EPO can outperform
male WPO recruits in gaining extra-pair fertilizations in
broods attended by other males. This could make all the
difference given that extra-pair fertilizations have been
shown to be a very important component of variance in
male total fertilization success in other socially monog-
amous species (Kleven er al. 2006; Webster et al. 2007).
We therefore suggest that future studies should pay special
attention to male extra-pair fertilization success and
consider it as a major task to quantify the total (i.e.
within-pair and extra-pair) lifetime fertilization success of
males in relation to paternity status.

Previous results from the study population suggested a
context-dependent genetic benefit of extra-pair matings as
EPO recruited better than their WPO half siblings when
originating from second broods (see Schmoll ez al. 2005).
Modelling approaches may be useful for integrating this
earlier finding on juvenile survival and recruitment with
the adult fitness components analysed in the present study
to obtain an overall assessment of the adaptive significance
of extra-pair matings in the study population.

We conclude that our results do not support the
hypothesis that survival selection in the adult stage,
fecundity selection or sexual selection contributed to
indirect selection for female extra-pair mating behaviour
in the coal tit study population. However, we would like
to stress that a crucial fitness component, namely male
extra-pair mating success, has not yet been taken into
account by any study. We therefore call to analyse not
only lifetime reproductive success, but in particular
male lifetime extra-pair and total fertilization success in
relation to paternity in this and other socially mono-
gamous species to fully appreciate the fitness conse-
quences of extra-pair matings before rejecting genetic
benefit models of extra-pair mating (e.g. Arnqvist &
Kirkpatrick 2005; Ak¢ay & Roughgarden 2007).

Blood samples from birds were taken under licence no. 509f-
42502-46
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