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Abstract 

Ageing, a universal phenomenon across all life forms, encompasses changes in a myriad of 

traits through organismal ontogeny. While senescence, the deterioration of traits with 

advancing age, is expected to be the most common outcome of ageing, there are exceptions, 

with some species exhibiting no change or even improvements in traits as they advance in 

age. Reproductive senescence is a result of declines in traits influencing mating and 

reproductive success. In my thesis, I address several major open questions pertaining to 

reproductive senescence: what is the diversity of reproductive senescence patterns across 

taxa?; what are the evolutionary and proximate causes of male reproductive senescence?; 

what processes might buffer reproductive senescence?; and what are the fitness consequences 

of male reproductive senescence? My thesis primarily focuses on males, which are under-

represented in reproductive ageing literature compared to females. I use a combination of 

comparative approaches as well as experiments on the fruit fly Drosophila melanogaster. My 

thesis has five data chapters (chapters 2 to 6).  

My second chapter compares the rates of reproductive senescence in ejaculate traits 

across non-human animals using meta-analytical approaches. My third chapter systematically 

reviews across animals, how advancing age influences seminal fluid proteins and oxidative 

stress. These two comparative chapters combined show that senescence at the level of the 

ejaculate is ejaculate trait-specific, with seminal fluid traits generally showing senescence, 

while ejaculate quantity traits rarely showing senescence, across taxa. In my fourth chapter, I 

use experiments in fruit flies to compare how age-related changes in sperm number and 

seminal fluid influences male fertility. These experimental results largely support conclusions 

from my comparative chapters (2 and 3), and suggest that male reproductive senescence is 

likely a consequence of decline in seminal fluid quality, not sperm number.  
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In my fifth and sixth chapters, I use fruit flies to study the inter-generational effects of 

advancing paternal age. Contrary to expectations, I find no evidence for advancing paternal 

age to affect offspring fitness deleteriously. Instead, my results indicate that advancing 

paternal age might influence offspring lifespans positively due to viability selection on old 

fathers. Additionally, I find that paternal age effects are confounded by the effects of paternal 

sperm storage duration, which studies rarely disentangle. 

Overall, my thesis demonstrates that advancing male age can influence male fitness in 

complex ways. This complexity arises due to differential effects of male age on intra- and 

inter-generation fitness components, due to various demographic processes modulating 

senescence, and due to different traits that directly influence reproductive performance 

varying in their rates of senescence. My thesis has profound implications for reproductive 

health and understanding population dynamics because it dissects the evolutionary, 

mechanistic, and demographic causes and consequences of reproductive senescence.  
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Evolution 

What’s to come 

Isn’t always better 

than what came. 

If you thought that 

The past has already gone, 

Look within yourself, 

And you’ll find parts of it hidden. 

What couldn’t move 

Can now leap. 

What once remained silent 

Now sings. 

What came from the abyss 

Now refuses to touch the ground. 

Everything can be attained 

If you know that you have to wait. 

In here, lie the origins 

Of love and deceit, 

Of power and death. 

And there continues an “us”  

in all of “them”, 

A “me”, in all of “you”. 

 

If I divide myself for long enough and separate, 

I too may become something else. 

I now know how to divide into a body and a body. 

to be born and change, 

Only to finally end. 

 

 

 

 

 



5 

 
 

 

-by Hannah King



6 

 
 

Senescence 
 

A symphony of whispers, echoes old, 

As age unfolds its tale untold. 

In hues of gold, we find our way, 

Yet know, that time will have its say. 

Each wrinkle a tale, each memory a sigh, 

A canvas marked by days slipping by. 

With each passing year, our burdens grow, 

As age weaves its silent woe. 

Like a legacy passed from hand to hand, 

We inherit past flaws, in a double strand. 

And in the end, what do we find? 

A purpose lost, a fleeting mind. 

So as the twilight hues descend, 

Ageing prevents all amends, 

And in the twilight's gentle glow, 

We wonder what we'll pass on,  

what we'll show. 

 

Sexual selection  

 

In nature's game of love and war,  

The fittest rise to mate once more.  

With colorful plumes and graceful dance,  

The males show off their courtship stance.  

 

The females watch with careful eyes,  

Choosing the elaborate or the wise.  

For strength and health are what they seek,  

In a partner strong and unique.  

 

But sometimes, it's not just brawn,  

That catches a female's gaze and drawn.  

It's the bright and flashy, bold and grand,  

That wins the game, conquers the land.  

 

And so the cycle spins anew,  

As sexual selection seeps through.  

Where those who are the sexiest,  

Will pass on their genes to the next. 

 
- by ChatGPT 
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Chapter 1 

Thesis introduction 
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Senescence 

With passing time, organisms advance in age, a process that is ubiquitous to all life on earth.  

Advancing age can affect a whole suite of traits (Reichard, 2016), and the combined 

influence of these traits determines overall organismal fitness in complex ways. These traits 

range from physiological, such as immune function (Preshaw et al, 2017), to behavioural 

traits such as activity levels (Catry et al, 2011), sociality (Siracusa et al, 2022) and cognition 

(Heinen et al, 2021), to fitness-components such as survival and reproduction (Anderson and 

Apanius, 2003; Gaillard and Lemaitre, 2020). While organisms show a diversity of changes 

with advancing age (Jones et al, 2014), a pattern typically observed is senescence, the 

irreversible deterioration of traits with advancing age (Nussey et al, 2013). Here, two types of 

senescence have received considerable attention: actuarial senescence, which is calculated 

using mortality hazards and is the likelihood of instantaneous death at a given age or between 

two-time steps (Peron et al, 2019), and reproductive senescence, which is the decline in 

reproductive function with advancing age (Lemaitre and Gaillard, 2017). An example of 

actuarial senescence is human mortality hazard being high at birth due to high rates of infant 

death, reducing from childhood to sexual maturity, and then increasing from sexual maturity 

onwards until old age (Carnes et al, 2006; Engelman et al, 2017; Figure 1). Senescence 

however is not universal (Jones and Vaupel, 2017; Sanghvi et al 2024), and many taxa show 

no change in traits with advancing age, and others show improvements in survival probability 

and reproduction (Munne-Bosch, 2015). 
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Figure 1: Example of survival probability (left) and mortality hazard (right), for human populations (adapted 

from Carnes et al, 2006; Engelman et al, 2017). Due to high mortality at birth, the hazard function is high, 

which then gradually reduces from birth until sexual maturity, due to very few deaths between these ages, and 

then the hazard function increases from sexual maturity until old age. 

