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Whether females should prefer to mate with old males is controversial. Old males may sire offspring of low quality because of an

aging germline, but their proven ability to reach an old age can also be an excellent indicator of superior genetic quality, especially

in natural populations. These genetic effects are, however, hard to study in nature, because they are often confounded with direct

benefits offered by old males to the female, such as experience and high territory quality. We, therefore, used naturally occurring

extra-pair young to disentangle different aspects of male age on female fitness in a natural population of collared flycatchers

because any difference between within- and extra-pair young within a nest should be caused by paternal genetic effects only.

Based on 18 years of long-term data, we found that females paired with older males as social partners experienced an overall

reproductive advantage. However, offspring sired by old males were of lower quality as compared to their extra-pair half-siblings,

whereas the opposite was found in nests attended by young males. These results imply a negative genetic effect of old paternal

age, given that extra-pair males are competitive middle-age males. Thus, offspring may benefit from being sired by young males

but raised by old males, to maximize both genetic and direct effects. Our results show that direct and genetic benefits from pairing

with oldmalesmay act in opposing directions and that the quality of the germlinemay deteriorate before other signs of senescence

become obvious.

KEY WORDS: Ageing, direct benefits, extra-pair mating, female preference, genetic benefits, germline senescence, mate choice,

reproductive senescence.

Impact summary

Male age may influence the number and quality of the off-

spring he produces. This is due to senescence, the gradual de-

terioration of organism function with age, which can affect

the germline cells quality (i.e., genetic or indirect parental ef-

fects) and the ability to provide resources (i.e., direct parental

effects). However, proven ability to survive until old age may

mean that older fathers instead will produce high-genetic-

quality offspring, able to survive, and get old themselves. Ad-

ditionally, old males may also be able to provide their off-

spring with better or more resources due to gained experience.

These reproductive pros and cons of old male partners impose

a dilemma for mate choosing females. Should they avoid or

prefer old males to ensure direct and indirect benefits? This

question has not yet been fully answered because direct and

∗Shared first authorship.

E-mail: carolina.segami@ebc.uu.se

indirect effects of paternal age are hard to separate in the wild.

We circumvented this problem by comparing nestlings sired

by different males of different ages within the same brood.

Therefore, we were able to distinguish the indirect (genetic)

from direct (environmental) effects of biological fathers, as

the environment and maternal genes were constant. We used

18 years of long-term data on a collared flycatcher population

of which 812 individuals were genotyped to assign paternity.

We found that direct benefits increase with male age, but at the

same time the germline quality decreases. Moreover, this de-

terioration happens before other signs of senescence become

evident. These findings have profound consequences for the

general understanding of the evolution of mate choice, which

is rarely considered in the context of senescence. Our study

is one of very few exploring the effects of male senescence

in the wild and it is the first one to disentangle genetic from

direct benefits in the context of mate choice.
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Ageing is the physiological deterioration of organism func-

tionwith age and is widespreadin nature (Shefferson et al. 2017).

Increasing age can affect fitness of the individual (Lemaître and

Gaillard 2017) and also its offspring through negative parental

age affects (Monaghan et al. 2020), either because of reduced

general phenotypic performance or because of accumulation of

deleterious germline mutations. Therefore, age could influence

partner choice and females may avoid mating with old males to

minimize these negative effects. However, there are also numer-

ous positive effects associated with increased age. In fact, females

are often assumed to prefer to mate with older males to gain ac-

cess to an experienced mate with superior resources and proved

ability to survive (Grant and Grant 1987; Conner 1989; Côté and

Hunte 1993; Takagi 2003; Dupont et al. 2018). How these neg-

ative and positive aspects of male age translate into number and

quality of the offspring they sire and/or raise and hence influ-

ence the fitness of females that have chosen to breed with them

remain open questions. Whether females should prefer to mate

and pair with old males has therefore become a controversial

subject (Brooks and Kemp 2001; Griffith et al. 2002; Beck and

Promislow 2007; Dean et al. 2010; Lifjeld et al. 2011; Dupont

et al. 2018; Rodríguez-Muñoz et al. 2019). Accordingly, there is

a need to investigate whether detrimental effects of old age are

common in males and also to examine to what extent such ef-

fects are strong enough to compromise the reproductive success

of females in the wild (Lemaître and Gaillard 2017).

Traditionally, natural selection was thought to favor females

that prefer older males because such males should be more ex-

perienced and thereby also more likely to have access to high-

quality resources and to provide better parental care, which would

provide direct benefits to the female (Grant and Grant 1987; Con-

ner 1989; Côté and Hunte 1993; Takagi 2003; Dupont et al.

2018). Moreover, mating with older males can also give indi-

rect (genetic) benefits to the female in terms of more fit off-

spring. The “good genes” hypothesis predicts a preference for

older individuals based on the logic that survival until older ages

requires high-quality genes, which in turn will be passed on to

the offspring (Trivers 1972; Kokko and Lindstrom 1996; Kokko

1998; Bouwman et al. 2007). In accordance with these expec-

tations, there are several studies demonstrating that older males

are more likely to attract females for mating (Conner 1989; Côté

and Hunte 1993), to become socially paired (Weatherhead 1984;

Alatalo et al. 1986), to be less likely to lose paternity in the broods

they attend (Michálková et al. 2019), and to be more likely to

gain extra pair paternity (Dickinson 2001; Bouwman et al. 2007;

Cleasby and Nakagawa 2012; Michálková et al. 2019).