 

The puzzle of reproductive senescence 

The focus of my thesis is reproductive senescence. Reproductive senescence is a consequence 

of age-dependent deterioration in an entire suite of traits that influence reproductive function 

(Naciri et al, 2022; Nussey et al, 2013). Reproductive senescence can thus result from fewer 

quantities of offspring being produced by old individuals (Vrtilek et al, 2022), due to the 

lower mating success of old individuals (Richard et al, 2005; Riecke et al, 2023) or 

fewer/poorer quality gametes in old individuals (Sanghvi et al, 2024). Reproductive 

senescence can also be the result of parental age effects, i.e. poorer quality offspring being 

produced by old individuals (Moorad and Nussey, 2016), because of lower gamete quality or 

lower provisioning ability (Beamonte-Barietos et al, 2010; Ivimey-Cook and Moorad, 2020) 

of old individuals.   

 

Two questions regarding reproductive senescence have puzzled biologists for nearly a 

century. The first question is- why do organisms show a huge diversity in patterns of 

reproductive senescence? This question is motivated by the realisation that ageing does not 
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necessarily translate into reproductive senescence (Baudisch and Stott, 2019; Jones et al, 

2014). For instance, taxa such as crustacea (Sanghvi et al, 2024), some fish species (Purchase 

et al, 2022), reptiles (Jones et al, 2014), and trees (Munne-Bosch, 2015), show no evidence 

for reproductive senescence. In contrast, other taxa such as most mammals and birds, 

typically show improvements in reproduction from early to mid-life, and then declines from 

mid- to late- life (Lemaitre et al, 2020; Vagasi et al, 2021; Figure 2). 

 

Figure 2: Some examples of change in reproductive output as a function of age, demonstrating different patterns 

of reproductive ageing. Different colours and dashes are used in the figure to aid visual differentiation between 

overlapping lines.  A1: Linear improvement in reproductive output with age; A2: no reproductive senescence. 

A1 and A2 are expected in indeterminate growing taxa such as trees and crustacea (more below). B1: 

improvement in reproduction from birth until sexual maturity, and onset of senescence after sexual maturity. 

This pattern is typical in birds and mammals. C1: early onset of reproductive senescence, and steep rates of 

senescence in early life. Such a pattern is observed in semelparous species which reproduce early in life and die 

soon after. C2: Onset of senescence in early life, and a steady rate of senescence across life. C3: Onset of 

senescence in early life, and a steady rate of senescence until late-life, after which reproductive output sharply 

increases. Such a pattern is observed in terminally investing species. D1: Early onset of senescence and a steady 

rate of senescence until mid-life, after which senescence rate increases sharply and reproduction ceases. Such a 

pattern is seen in menopausal females. 

 

The second puzzling question is- why does reproductive senescence occur in the first place? 

If natural selection maximizes the representation of genotypes in future gene pools, then all 

else being equal, individuals that reproduce effectively throughout their lives should be 

selected for and individuals that reproduce less effectively when older should be selected 

against (Gaillard and Lemaitre, 2017; Maklakov et al, 2015). Similarly, if individuals are able 
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to reproduce effectively in early life, they should also be able to do so in late life. Thus, 

reproductive senescence seems paradoxical.  An extreme example of this apparent paradox is 

menopause, where females of some species continue to live far beyond an age where they can 

reproduce (Croft et al, 2015; Shanley et al, 2007). Many hypotheses in the field of life-history 

theory have been developed to address the underlying evolutionary causes of reproductive 

senescence. 

 

Evolutionary causes of reproductive senescence 

Selection shadow 

The cumulative likelihood of individuals dying increases with age and leads to few 

individuals surviving to older ages (Flatt and Promislow, 2007), making individuals less 

likely to reproduce at an old age (Flatt and Promislow, 2007). Consequently, the reproductive 

value of older ages (i.e. the contribution to future gene pools) is in most cases, lower than that 

of younger age classes (Roper et al, 2021). Given that individuals are less likely to survive 

until, thus reproduce, later in life, selection is expected to be stronger on early-life 

reproductive performance (Partridge and Barton, 1993). Additionally, individuals are likely to 

die as they age due to extrinsic and stochastic reasons (Maklakov and Chapman, 2019). 

Extrinsic mortality leads to differential survival and reproduction at older ages, to be less 

likely due to heritable genetic differences, and more likely be due to chance. The combination 

of lower reproductive value of older ages and extrinsic mortality, leads selection to be weaker 

later in life than that at a younger age, creating a “selection shadow” at older ages (Hughes 

and Reynolds, 2005; Figure 3). The three major, interconnected hypotheses for the evolution 

of reproductive senescence- antagonistic pleiotropy, mutations accumulation, and disposable 

soma, are derived from the occurrence of a selection shadow (Baudisch and Stott, 2019; 

Johnson et al, 2019; Lemaitre et al, 2024; Maklakov and Chapman, 2019).  
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Figure 3: Examples of two hypothetical organisms, one with low mortality hazard in early- to mid-life, but high 

mortality hazard late in life (A); the other with high mortality hazard in early-life, but lower in late-life (B). The 

selection shadow region in A is apparent only late in life, whereas in B, the selection shadow becomes apparent 

from early life. In A, reproductive senescence is thus predicted to onset later in life than in B. Darkness of blue 

shows the magnitude of the selection shadow (i.e. the inverse of the strength of selection). Dotted line shows 

age at 50% survival probability.  
 

Antagonistic pleiotropy 

When alleles have pleiotropic effects, such that they are beneficial in early-life (when most 

individuals will survive and reproduce), but deleterious in late-life (when only few 

individuals will survive, thus reproduce), then natural selection will select for, and favour the 

spread of these pleiotropic alleles (Monaghan et al, 2008; Williams and Day, 2003). However, 

when alleles have the opposite pleiotropic effect such that they are deleterious in early-life 

but beneficial in late-life, selection will select against such alleles. This difference in 

selection occurs due to fewer individuals reproducing in late-life and the strength of selection 

being weaker in later-life (selection shadow) for most organisms (Flatt and Promislow, 2007). 

Reproductive senescence is manifested through such pleiotropic effects of alleles, which 

improve early-life reproductive success but reduce late-life reproductive success. There is 
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some evidence for such pleiotropic effects of genes, which are beneficial when expressed 

early in life, but are deleterious late in life (Rodriguez et al, 2017).  

 

Mutation accumulation over generations 

Mutations occur across an organism’s lifespan and natural selection is predicted to select 

against mutations with deleterious fitness effects. Some mutations have immediate effects on 

fitness, while other mutations, even though acquired in early life, are expressed only in later-

life. When effects of such mutations that are manifested only at later ages (when only few 

individuals survive until to reproduce) are deleterious, these mutations are unlikely to be 

effectively selected against, and accumulate with each generation (Lee and Chu, 2023; Rose 

and Charlesworth, 2002). This is because deleterious mutations that are acquired early in life 

but are not expressed until later in life, would not affect early-life reproduction. Therefore, 

individuals carrying such mutations would still reproduce effectively in early-life passing 

these mutations to the next generation (Aubier and Galipaud, 2024; Monaghan et al, 2008). 

Some evidence consistent with this hypothesis comes from Turan et al (2019), who show that 

genes expressed only late in life are more likely to be deleterious than genes expressed early 

in life.  

The mutation accumulation and antagonistic pleiotropy hypotheses are the genetic 

evolutionary causes of reproductive senescence, where deleterious effects of alleles in late-

life lead to poorer phenotypes of old individuals (Lemaitre et al, 2024). 

 

Disposable soma and trade-offs 

Resources that individuals can allocate towards growth, somatic maintenance, as well as to 

current and future reproduction, are limited (Aubier and Galipaud et al, 2024). Natural 

selection does not select for survival or growth unless increased survival and growth promote 
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individuals passing on their genes at higher rates than alternative genotypes (Kirkwood and 

Holliday, 1979). Thus, natural selection is predicted to cause organisms to invest into early-

life reproduction than into survival or growth. Similarly, because fewer individuals are likely 

to survive to older ages, natural selection is predicted to cause organisms to invest more into 

early- than late-life reproduction (Lemaitre et al, 2015). Thus, energetic constraints lead to 

trade-offs between and differential investment in early- versus late-life reproduction 

manifested as reproductive senescence, and germline versus somatic traits. Some evidence 

for such differential investment and trade-offs comes from animals that invest more in early 

life reproduction, but suffer higher rates of late-life mortality (Lemaitre et al, 2015) and 

reproduce less effectively when old (Nussey et al, 2006).  

 

Hallmarks of reproductive senescence 

Older individuals have undergone more cell divisions and have produced more biomolecules 

than younger individuals. These processes lead to older individuals having more mutations 

(due to cumulatively more cell divisions) and higher levels of oxidative damage (due to 

cumulatively more biomolecule synthesis) than young individuals (Hughes and Reynolods, 

2005; Monaghan et al, 2008; Monaghan and Metcalfe, 2019; Secomandi et al, 2022). 

Resources are limited and individuals are predicted to evolve allocating resources (e.g. DNA 

repair machinery and antioxidants) towards early life reproduction (see evolutionary 

hypotheses above). Therefore, older individuals are less able to repair damage in the germline 

than younger individuals (Aubier and Galipaud et al, 2024; Maklakov and Chapman, 2019). 

These proximate mechanisms of senescence are manifested as the hallmarks of: shortened 

telomeres, unstable genomes, epigenetic modifications, cellular damage and disfunction, 

impaired cellular signalling, and dysregulated nutrient sensing, in old individuals 

(Hernandex-Segura et al, 2018; Lemaitre et al, 2024).  
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Negligible reproductive senescence 

While various hypotheses effectively explain why reproductive senescence occurs, 

reproductive senescence is not always observed across taxa (Sanghvi et al, 2024). This is 

exemplified in indeterminately growing taxa such as crustacea, trees, some reptiles and fish, 

where individuals grow throughout their lives, and reproductive performance does not 

decline with age (Depeux et al, 2020; Jones et al, 2014; Sanghvi et al, 2024) In indeterminate 

growers, individuals in older age classes have a lower mortality hazard and a higher 

likelihood of surviving and reproducing, due to being larger than younger individuals (Flatt 

and Partridge, 2018; Purchase et al, 2022). This prevents a selection shadow from occurring 

in late-life, because the contribution of older age classes to future generations is higher than 

that of younger age classes, allowing selection to effectively purge alleles with deleterious 

effects late in life (Charnov et al, 2001). Additionally, when gonads and other traits such as 

weapons, which determine reproductive success, grow allometrically with body size, older 

individuals have disproportionately higher reproductive success due to increased gamete 

production, mating success, and social competitiveness, than younger individuals (Flatt and 

Partridge, 2018; Purchase et al, 2022). In addition to indeterminate growth, other 

demographic processes can buffer reproductive senescence, and delay or mask its occurrence. 

 

Demographic and within-individual processes 

The effects of advancing age on organismal reproduction can be assessed by sampling 

individuals longitudinally and/or cross-sectionally (e.g. Blas et al, 2009). Longitudinal 

sampling occurs when the reproductive output of the same individual is assayed at multiple 

time points in the individual’s life. Longitudinal sampling is informative about physiological 

changes occurring within an individual with advancing age, and can be particularly effective 

in controlling for individual differences in reproductive quality (McCleery et al, 2008; 
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Nussey et al, 2008). However, longitudinal sampling can have drawbacks due to its inability 

to separate the confounding effects of mating history from age (Aich et al, 2020). This is 

because as individuals age, they are likely to have accumulated more reproductive experience 

and have invested cumulatively more into reproduction when old, than when they were 

young (Aich et al, 2020, 2021, 2022; Johnson and Gemmell, 2012). Cross-sectional sampling 

(Figure 4) occurs when the reproductive performance at different ages is compared using 

different cohorts (i.e. one cohort is assayed at a young age, and a different cohort is assayed 

at an old age). Cross-sectional sampling is useful for understanding the demography of 

ageing populations. Furthermore, under experimental scenarios where matings can be 

controlled, cross-sectional sampling can uncouple effects of age from mating history. 