Possible negative aspects of pairing with relatively old males

can be both in terms of reduced phenotypic skills (i.e., reduced

resource holding potential or ability to provide parental care) as

a consequence of senescence of the soma, but also genetically

in terms of mutation accumulation in the male germline. Physi-

ological senescence with increasing age is widespread across or-

ganisms (Shefferson et al. 2017), and examples from birds that

could result in direct costs are reduced to foraging efficiency and

nest defense (Newton and Rothery 2002; Bouwhuis and Vedder

2017). In contrast, purely genetic costs to the offspring of old

fathers stayed for a long time undetected in wild animals. This

contrasts to laboratory studies, where offspring from old male

mice were found to have decreased reproduction and longevity

(García-Palomares et al. 2009), and negative paternal age effects

on offspring life span have also been found in Drosophila (Priest

et al. 2002) and captive populations of zebra finch (Noguera

et al. 2018). Moreover, in humans, offspring life span decreases

with increasing age of the father (Gavrilov and Gavrilova 1997;

Kemkes-Grottenthaler 2004). Such negative effects of male age

were for a long time considered irrelevant in the context of evo-

lution of mate choice in nature. Predation and other sources of

mortality were thought to remove individuals from the popula-

tion before the onset of senescence (Medawar 1951; Comfort

2011) . Moreover, even if a few males would survive until the

onset of senescence the likelihood of mating with them would be

minimal meaning that selection on females to avoid mating with

too old males should be negligible (Finch 1998). The few males

that do show senescence may also compensate by being more ex-

perienced at acquiring resources or providing parental care fur-

ther lowering the potential gain of avoiding these males as mates.

However, these arguments have recently become questioned.

Because the reproductive success of males is very much de-

termined by the ability to secure a mate and sire as many off-

spring as possible, males are expected to invest in secondary

sexual characters, expensive behaviors (such as male-male in-

teractions, courtship, territory defense), and/or sperm competi-

tion, perhaps even at the expense of their germline maintenance

(Lemaître and Gaillard 2017). Germline cells deteriorate with ad-

vanced age (Kong et al. 2012) and mutation accumulation in the

germline cells can have negative effects on the quality of the off-

spring in natural populations (Pizzari et al. 2008; Velando et al.

2011) . Mutation rates have also been shown to be higher in males

than in females (Kong et al. 2012; Smeds et al. 2016) probably

due to the large number of cell divisions during spermatogene-

sis. Moreover, recent findings in Drosophila suggest that the fit-

ness effects of negative mutations often increase nonlinearly with

age (Brengdahl et al. 2020). Thus, it is possible that effects of

male senescence on offspring number and quality, especially in

the form of mutation accumulation in the male germline, have

been overlooked in natural populations. There is now growing

evidence that various effects of senescence may be observed also

in natural populations (Bonduriansky and Brassil 2002; Nussey

et al. 2013; Bouwhuis and Vedder 2017; Froy et al. 2019; Gail-

lard and Lemaître 2020) , which suggests that negative effects of
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advanced age can be important for mating decisions, at least if

senescent males are present in the population or if the germline

deteriorates before other visible signs of ageing occur. Still, rel-

atively few studies have investigated possible effects of male re-

productive senescence in the wild (Lemaître and Gaillard 2017),

with a study on house sparrows being a rare exception. This

study focused solely on possible genetic effects by using a cross-

fostering design and found that offspring of old parents had lower

reproductive success, but with a sex-specific effect such that old

paternal age only influenced the fitness of sons and old maternal

age only affected the fitness of daughters (Schroeder et al. 2015).

Taken together, the decision to mate with an old male reflects

a balance between positive direct (Grant and Grant 1987; Conner

1989; Côté and Hunte 1993; Takagi 2003; Dupont et al. 2018) and

genetic (Trivers 1972; Kokko and Lindstrom 1996; Bouwman

et al. 2007) benefits of choosing an old mate, but also potential

costs associated with mating with too old males that experience

senescence of the soma (Bouwhuis and Vedder 2017) or germline

(Pizzari et al. 2008; Velando et al. 2011; Kong et al. 2012), which

are outlined in Figure 1. How these different aspects of male age

translate into number and quality of the offspring they sire and/or

raise and hence influence the fitness of females that have chosen

to breed with them remain open questions. The relative impor-

tance of these different effects has to our knowledge not previ-

ously been disentangled in studies on natural populations. Our

study aims to fill this knowledge gap using two approaches: (1)

using long-term breeding data of collared flycatchers (Ficedula

albicollis) to assess the effect of paternal age on offspring fledge

number and offspring recruitment and (2) by using naturally oc-

curring extra-pair offspring to disentangle direct and genetic ef-

fects of paternal age on offspring quality while keeping maternal

genetic effects constant. Collared flycatchers are small passerine

birds that preferably breed in nest boxes which allows long term

monitoring. The flycatcher population of Öland has been moni-

tored over 18 years and pedigrees as well as age records are avail-

able since 2002 (Qvarnström et al. 2010) . We used these long-

term breeding data to test whether females benefit from breeding

with older males. In addition, we also genotyped a large num-

ber of offspring to specifically single out possible genetic effects

associated with paternal age such as increased genetic quality of

offspring with male age due to the male’s proven ability to sur-

vive and/or decreased genetic quality of offspring with male age

due to germline deterioration. In this case, we only have infor-

mation of the age of the social male as the extra-pair male is

unknown. Nevertheless, we can infer the relative age of the extra-

pair male based on two facts. First, most extra-pair young (EPY)

are known to be sired by competitive middle-aged males as rev-

elated by other studies (Dickinson 2001; Bouwman et al. 2007;

Cleasby and Nakagawa 2012; Michálková et al. 2019). Second,

even if females would randomly mate with extra-pair males the

age structure of the studied population indicates that young males

breeding for their first time would be cuckolded by equally old or

older males (i.e., on average older males). Similarly, males be-

longing to the oldest age classes should be cuckolded by younger

males.