However, cross-sectional sampling is not informative of changes that occur within-

individuals as they age (van de Pol and Verhulst, 2006).  

 

 

Figure 4: Differences between longitudinal and cross-sectional sampling approaches. Longitudinal sampling 

measures the reproductive output of the same individual repeatedly at different time points. Cross-sectional 

sampling compares reproductive output of different cohorts, each sampled at a single time point (i.e. old or 

young). Solid black arrows show the comparisons being made by each sampling method. 
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Depending on how individuals are sampled (longitudinal or cross-sectional), various 

processes (e.g. terminal investment, selective disappearance, viability selection) can mask 

reproductive senescence (Johnson and Gemmell, 2012). An example of these processes is 

terminal investment. Here, as the residual reproductive opportunities of individuals decreases, 

individuals may invest relatively more in current than future reproductive event (Foo et al, 

2023). Terminal investment is predicted to occur either in old individual (who have fewer 

future opportunities to reproduce than young individuals), in individuals who are close to 

dying, or due to an interaction between age and proximity to death (Duffield et al, 2017; Foo 

et al, 2023; Velando et al, 2006). Terminal investment can lead to within-individual increases 

in reproductive output with age, therefore buffering reproductive senescence (Figure 2). 

Selective disappearance can also mask reproductive senescence (Figure 5). Selective 

disappearance occurs when lifespan and reproductive rate co-vary positively, such that 

individuals that survive to older ages (and are thus likely longer-lived), represent a non-

random selection of individuals of higher reproductive quality (Bouwhuis et al, 2009). 

Viability selection, a process alike selective disappearance, can buffer reproductive 

senescence when measuring inter-generational effects of parental age. Here, individuals that 

reproduce when old on average have longer lifespans than individuals that reproduce when 

young (Johnson and Gemmell, 2012; Kokko, 1998). If lifespan is heritable, then individuals 

reproducing when older (and have undergone selection for viability) will pass on alleles 

conferring higher viability to their offspring, leading to longer-lived offspring. Selective 

disappearance (Figure 5) and viability selection (Figure 6) are typically observed under cross-

sectional sampling where individuals have differential mortality, and those reproducing at an 

old age are a non-random cohort of surviving individuals.  
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These processes can lead to complex patterns of reproductive senescence (McCleery et al, 

2008). Patterns of reproductive senescence can be further complicated by additional factors, 

such as differential effects of age on intra- versus inter-generational fitness-components 

(Moorad and Nussey, 2016), and by factors confounding the effects of age.  

 

 

Figure 5: Hypothetical example of how selective disappearance buffers reproductive senescence. Each line 

represents one of 10 individuals. Each individual suffers a decline in reproductive output with advancing age. At 

a young age, all 10 individuals reproduce (mean represented by green point). However, some individuals die 

before they reach an old age (represented by grey polygon). If selective disappearance occurs such that 

reproductive performance covaries positively with survival, then older individuals will represent a non-random 

subset of high reproductive-quality individuals. Under selective disappearance, the mean reproductive 

performance of individuals surviving at an old age is represented by the red point. On the other hand, if there 

was no selective disappearance (i.e. random death) or no death, then the mean reproductive performance at an 

old age would be represented by the orange circle. Thus, selective disappearance buffers reproductive 

senescence. 
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Figure 6: Hypothetical example of viability selection. Individuals that reproduce when older, on average, have 

longer lifespans than individuals that reproduce when younger. This differential lifespan arises because only 

individuals that survive to an old age will be able to reproduce at such age, whereas the fraction of the 

population reproduces at a young age comprises of individuals that will have a wider range of lifespans. If 

lifespan is heritable, this selection on viability with advancing age leads to offspring of older individuals living 

longer than those of younger individuals, on average. Hypothetical mean and range of lifespans shown. 

 

 

Confounding factors 

 

The apparent influence of advancing age on reproduction is not always causal and many 

factors can confound with age. These confounding factors can independently influence 

reproductive performance, which studies can misinterpret as being directly caused by age. 

My thesis focuses on two such factors- mating history (see above in demographic and within-

individual processes section) and sexual rest. Sexual rest/post-meiotic gamete storage/sexual 

abstinence refers to the lag between production of a mature gametes and the use of those 

gamete for fertilization. When an individual’s age covaries positively with the duration of 

post-meiotic gamete storage, it is difficult to disentangle the influence of age from gamete 

storage (Pizzari et al, 2008; Jones and Elgar, 2004). Such confounding effects are exemplified 

in females of species where all oocytes are produced at birth (Tan et al, 2013; Tarin, 2000). 

Here, whether reproductive senescence is due to ageing of the female or due to prolonged 

oocyte storage in older females, cannot be separated. Similarly in males, age can co-vary with 

the duration of sexual rest when old and young males are virgins (which is typically seen in 

experimental scenarios, Sanghvi et al, 2024), or when old males are less likely to acquire 
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matings than young males (Aich et al, 2020; Vega-Trejo et al, 2019). Separating confounding 

effects of mating history and sexual rest from age is crucial for understanding the evidence 

for reproductive senescence, yet studies rarely ever disentangle these. In addition, it is often 

difficult to distinguish between male- and female- driven mechanisms leading to senescence 

because studies on reproductive senescence have mostly focussed on females.  

 

Reproductive senescence in males versus females 

Reproductive senescence in females has been investigated considerably more than in males 

(Archer et al, 2022). This sex-bias in research is problematic because predictions from 

evolutionary and mechanistic theories of senescence to date, remain better tested in females 

than males. This sex-bias also risks theories being less attuned to male-specific patterns of 

ageing, causing uncertainty about whether ageing in males is consistent with predictions 

made by life-history theories. Understanding male reproductive senescence is especially 

crucial because males and females differ in their patterns of reproductive ageing 

(Bronikowski et al, 2022). Therefore, female-specific studies may not be informative about 

male-specific patterns of reproductive senescence. For instance, in species with only maternal 

care, females ae predicted to evolve investing energy into somatic traits that improve 

offspring provisioning rather than in gametes, potentially accelerating reproductive 

senescence in females compared to males (Lemaitre and Gaillard, 2017). In contrast, in 

species where intra- or inter-sexual selection has led to the evolution of exaggerated male 

traits (e.g. weapons or ornaments), males are predicted to evolve investing in these traits at 

the cost of lower investment in gametes (Hunt et al, 2004), therefore accelerating 

reproductive senescence in males. Additionally, sexual conflict can lead to opposing selection 

pressures on senescence patterns in males versus females, buffering senescence in one sex at 

the cost of accelerating senescence in the other sex (Bonduriansky et al, 2008). From a 
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genetic perspective, the heterogametic sex is predicted to have faster rates of senescence than 

the homogametic sex (Cayuela et al, 2022; Maklakov and Lummaa, 2013). Due to sex-

differences in reproductive senescence and the under-representation of males, it is imperative 

that patterns of male reproductive senescence are documented, and the causes and 

consequences of male reproductive senescence are investigated. My thesis therefore focuses 

on male reproductive senescence.  

 

Partitioning male reproductive senescence 

Male reproductive senescence can be mediated through a variety of pathways and traits. For 

instance, traits typically assayed by studies on ageing include traits related to male mating 

success (e.g. courtship, attractiveness), male reproductive success (e.g. sperm quantity or 

quality, seminal fluid quantity or quality), or female behaviour (e.g. mate choice). However, 

the consequences of advancing male age are manifested not only intra-generationally, i.e. on 

offspring quantity (Vrtilek et al, 2022) or male mating success, but also inter-generationally, 

i.e. on offspring quality (Vuarin et al, 2021). Therefore, to comprehensively study male 

reproductive senescence, investigating the differential and combined influence of various 

traits, in influencing offspring quantity as well as quality is required. Such an investigation is 

especially crucial because different traits can senescence at different rates, and because 

offspring quantity versus quality can be influenced by each of these traits in contrasting ways 

(Johnson et al, 2018; Monaghan and Metcalfe, 2019). For example, some studies show 

senescence in male pre-copulatory but not ejaculate traits (Rutkowski et al, 2023), while 

others show senescence in ejaculate traits, but not in pre-copulatory traits or fertilisation 

success (Gasparini et al, 2010; Lifjeld et al, 2022). Studies also show ejaculate components- 

sperm versus seminal fluid, to senesce at different rates and have differential influence on 

male reproduction (Fricke and Koppik, 2019; Sepil et al, 2020). Other studies yet (Johnson et 
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al, 2018) show reproductive senescence being caused by declines in male fertility with 

advancing age, and not due to changes in offspring quality. Importantly, comparing the 

magnitude of senescence in different male traits can inform us about sexual conflict. For 

instance, if old males are better able to acquire matings but produce fewer or lower quality 

offspring compared to young males, this could exacerbate sexual conflict (Dean et al, 2010; 

Karl and Fischer, 2013; Perez-Staples et al, 2010). It is important that studies partition the 

separate and combined influence of age-related changes in various traits to assess the inter- 

and intra- generational consequences of advancing male age, thus the overall effect of ageing 

on fitness.  

 

Knowledge gaps 

There are still certain knowledge gaps in our understanding of male reproductive senescence, 

some of which are highlighted above. These knowledge gaps pertain to: which traits and 

pathways mediate male reproductive senescence; whether all evolutionary theories are 

applicable to male senescence; the direct versus indirect (via confounding factors) effects of 

advancing male age; the inter-generational consequences of advancing male age; the 

taxonomic generality of male reproductive senescence; and how demographic processes 

modulate the effects of advancing male age. Thus, an appraisal of male reproductive 

senescence needs to encompass evolutionary theories of senescence, within- and between-

individual processes, separate confounding effects that co-vary with age, be applicable to and 

informed by a range of taxa, assess the consequences of male senescence over multiple 

generations, and partition the influence of various traits that contribute towards male 

reproductive senescence.  

I address these knowledge gaps in my thesis using comparative approaches, and experiments 

on the tractable model organism- the fruit fly, Drosophila melanogaster.  
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The fly model organism 

The fruit fly, Drosophila melanogaster, has been a historically important model organism for 

studying ageing and sexual selection. Some of the earliest and most important ideas in sexual 

selection (e.g. by Bateman, 1948; reviewed in Zuk et al, 2014) and ageing (e.g. Stearns, 1976, 

1977; Piper and Partridge, 2018; Rose and Charlesworth, 1981; reviewed in Clancy et al, 

2023), were developed using flies. The diversity of genetic tools available in the fly system 

(Hales et al, 2015), a deep understanding of fly development due to the simplicity yet 

generality of its biology, and the ease of maintaining flies, have made them suitable for 

ageing and sexual selection research. Specific to my thesis, flies have been an ideal and 

indispensable model organism for several additional reasons. First, they have short generation 

times, facilitating investigation of inter-generational effects of age, and assaying ages across 

the entire lifespan of individuals. Second, male flies have a pre- and post- copulatory 

sexually-selected phenotype, manifested in traits related to mate choice and courtship 

behaviour (Byrne and Rice, 2006), and ejaculate traits (Bjork and Pitnick, 2006), making flies 

an ideal organism to investigate sexual selection. Third, fruit fly reproductive biology has 

been studied extensively, for instance, the structure and function of many seminal fluid 

proteins are well quantified (Chapman and Davies, 2004; Ravi Ram and Wolfner, 2007) and 

we have an advanced understanding of fly spermatogenesis (Demarco et al, 2014). Fourth, 

transgenic lines developed in fruit flies, such as males with disrupted testes or with 

fluorescent sperm, have been crucial for addressing many of the aims of my thesis. Fifth, fruit 

flies have been crucial in shaping human biomedical research (Wangler et al, 2015), 

especially human ageing and reproduction research. This is due to similarities between the 

two species in many developmental pathways linked to senescence (Piper and Partridge, 

2018), and similarities in human and fly reproductive biology (Wilson et al, 2017). Such 

biological similarities can potentially lead to translatable applications of my research. 
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Importance to humans 

In addition to improving our fundamental understanding of evolutionary processes such as 

sexual selection (Bonduriansky et al, 2008), research on male reproductive senescence has 

crucial implications for human health and society. Modern society is faced with many recent 

demographic challenges: a growing population size (Lutz et al, 2002); increased life 

expectancy (Aburto et al, 2020); declining fertility (Aitken, 2022); later age at first 

reproduction (Bongaarts et al, 2017); decreasing sperm counts (Levine et al, 2023); high 

prevalence of male reproductive senescence (Johnson et al, 2015); and late-life acting 

diseases and disorders (Ferrucci et al, 2020). In humans, many of these demographic 

challenges have been linked to ageing males. For instance, several health and cognitive 

disorders in offspring are linked to advancing paternal age at conception (Chan and Robaire, 

2022; Kaltsas, et al, 2023; Taylor et al, 2019). Similarly, reducing fertility in couples is 

primarily associated with ejaculate senescence (Johnson et al, 2015; Sharma et al, 2015) or 

long durations of sexual rest in men (Barbagallo et al, 2023; Sokol et al, 2021). Therefore, the 

study of male reproductive senescence is timely and urgent. 