Methods
DATA COLLECTION

The collared flycatcher (Ficedula albicollis) is a small migratory

passerine of the family Muscicapidae; they overwinter in sub-

Saharan Africa and breed in Europe (Qvarnström, Rice, and Elle-

gren 2010). At the beginning of the reproductive season in early

May, males arrive to the breeding grounds and establish territo-

ries that they advertise to females. Once a female starts build-

ing the nest, the male defends its territory from other males and

predators. After laying eggs, the female starts incubating and the

male provides her food. When the eggs hatch, both the male and

the female share the task of feeding the nestlings and guarding

the nest. They are insectivorous with a preference for caterpillar

larvae as food for their offspring (Shirihai and Svensson 2018).

The population breeding on Öland (57°100N, 16°580E) has been

monitored in deciduous and mixed forests with over 2000 nest

boxes across the island during the reproductive season between

May and July since 2002 (Qvarnström, Rice, and Ellegren 2010).

Metal rings with a unique identity code are placed on every bird

and morphological measurements as well as a blood samples

are taken every year. Additionally, the offspring are weighted

(±0.1g) at day 6 and day 12 before fledgling with a spring Pesola

of 30 g. This long-term data collection allowed us to determine

social pedigrees, age, and fitness measurements. In addition, we

used a subset of breeding events to specifically test for possible

effects of paternal age on the genetic quality of the offspring. We

genotyped 812 offspring from 154 nests. These nests are from the

following years: 2002, 2004–2005, 2008, and 2010–2016.

To assess extra-pair and within-pair paternity of social cou-

ples offspring, we compared 12 microsatellite loci (FhU1, FhU2,

FhU3, FhU4, Fhy223, Fhy301, Fhy304, Fh401, Fhy403, Fhy407,

Fhy454, and PdoU5) of the offspring with their known mother

and their social father using the software Cervus 3.0.3 (Marshall

et al. 1998; Kalinowski et al. 2007) as previously described in

similar studies (Alund et al. 2013, 2018). For this analysis, data

were simulated for 10,000 offspring with five candidate fathers

assuming the sampling of 70% of the population (Jones et al.

2010). Only individuals where at least six microsatellite loci were

compared were included and the confidence level used to estab-

lish extra pair paternity in the pairwise comparison between off-

spring and social father was >95%. It was not possible to identify

the extra-pair sires.
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Figure 1. The first two panels show expected relationships between female fitness in terms of number and quality of offspring produced

and the age of her mate through several possible processes. The second two panels illustrate how naturally occurring extra pair young

can be used to disentangle effects mediated by resources or genes provided by the males. This is because these offspring share the same

nest environment, including resources provided by the social male, and maternal genes but are sired by males of (on average) different

ages. (A) Positive effects of male age on female fitness. Increased male experience and/or selective removal of males of low quality

may lead to higher quality of the resources such as territories and paternal care that are provided by the older males. Selective removal

of low-quality males may also ensure genetic benefits to females selecting older males that have proven their ability to survive. The

expected net benefits to females with increasing male age will level off as selection will have removed the males of lowest quality and

due to an expected less sharp learning curve late in life. (B) Negative effects of male age on female fitness. Reproductive senescence may

negatively affect the phenotypic quality of males toward the end or their lives, leading to middle-agedmales being of highest phenotypic

quality and therefore providing the best direct benefits to their females. Old males may also experience decreased germline quality as

deleterious mutations accumulate with male age leading to a decline in genetic benefits obtained by females selecting older males as

mates. These negative fitness effects are expected to accelerate in association with “tipping points” when a decline in male general

phenotypic quality, for example, makes them unable to defend high-quality territories. (C) Direct material benefits from socially pairing

with males of different ages will have similar effects on the number and phenotypic quality of within- (WPY) and extra-pair young (EPY).

(D) Assuming that extra-pair young are mainly sired by middle-aged competitive males, we expect EPY to be of superior genetic quality

as compared to WPY when the social male is very young or very old. This is because very young social males have not yet proven their

ability to survive to older ages (i.e., selection has not yet removed low-quality males) and very old social males may experience germline

senescence.

STATISTICAL ANALYSIS

Our overall strategy for statistical analyses was to construct a lim-

ited number of biologically relevant models to test the hypothe-

ses outlined in Figure 1. These models are presented in Table S1.

In general, these models include both a linear and quadratic ef-

fect of male age, because nonlinear fitness effects of age may be

present for both direct (Forslund and Pärt 1995) and genetic ef-

fects (Fig. 1D) (Pizzari et al. 2008). These linear and nonlinear

fitness effects are also expected to interact with predictors of in-

terests. For offspring recruitment probability, we expect that the

effect of male survival to next year can interact with age and age2

due to expected age-dependent solutions to life-history trade-offs

(Clutton-Brock 1984). We also expect that the effect of EPY sta-

tus on offspring mass can differ depending upon parental age, in
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both a linear and nonlinear fashion. Moreover, although repro-

ductive data are often underdispersed and arguments have been

raised to analyze this type of data using flexible generalized lin-

ear models (Brooks et al. 2019), other arguments favor the robust-

ness and interpretability of Gaussian models for this type of data

(Knief and Forstmeier 2020). We therefore analyzed reproduc-

tive data using both methods, and because our results are robust

to the method used, we present the Gaussian models in the Re-

sults section and the corresponding generalized linear models in

the Supporting Information.

Long-term breeding dataset
To understand the age structure of the population, data of individ-

uals of known age (i.e., ringed the year of birth or as 1-year old

when plumage reveals exact age of the male) between 2002 and

2018 were visually explored with a population pyramid plot and

age percentages of different age classes were calculated.

We analyzed the effect of the social fathers age on the num-

ber of fledged offspring (i.e., offspring who left the nest alive)

and number of recruits (i.e., offspring of the given clutch that re-

turned after migration to breed in the population on subsequent

years), using both cross-sectional data and longitudinal data of

1-year-old individuals to test for selection between age class 1

and 2. These males (n = 1094) were monitored between 2002

and 2018, and the total number of broods is 1527 of which 117

had 0 fledglings. All experimental (manipulated) broods in the

study area were excluded for these analyses. We constructed sep-

arate linear mixed-effect models with fledgling number or num-

ber of recruits as response variables. We fitted the age of the so-

cial father as explanatory variable and also age2, to investigate

any nonlinear effect of age. For that purpose, age was mean cen-

tered before calculating age2. Male ID and year were included

in the models as random effects on the intercept. Because both

number of fledgling and number of recruits are count data that

are generally underdispersed, we used both Gaussian distribution

of the package lme4 (Bates et al. 2015) and the “genpois” fam-

ily distribution available in the glmmTMB package (Brooks et al.

2017). Because we got consistent results with both distributions,

the Gaussian distribution models are presented in the Results sec-

tion and the correspondent models fitted with glmmTMB can be

found in the Supporting Information.

To test whether recruitment does not only depend on age but

also on the survival of the parent to the next age category, we

constructed a generalized mixed-effect model with binomial dis-

tribution. Offspring recruitment (fail, success) was fit as response

variable and age, age2, and male survival to the next year as ex-

planatory variables, including all interactions. Male ID and year

were included as random effects.

To determine whether mass at time of fledge is a good pre-

dictor for recruitment in our population, we constructed a gener-

alized linear mixed-effect model with binomial distribution hav-

ing successful or unsuccessful recruitment as a response variable.

Mass at day 12 (briefly before fledgling) and lay date were fitted

as explanatory variables, whereas nest ID and year were fitted as

random effects.

Extra-pair offspring dataset
To determine the effect of the age of the social father on the

offspring’s weight at fledgling, we constructed a linear mixed-

effect model with the weight of the offspring at day 12 as the

response variable. As explanatory variables we included the pa-

ternity status (EPY or within-pair young [WPY]) and the num-

ber of nestlings in the nest, because there is evidence that this is

an important factor influencing nestling weight (Källander and

Smith 1990). We also fitted father’s age and age2. Year and male

ID were included as random effects on the intercept, male ID

was then removed as it did not explain any variation in the model

and caused singularity problems to the Gaussian model (male ID

was retained in the Generalized model [Table S14], where it did

not cause singularity issues). To avoid pseudo replication because

individuals from the same brood can share the same father, we in-

cluded a random slope of brood ID over paternity status. All sta-

tistical analyses were conducted in R 3.5.3 (R Core Team 2019),

mixed-effect Gaussian and binomial models were implemented

using the package lme4 (Bates et al. 2015), and Poisson models

were implemented using the package glmmTMB (Brooks et al.

2017). All plots were created with the package ggplot2 (Wick-

ham 2016) and show the last age category grouped when and ad-

ditional category would yield less than 5% of all the data points.

Significance was assessed using confidence intervals that were

obtained using the confint function with Wald method.

Results
The population shows a pyramidal age structure, where females

and males show a similar age distribution with the majority of the

population being composed by birds of 1 (45.8%) and 2 (25.5%)

years old (Fig. S1; Table S2). Every age category experiences an

approximate 50% reduction and thus, we find very few individu-

als of age 4 (8.5%) or older (5.3%). These older individuals are

approximately 6.5% of the male population and 4% of the female

population with the oldest individual registered of 9 years old for

males and 8 years old for females.