 

Aims 

Across five data chapters, I address five broad overarching goals. These thesis goals focus on 

broad patterns that emerge from across my chapters, and are in addition to chapter-specific 

aims (described within each chapter). My first goal, using comparative approaches, is to 

compile and review the evidence for male reproductive senescence at the level of the 

ejaculate, and understand how ejaculates might mediate the effects of advancing age on male 

fertility across animals (goal 1a). Then, using inferences from these comparative approaches, 

I employ experiments to investigate the differential and combined effects of ejaculate 

components (sperm and seminal fluid) in mediating senescence in male fertility (goal 1b). 
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Second, I test the predictions of some hypotheses in life-history theory pertaining to the 

causes of senescence. Here, I specifically focus on the mutation accumulation, disposable 

soma, and life-history trade-offs hypotheses (goal 2). Third, I aim to understand the influence 

of within- and between- individual processes on reproductive senescence. Here, I focus on 

selective disappearance, viability selection, and terminal investment (goal 3). Fourth, I test 

the inter-generational effects (thus, long-term consequences) of advancing paternal age on 

offspring (goal 4). Fifth, I compare how advancing age differentially impacts various 

components of male reproduction (fertility versus offspring quality, mating success versus 

reproductive success, sperm versus seminal fluid) and the relative contribution of each 

component in driving overall male reproductive senescence (goal 5). A synopsis of my thesis 

data chapters (chapters 2 to 6) is as follows: 

 

Chapter 2: Here, I conduct a meta-analysis across non-human animals, to first collate the 

evidence for senescence at the level of ejaculates (specifically sperm traits) in males (goal 

1a). I then investigate the influence of various biological and methodological moderators in 

explaining heterogeneity in the rates of senescence. 

 

Chapter 3: In this chapter, I conduct a systematic review across all animals to understand 

how advancing male age affects the non-sperm component of ejaculates- seminal fluid (goal 

1a). Here, I specifically study age-related changes in two characteristics of seminal fluid- 

seminal fluid proteins and oxidative stress.  

 

Chapter 4: Using inferences made from Chapters 2 and 3, I use experiments in the fruit fly, 

to investigate the relative contribution of sperm versus seminal fluid senescence, in mediating 

senescence in male fertility (goal 1b). I further mate-multiply males to infer whether male age 
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affects reproductive success and mating success differentially. Chapters 2, 3 and 4 

collectively allow me to compare the rates of senescence in seminal fluid (produced by 

somatic tissue) versus sperm (produced by the germline) within the framework of predictions 

from the disposable soma theory for senescence (goal 2), and test the relative importance of 

each in driving male reproductive senescence (goal 5).  

 

Chapter 5: I use experiments on fruit flies to test predictions from the mutation 

accumulation and life-history trade-offs hypotheses (goal 2), to understand the inter-

generational effects of paternal age on offspring phenotypes (goal 4). Furthermore, here I 

separate the confounding effects of paternal sperm storage duration/sexual rest, to interpret 

the direct influence of paternal age on offspring fitness. 

 

Chapter 6: I use fruit flies to investigate the effects of paternal age on paternal reproduction 

and the survival of sons (goal 4). Here, I employ a demographic framework to test how 

within-individual processes (terminal investment) and between individual processes 

(selective disappearance and viability selection), might influence the effects of male age on 

fitness (goal 3). Chapters 4, 5, and 6 collectively allow me to infer the relative importance of 

senescence in mating success versus reproductive success, and senescence in intra- versus 

inter-generational fitness components, in causing male reproductive senescence (goal 5). 
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Abstract 

Male reproductive traits such as ejaculate size and quality, are expected to decline with 

advancing age due to senescence. It is however unclear whether this expectation is upheld 

across taxa. We perform a meta-analysis on 379 studies, to quantify the effects of advancing 

male age on ejaculate traits across 157 species of non-human animals. Contrary to 

predictions, we find no consistent pattern of age-dependent changes in ejaculate traits. This 

result partly reflects methodological limitations, such as studies sampling a low proportion of 

adult lifespan, or the inability of meta-analytical approaches to document non-linear ageing 

trajectories of ejaculate traits; which could potentially lead to an underestimation of 

senescence. Yet, we find taxon-specific differences in patterns of ejaculate senescence. For 

instance, older males produce less motile and slower sperm in ray-finned fishes, but larger 

ejaculates in insects, compared to younger males. Notably, lab rodents show senescence in 

most ejaculate traits measured. Our study challenges the notion of universal reproductive 

senescence, highlighting the need for controlled methodologies and a more nuanced 

understanding of reproductive senescence, cognisant of taxon-specific biology, experimental 

design, selection pressures, and life-history. 

 

Keywords: ageing, life-history, reproduction, sexual conflict, sexual selection, sperm  
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Introduction 

Senescence is the age-dependent irreversible deterioration of organismal function that leads 

to an increased risk of intrinsic mortality1 and decline in reproductive output2 with advancing 

age. While senescence has been reported in some taxa3, it is unclear whether senescence is a 

general outcome of ageing4-8. Senescence is driven by a variety of proximate mechanisms, 

from excessive biosynthesis in late-life (hyperfunction theory9) and age-dependent 

deterioration of cellular repair10, to the accumulation of mutations11, oxidative damage12, and 

telomere attrition13. From an evolutionary perspective, senescence is commonly hypothesized 

to be the result of relaxed selection against deleterious mutations in older organisms, as first 

proposed by Medawar’s ‘mutation accumulation theory’14. Other evolutionary explanations 

for senescence include selection for alleles, which increase performance early in life, but 

convey net costs later in life (‘antagonistic pleiotropy’15), and trade-offs between investment 

in survival versus reproduction (‘disposable soma’16). In contrast, some animals show an 

absence of reproductive senescence4. Negligible senescence is predicted in animals with 

indeterminate growth, like some fish17,18, where individuals continue to grow post-maturity, 

thus improving their ability to reproduce throughout their lives due to age-dependent 

increases in gonad size8,17. The ability of some animals to maintain cellular repair and sustain 

homeostasis in reproductive tissues throughout life, might also lead to negligible 

senescence19.  