PATERNAL AGE AND OVERALL REPRODUCTIVE

PERFORMANCE

Direct effects of the age of the social partner influence the number

and quality of offspring that a female produces in the same way

regardless of whether these offspring are WPY or EPY. Based

on gained experience and selective removal of males with poor
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Figure 2. The number of fledglings (A) and recruits back into the breeding population (B) as a function of the social male’s age in

collared flycatchers. Symbols represent mean ± SE of the number of fledged offspring depending on the social male’s age. Red symbol

indicates data onmales of age 1 that also survived to year 2, therefore controlling for selective disappearance. Thewhite symbol indicates

data on the males of age 1 who did not survive to year 4. There is a significant positive relationship between male age and reproductive

performance that levels off with increasing age, but there is no apparent evidence for negative effects ofmale senescence on reproductive

output when genetic and material effects are entangled.

phenotypic quality (Fig. 1A), we expected females to experience

higher reproductive performance when breeding together with

older males. We found that females paired with older males as

their social partners produced more (0.25 ± 0.06, t = 4.51, P <

0.001; Table S3; Fig. 2A) fledged offspring and more recruits that

returned to the breeding population as adults themselves (0.06 ±
0.02, t = 3.53, P < 0.001; Table S5; Fig. 2B). In addition to the

linear effect of the social fathers age on the number of fledglings,

a significant quadratic effect of age captures the curvature of the

response, where the positive effect of increased age of the social

father weakens after age 2 (Table S3; Fig. 2). The increased ben-

efit from breeding with older males was hence mainly driven by a

lower performance of females paired with 1-year-old males that

were breeding for the first time (Fig. 2). This increased perfor-

mance observed between the first and second year of breeding in

the cross-sectional data can be driven either by increased perfor-

mance of males due to gained experience or by selective removal

of males of relatively poor quality. To disentangle these two pos-

sibilities, we therefore re-analyzed the dataset using only 1-year-

old individuals that were known to survive until their second year

of breeding or after. Both fledglings and recruitment models lose

the significant effect of age2, the linear effect of age is only bor-

derline significant (depending upon model), and importantly the

parameter estimate of age is much closer to zero in the longitudi-

nal dataset (Tables S7 and S9). These results imply that selective

removal of low-quality individuals between the first and second

breeding attempts plays an important role for explaining the ben-

efits associated with selecting older males as breeding partners

(Fig. 2).

In addition, we also analyzed the probability that a fledged

offspring would recruit into the breeding population. For our a

priori model, which included a linear as well as quadratic effect of

age and all interactions, we found no relationship between male

survival to next year and offspring recruitment probability after
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Figure 3. Probability of recruitment given successful fledgling depending on social male’s age and survival to the next year. White

symbols represent the mean probability ± SE of recruitment of offspring raised by males that died, magenta dots represent the mean

probability ± SE of recruitment of offspring raised by males that survived, and black dots represent the mean ± SE of both. Offspring are

more likely to recruit to the breeding population when they have fledged from nests attended by older males and males that survived

to the following year themselves.

fledgling (Table S13). However, if we allow for model simplifi-

cation using AIC, the best model (which excludes interactions)

showed that offspring in the nest of older males (−0.13 ± 0.05,

Z = –2.49, P = 0.013; Table S12; Fig. 3) and males who survive

to the next year (−0.21 ± 0.1, Z = −2.18, P = 0.03; Table S12;

Fig. 3) have a higher recruitment probability.

PATERNAL AGE AND GENETIC CONTRIBUTION TO

OFFSPRING CONDITION

To estimate offspring quality, we used mass at day 12, which sig-

nificantly predicts recruitment back to the breeding population

(0.268 ± 0.026, Z = 10.116, P < 0.001, Table S11). We used 812

offspring from 154 social nests for which both the social male’s

age and paternity in the brood were known to disentangle possible

effects of paternal age on the genetic quality of the offspring from

direct effects of paternal age. We found a significant interaction

between EPY status and age2 (Table 1) on offspring mass (condi-

tion). The interaction between EPY status and age should be in-

terpreted as a more or less negligible linear effect on age for both

EPY (nonsignificant weakly negative) and WPY (estimated to be

flat), whereas the interaction between EPY status and age2 high-

lights fundamental differences in the nonlinear response, where

EPY has a strong convex relationship between age and offspring

mass with a minimum in young age and increased mass both for

age 1 and especially age 4. In contrast, the quadratic relationship

is convex and closer to zero for WPY. These interactions are il-

lustrated in Figure 4, showing that WPY have a relatively higher

mass than EPY in nests attended by 1- and especially 2-year-old

males. In nests attended by very old males (4 year or older), we

find that WPY have a relatively lower mass than EPY (Table 1;

Fig. 4). Because competitive middle-aged males mainly sire the

EPY, both these results imply a negative genetic effect of pater-

nal age on offspring mass as predicted based on age-dependent

germline deterioration (Fig. 1D).
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Table 1. Linear mixed-effect model with offspring mass at day 12 as a responsevariable.

Estimate SE t P CI 2.5%–97.5%

Intercept 14.217 0.548 25.926 <0.001 13.12–15.30
Age −0.168 0.177 −0.951 0.344 −0.52–0.18
Paternity status (WPY) 0.671 0.210 3.194 <0.002 0.25–1.09
(Age)2 0.347 0.157 2.212 0.03 0.04–0.66
Total offspring in nest −0.046 0.074 −0.626 0.532 −0.19–0.10
Age: Paternity status (WPY) 0.188 0.129 1.450 0.152 −0.08–0.44
Paternity status (WPY): (Age)2 −0.40 0.136 −2.921 0.004 −0.67–0.13

Random effects σ CI 2.5% –97.5% N groups

Nest ID (intercept) 1.168 0.96–1.42 154
Paternity status 0.687 corr −0.54 –0.74 to −0.22 –
Year (intercept) 0.597 0.39 to 0.99 11
Residual 0.824 0.78 to 0.87 –

The explanatory variables are Age of the social father (Age), Paternity status (either within-pair offspring [WPY] or extra-pair offspring [EPY]), and total

number of offspring in the nest. As random effects, we have Year and a random slope for Paternity status on Nest ID. Number of observations: 812. Number

of broods: 154. A confidence interval that does not overlap with 0 indicates significance for the value in this case the Estimate. And in the P column all values

of p <0.05 are considered significant and hence they are in bold. P <0.05 in all cases matches the significance given by the calculation of confidence intervals.
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Figure 4. Mass at day 12 of extra-pair (EPY, red color) and within-pair (WPY, blue color) offspring depending on the social male’s age.