Reproductive senescence (i.e. the age dependent decline in reproductive success) has 

been relatively well documented in females20,21. Yet, patterns, causes, and consequences of 

male reproductive senescence are less understood22. Understanding male reproductive 

senescence is crucial for several reasons. Males typically face intense intra-sexual 

competition. Thus, age-dependent changes in male ejaculate traits can drive variation in male 

reproductive success23,24, affecting sperm competition, cryptic female choice25, and generate 
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potential for sexual conflict26-28. Additionally, sperm are potentially more vulnerable to 

organismal ageing than eggs10,29, because male germlines have higher rates of cell divisions 

and mutation accumulation30,31, but poorer DNA repair machinery12,32, than female germlines. 

Such deterioration in the male germline can severely impact offspring phenotypes via 

paternal age effects, thus having important consequences for organismal health (reviewed in 

33).  

Current evidence for senescence in male ejaculate traits is inconclusive. Several 

studies show that older males have lower ejaculate quantities34 and poorer sperm quality35-37 

than younger males. However, other studies have reported improvements38-41, or no 

significant changes in ejaculate traits with advancing male age42-45. The heterogeneity in 

these reported effects might be caused by various biological and methodological factors that 

modulate the effects of advancing male age on ejaculate traits35, 46 (Table 1 and 2). A meta-

analytical approach is thus crucial to understand the influence of these ‘moderators’ (Table 1 

and 2), and to investigate the general effects of advancing male age on ejaculate traits. Yet, no 

study has done this systematically for non-human animals (see 35 for humans; 18 for a review 

in fish; 47 for effects of male age on seminal fluid).  

Here, we conduct a meta-analysis to address three aims. First, we test whether 

advancing male age affects ejaculate traits across non-human animals (aim 1). Although 

reproductive senescence is not a ubiquitous outcome of ageing, it is commonly predicted to 

occur by classical theories of ageing. We thus predict that senescence in ejaculate traits will 

be observed commonly across species (see Table 1 and 2 for predictions as to how different 

ejaculate traits might be affected differently). Second, we investigate the role of biological 

and methodological moderators (see Table 1 and 2 for possible influence of each) in 

modulating the effects of male age on ejaculate traits (aim 2). Third, we quantify how 

advancing male age affects reproductive outcomes, such as male fertilisation success and 
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fecundity. Here, we also test whether effects of advancing male age on ejaculate traits differ 

from those on reproductive outcomes (aim 3). We find no consistent evidence for senescence 

in ejaculate traits overall, however find taxonomic class- and trait-specific patterns. We also 

find that studies sampling higher proportions of species’ lifespans, show stronger evidence 

for senescence. Overall, we suggest methodological improvements and provide novel 

hypotheses for studying senescence. The research gaps highlighted by us will be key in 

aiding our understanding of male reproductive senescence. 

 

Table 1: Possible influence of different biological moderators on male reproductive 

senescence at the level of ejaculate traits. Moderators marked with an asterisk were included 

in our meta-analysis because there were sufficient data across studies. 

Biological moderators Possible influence  

Taxon-specific effects* 

Phylogenetic history and taxa-specific biology (e.g. 

ecosystems, niches, metabolic rates, mating systems, mode 

of thermoregulation, degree of parental care) could influence 

how male age affects ejaculate traits4,59.  

Ejaculate traits* 

Evidence for reproductive senescence can depend on the 

specific trait measured61. This can be due to trade-offs 

between different ejaculate traits60 or different traits being 

under varying selection pressures62.  

Degree of sperm competition*  

Species with increased levels of sperm competition have 

evolved increased investment in competitive ejaculate traits 

such as sperm number and velocity95, which may reduce the 

rate of senescence in these traits42. However, high levels of 

sperm competition may also lead males to produce large, 

high quality ejaculates early in life, but exacerbate 

senescence in ejaculate traits at an old age96. 

Life-history strategies and 

mortality risk 

Life-history strategies of animals, and pace of life of 

individuals determine the rate and onset of reproductive 

senescence48. Life-history strategies are affected by 

mortality risk in populations. For instance, animals may 

invest more in early-life reproduction when age-dependent 

mortality risk is high97, and thus show higher reproductive 

senescence rates than animals facing lower age-dependent 

mortality risk98. Organisms that evolve in environments with 

high extrinsic mortality might show faster rates of 

senescence when old, due to deleterious late-life expressed 

alleles not being selected against15.  

Seminal fluid changes 

Levels of antioxidants in seminal fluid47 and abundance of 

seminal fluid proteins can change as males age66, 

independent of changes in sperm. These age-dependent 
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changes in seminal fluid can affect sperm phenotype over 

and above the direct effects of male age on sperm47. 

Ontogeny of secondary sexual 

traits 

The ontogeny of secondary sexual traits can influence the 

evolution of male reproductive senescence rates27. For 

instance, in species where male traits such as weapons or 

ornaments improve with age, males are hypothesized to 

evolve lower rates of reproductive senescence, compared to 

species where these traits do not improve with age40,51  

Parental care 

Species with parental care might have evolved to allocate 

more energy/resources to caring for offspring and investing 

in current reproductive opportunities, at the cost of reduced 

allocation to future reproduction. This could accelerate 

reproductive senescence in species with parental care2.  

 

 

 

Table 2: Possible influence of different methodological moderators on male reproductive 

senescence at the level of ejaculate traits. Moderators marked with an asterisk were included 

in our meta-analysis because there were sufficient data across studies. 

Methodological moderators Possible influence  

Proportion lifespan sampled* 

A higher proportion of lifespan sampled will increase the 

probability of detecting reproductive senescence, as the 

onset of senescence usually occurs late in life4,18,35,47.  