Within-pair offspring are relatively heavier when the social male is young, but the opposite pattern with relatively heavier extra-pair

young is found when the social male is old. Offspring of males of age 5 or older are grouped in the plot but not on the analysis. (A) Mean

± SE of each age group. (B) Visualization of raw data points (with mean ± SE superimposed on top).
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Discussion
We found that female collared flycatchers benefit from breeding

with old males, and especially should avoid 1-year-old males as

social partners, to ensure overall high reproductive output. There

was no evidence of reproductive male senescence lowering the

direct, material benefits for females pairing with very old males.

However, a comparison between WPY and EPY within a clutch

revealed evidence consistent with deterioration of the germline

of old males. Extra-pair offspring had higher weight than within-

pair offspring in nest attended by old social males. Because old

males are rare in the population, we assume that the EPY in these

nests were sired by on average younger males. This result there-

fore demonstrates a decoupling of direct (material) and indirect

(genetic) benefits of pairing with old males. Thus, female col-

lared flycatchers could maximize their fitness by having their off-

spring sired by young males but raised by old males, where the

direct benefits have an overall stronger effect on female fitness.

Below we discuss these findings in more detail together with pos-

sible constraints on optimal female mating strategies.

The decision to mate with a male of a particular age reflects

a balance of both direct and indirect benefits and costs associated

with male age. Direct (or material) benefits are associated with

resource provisioning and nest defense, and older males can often

provide more resources due to increased experience and access

to higher quality territories (Grant and Grant 1987; Conner 1989;

Forslund and Pärt 1995; Takagi 2003). Indirect effects are instead

related to the genetic effects of choosing a particular male, in

terms of increased genetic quality of the offspring (Kempenaers

and Dhondt 1993; Jennions and Petrie 2000; Griffith et al. 2002).

Direct and genetic benefits are hard to disentangle in the wild,

because both effects contribute to reproductive success of the so-

cial male, but we achieved this goal by using naturally occur-

ring extra-pair offspring. Any difference in performance between

half-sib WPY and EPY in a nest should be caused by genetic

effects only, because males are not able to recognize its genetic

offspring and therefore do not provide differential paternal care

(Kempenaers and Sheldon 1996).

Firstly, we investigated the direct effect of paternal age. We

found that females should prefer older males as social partners,

and specifically avoid choosing young males as social partners.

Both the number of fledglings and recruits (offspring returning to

the breeding populations) increased with male age, which agree

with a number of studies finding improved reproductive perfor-

mance with age in birds (reviewed in Forslund and Pärt 1995).

A significant nonlinear decline in the positive effect of male

age suggested that the result was, as expected, mainly driven

by low performance of 1-year-old males. Several mechanisms

can underlie such patterns, such as increased experience (a di-

rect effect), but also selective disappearance of low-condition in-

dividuals, as well as age-assortative mating (Zhang et al. 2015;

Bouwhuis and Vedder 2017). By analyzing a longitudinal dataset

with only individuals that survived at least 2 years, we found the

effect of paternal age on the number of hatchlings and recruits

almost disappeared, therefore selective disappearance of year-1

males rather than increased experience is causing the increased

reproductive performance of females having older males as their

social partners. This result also excludes age-assortative mating

(where males and females of the same age preferentially breed to-

gether) as a possible explanation, because males surviving more

than 1 year had a relatively high reproductive performance al-

ready as young. Moreover, we also found that the probability that

a fledgling would recruit back into the breeding population in-

creased not only with social male age but also with its survival

to the following year. This suggests a good-genes effect may be

present for overwintering survival, further arguing for the impor-

tance of breeding with old males with proven ability to survive.

Thus, the overall reproductive performance of females is clearly

boosted by avoiding first-year breeding males as social mates be-

cause selective disappearance ensures a generally higher quality

of older males.

Although reproductive performance often increases with pa-

ternal age in birds (Forslund and Pärt 1995; Rebke et al. 2010;

Torres et al. 2011; Auld et al. 2013; Zhang et al. 2015), few stud-

ies have separated the role of increased experience from selec-

tive disappearance of low-performing males, and only in long-

lived birds. Selective disappearance contributed to the increased

reproductive performance with age in blue-footed booby (Torres

et al. 2011) and mute swans (Auld et al. 2013), but had only a

small effect in the common tern (Rebke et al. 2010; Zhang et al.

2015). For short-lived birds, the role of selective disappearance

has not been investigated in relation to male performance, but se-

lective disappearance of low-quality females is important in great

tits (Bouwhuis et al. 2009) and collared flycatchers (Evans et al.

2011). There is thus a need for further studies aimed at separating

the role of selective disappearance and increased experience for

male reproductive performance, especially in short-lived species.

We did not observe a decline in the reproductive perfor-

mance of very old males (Figs. 2 and 3) as would have been ex-

pected based on reproductive senescence and a general decline

in phenotypic performance and the ability to provide resources at

very old ages (Fig. 1). This result contrasts against the observed

strong decline in the reproductive performance of female collared

flycatchers late in life (Gustafsson and Pärt 1990) and with evi-

dence for senescence from other natural populations (Bondurian-

sky and Brassil 2002; Nussey et al. 2013; Bouwhuis and Vedder

2017; Froy et al. 2019; Gaillard and Lemaître 2020). Most of the

previous scientific works have focused on females making it pre-

mature to make the conclusion that actuarial senescence is gen-

erally more evident in females even if this indeed appears to be
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the case in collared flycatchers. However, it has been suggested

that sex-specific reproductive strategies may result in sexual se-

lection favoring males that invest heavily in keeping a competi-

tive phenotype in shape also at old ages and perhaps even at the

expense of their germline maintenance (Lemaître and Gaillard

2017). Effects of germline senescence are difficult to assess, be-

cause genetic effects generally are masked by direct effects of the

breeding environment in natural populations (but see below).

Secondly, we assessed the indirect effect of paternal age. Be-

cause selective removal of poor-quality 1-year-old individuals re-

sulted in increased reproductive success, we expected that the fe-

males would also get genetic benefits from choosing old males.

However, there may also be a genetic cost associated with choos-

ing old males due to germline senescence (Fig. 1B). To separate

direct and genetic effects, we used naturally occurring extra-pair

paternity to investigate the relative difference in mass between

WPY and EPY within a clutch. This approach has previously

been used to investigate if females gain genetic benefits from

extra-pair mating (e.g., Kempenaers et al. 1992; Foerster et al.

2003; Charmantier et al. 2004), but has to our knowledge never

been used to investigate effects of male germline senescence.

The shared nest environment means that both EPY and WPY

benefit from being raised by old males. Because most males in

the population are young (Fig. S1), but middle-aged males are

most likely to get extra-pair paternity (Dickinson 2001; Bouw-

man et al. 2007; Cleasby and Nakagawa 2012; Michálková et al.

2019), we expect that EPY in nest with young males as social

partners are sired by older males, whereas EPY in nests with

very old males as social partners are sired by relatively younger,

competitive middle-aged males, because very old males are rare

in the population. The half-siblings (i.e., within- and between-

pair young) sharing the same nest are exposed to the same direct

effects of paternal age (Fig. 1C), which in the flycatcher case

lack evidence for a negative effect of actuarial male senescence

in broods raised by very old males (Figs. 2 and 3). If females

gain genetic benefits by mating with old males that have proven

their ability to survive (Fig. 1A), we expect that EPY in nests at-

tended by young males should be of better condition (have higher

mass) than WPY (Kempenaers et al. 1992; Fig. 1D). For nests at-

tended by very old males, we also expected EPY to be of better

condition (have higher mass), but in this case due to germline

deterioration among these very old social males (Fig. 1D). As ex-

pected, EPY indeed outperformed WPY in nests attended by very

old males. Surprisingly, however, we found evidence for negative

performance effects associated with paternal age also in nests at-

tended by young males where within-pair offspring outperformed

EPY that probably had been sired by “middle-aged” competitive

males. These results imply that the germline of these competitive

males may deteriorate before other signs of senescence become

obvious. This finding is consistent with the idea that sexual selec-

tion has led to the evolution of males that prioritize somatic main-

tenance at the expense of their germline maintenance (Lemaître

and Gaillard 2017). One should, however, note that the negative

effect was stronger for nests attended by 2-year-old rather than

1-year-old males. A possible explanation to this finding is that

that the two sources of genetic benefits (i.e., avoidance of the ef-

fects of germline deterioration by having offspring sired by young

males vs. ensuring the effects of good genes by having offspring

sired by old males with proven ability to survive) even each other

out in nests attended by 1-year-old males.

Because mating outside the social pair bond is associated

with obvious costs to females, such as exposure to sexually

transmitted disease (Sheldon 1993) or reduced parental care by

the social mate (Arnqvist and Kirkpatrick 2005; Griffin et al.

2013), much previous scientific work has been allocated toward

finding possible adaptive explanations to the wide spread oc-

currence of active female extra-pair mating in birds. The most

commonly proposed adaptive explanation is that females, who

generally are constraint in their choice of social male, can ob-

tain genetic benefits from extra-pair mating (e.g., Jennions and

Petrie 2000; Westneat and Stewart 2003; Akçay and Roughgar-

den 2007). That old males, with proven ability to survive and

more attractive traits, often gain more extra-pair matings as com-

pared to other males is generally interpreted as evidence in sup-

port of this assumption (Akçay and Roughgarden 2007; Cleasby

and Nakagawa 2012). However, this interpretation has recently

become questioned (Brooks and Kemp 2001; Griffith et al. 2002;

Beck and Promislow 2007; Dean et al. 2010; Lifjeld et al. 2011;

Dupont et al. 2018; Rodríguez-Muñoz et al. 2019) and some

studies have even found evidence suggesting that EPY may be

of lower genetic quality as compared to WPY (Sardell et al.

2011; Hsu et al. 2014). Thus, the overall evidence for large ge-

netic benefits of extra-pair mating is limited (Forstmeier et al.

2014). Our study implies that there may be negative genetic con-

sequences of extra-pair mating with old males. Specifically, our

results are consistent with a deteriorating germline in old males.

There are several mechanisms that can underlie deteriorating of

the germline. Mutation accumulation is thought to be a major

cause (Kong et al. 2012), but possibly also telomere shorten-

ing (Noguera et al. 2018) as well as passive epigenetic effects

(Schroeder et al. 2015). We did not investigate the mechanism,

but note that they all are evolutionary very similar, resulting from

accumulation of deleterious effects with age because of weak-

ened selection (Hamilton 1966).

Negative parental age effects are seen as a hallmark of age-

ing, and several laboratory studies have found that offspring of

old parents have shorter life span (Lansing 1947; Rockstein 1957;

Tracey 1958; O’Brian 1961; Kiritani and Kimura 1967; Gavrilov

and Gavrilova 1997; Priest et al. 2002; García-Palomares et al.

2009; Lind et al. 2015) and/or reduced fecundity (Priest et al.
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2002; García-Palomares et al. 2009). Although most often stud-

ied in females, negative paternal age effects have also been found

in males of captive zebra finch (Noguera et al. 2018), Drosophila

(Priest et al. 2002), and mice (García-Palomares et al. 2009).

However, although negative paternal age effects are found in the

lab, they are much harder to detect in nature, where they can

be masked by positive direct effects of increasing paternal age.

Moreover, even negative effects on reproduction with age could

reflect somatic ageing and diminished direct effects (Newton and

Rothery 2002) and hide indirect (genetic) effects. To our knowl-

edge, only one previous study has investigated genetic paternal

age effect in wild birds, and found reduced lifetime reproduc-

tion of male offspring from old fathers in the house sparrow

(Schroeder et al. 2015). The study on house sparrows did not con-

sider the relative effects of direct (material) and indirect (genetic)

parental age effects on offspring performance, which is the aim of

our study. Instead, it focused on paternal genetic effects by using

a cross-foster design and did not investigate the effect of paternal

genetic contribution to offspring performance against the same

maternal genetic background. By using naturally occurring extra-

pair offspring, we can place our findings in relation to direct ben-

efits from mating with older males and we are testing paternal ge-

netic effects against the same maternal genetic background (i.e.,

by comparing halfsiblings). Although we found that within-pair

offspring of old social males are smaller than extra-pair offspring

in the same brood, WPY produced by these old males actually

have a similar fledging weight as compared to WPY produced

by younger males. This finding suggests that old males compen-

sate the disadvantages of the deteriorated germline with increased

parental investment. Because the reproductive success of males is

very much determined by the ability to attract a mate (Andersson

1994), males are expected to invest heavily in secondary sexual

characters, perhaps even at the expense of their germline mainte-

nance (Lemaître and Gaillard 2017). Thus, males should priori-

tize keeping their soma in shape. In line with this, male ornamen-

tation in collared flycatchers shows no signs of senescence, but is

rather increasing with age (Evans et al. 2011), and Houbara bus-

tards that invest considerably in sexual display also show rapid

senescence of spermatogenic function (Preston et al. 2011). If

males prioritize keeping their soma in shape, females may pre-

fer old males to ensure direct benefits in terms of high-quality

territories and parental care.

Our findings also reveal that the ideal situation for a nestling

is to be sired by a young male but to be raised in the nest attended

by an old male. As a result, despite evident germline ageing,

females should prefer old males as social partners because of the

direct benefits but obtain extra-pair mating with younger males.

However, older males are generally dominant in aggressive inter-

actions with other males (Andersson 1994) suggesting that young

males may be prevented from successfully courting and mating

with females socially paired with older males. Moreover, young

males often arrive later in the season at the breeding grounds as

compared to old males reducing the window when they may seek

extra-pair mating before the females lay all their eggs (Canal et al.

2012; Edme et al. 2016). Finally, males may respond to perceived

lost paternity by depressed paternal investment, for example, in

terms of reduced paternal care of offspring by their social mate,

resulting in selection against EPC behavior in females (Arnqvist

and Kirkpatrick 2005). Thus, both male-male interactions and

social males’ responses to perceived lost paternity are likely to

constrain optimal female mating strategies in relation to male age.

To conclude, we used a combination of long-term breed-

ing data and naturally occurring EPY to disentangle the differ-

ent aspects of male age on female fitness in a natural popula-

tion of collared flycatchers. We found that females paired with

older males experienced an overall reproductive advantage due

to increased phenotypic quality of males belonging to the older

age categories. Selective disappearance of low-quality males was

found to be a major driver behind the advantage of choosing old

males as breeding partners. There was moreover evidence for a

good gene benefit of choosing old males because males who sur-

vived were also more likely to have offspring recruiting back to

the breeding population. However, we also found evidence for a

negative genetic effect of mating with old males. Within the same

nest, offspring sired by old males were of relatively lower qual-

ity as compared to their EPY half-siblings, whereas the opposite

was found in nests attended by young males. Direct and indirect

benefits from pairing with old males hence act in opposing direc-

tions. Female flycatchers gain direct benefits from pairing with

old males but genetic benefits from having young males siring

their offspring.
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