Ejaculate collection method* 

If males have control over ejaculation during ejaculate 

collection (e.g. natural mating or mating with dummy 

females), males might have the opportunity to strategically 

adjust ejaculate phenotypes99. This could cause age-

independent changes in ejaculate traits, reducing the 

detectability of senescence. Additionally, when males have 

control over ejaculation, studies might obtain a smaller 

proportion of the sperm reserves available to a male, which 

may not be representative of a male’s whole-ejaculate 

phenotype, compared to studies that use invasive methods to 

obtain ejaculates (e.g. dissection).   

Population type* 

Reproductive senescence rates can differ between males in 

captive versus wild populations68,100. Additionally, some 

domesticated animals are often culled prior to reaching ages 

where senescence can be detected101. Other domesticated 

animals have undergone generations of artificial selection 

for unusual life-histories (e.g. extremely short generation 

time in broiler chicken102). These factors could lead to 

patterns of senescence differing between domesticated and 

wild animals.  

Cross-sectional versus 

longitudinal sampling*  

Cross-sectional sampling of males makes reproductive 

senescence harder to detect, especially if low-quality males 

selectively disappear55,56. Cross-sectional studies might thus 

underestimate male reproductive senescence, compared to 

longitudinal sampling of the same males at different ages103.  
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Manipulations* 

Manipulated environments that are outside of what healthy 

organisms typically experience, such as environments with 

stressful conditions, can exacerbate reproductive 

senescence104. Thus, males exposed to manipulations such as 

thermal stress, poor diet, or toxins could be more likely to 

show reproductive senescence than males not subjected to 

these stressors. Other manipulations such as experimental 

inbreeding105 or selection for deleterious mutations106, may 

exacerbate reproductive senescence.   

Mating history 

High mating rates can exacerbate male reproductive 

senescence23. In studies where male mating history is not 

controlled for, old males often have more matings than 

young males. These studies might thus show stronger 

evidence for senescence in ejaculate traits. On the other 

hand, low mating rates (e.g. virgins) might cause old males 

to accumulate sperm for longer durations, thus produce 

larger ejaculates, than young males66. 

Post-meiotic sperm storage 

Temporal changes in sperm traits can also occur due to post-

meiotic storage of mature sperm in males before ejaculation, 

and in females following mating54. The duration of sexual 

rest in males can influence the amount of post-meiotic 

damage to sperm, such that for a given age, males with 

shorter sexual rest (e.g. high mating rate) will incur lower 

post-meiotic sperm damage54. Further, deleterious effects of 

post-meiotic sperm storage may be exacerbated in old males, 

if old males are less able to repair post-meiotic cellular 

damage in sperm54.  

 

 

Results 

Using a systematic review, we identified 379 studies with relevant data on how advancing 

male age affects ejaculate traits (Supplementary Fig. 1). From these studies, we obtained 

1814 effects sizes across 157 species of non-human animals. We then created a meta-

analytical model, using Zr (Fischer’s z-transformed correlation coefficient) as our effect size, 

to understand the overall effects of advancing male age on ejaculate traits. For all our meta-

analytical models, we included effect size, cohort, study, species, and phylogenetic 

relatedness, as random effects. From included studies, we further collected data on various 

biological and methodological variables (moderators), to test their independent and additive 

influence on patterns of ageing in ejaculate traits, using meta-regressions. Importantly, for 
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four over-represented taxonomic classes (Mammalia, Insecta, Aves, Actinopterygii), we 

further conducted four separate meta-regressions to investigate the extent of senescence in 

ejaculate traits. Some studies also contained additional data on age-dependent changes in 

reproductive outcomes (e.g. fertilisation success, reproductive output, offspring traits). For 

these studies, we compared the effects of advancing male age on ejaculate traits and 

reproductive outcomes. Furthermore, we conducted several analyses to test for different 

forms of publication biases. Finally, we also conducted two sensitivity analyses to test 

whether evidence for senescence was sensitive to the proportion of lifespan of the associated 

species a study sampled, and the aims of a study.  

 

Aim 1: Effects of advancing male age on ejaculate traits  

We found no general effect of advancing male age on ejaculate traits (mean [95% confidence 

interval (C.I.)]: -0.006 [-0.486 to 0.474], z = -0.025, P = 0.978, Fig. 1A). Heterogeneity in our 

dataset was high (I2 = 95 %), with 40% attributed to true differences between studies, 19% to 

differences between effect sizes, 0% to between-species differences, and 0.6% to differences 

between cohorts. Notably, phylogenetic relatedness (Supplementary Fig. 2) explained 35.4% 

of heterogeneity, suggesting a phylogenetic signal on male reproductive senescence.  

 

Aim 2: Role of biological and methodological moderators 

We did not find a significant general effect of advancing male age on ejaculate traits in our 

full model (which included all moderators with data for >75% of effect sizes; mean [95% 

C.I.]: -0.197 [-1.496 to 1.103]). However, the included moderators explained a significant 

proportion of the total heterogeneity in our data (R2 = 12.17%, QM = 99.606, QE = 15299.075, 

P < 0.001, DF = 36).  
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We did not find evidence for age-dependent changes in ejaculates in any taxonomic 

class (Fig. 1B for four major classes, Supplementary Fig. 3 for all classes), except in 

Malacostraca (which showed improvement with advancing male age), when effects were 

averaged across all ejaculate traits. However, taxonomic class explained a significant 

proportion of heterogeneity (R2 = 8.26%, QM = 26.082, P = 0.025, DF = 14). Similarly, when 

averaged across all taxa, we did not find evidence for advancing male age to affect any 

individual ejaculate trait significantly. Yet, ejaculate trait explained a small but significant 

proportion of heterogeneity (R2 = 1.72%; QM = 51.287; P < 0.001, DF = 13, Fig. 2A).  

We detected taxonomic class-specific effects of advancing male age on individual 

ejaculate traits. For insects (Insecta, k = 258), ejaculate size, quantity of sperm (corrected for 

body or testis size), number of sperm, and sperm viability, improved with advancing male age 

(Fig. 2B). For ray-finned fish (Actinopterygii, k = 174), sperm motility and velocity 

decreased, whereas ejaculate size increased, with advancing male age (Supplementary Fig. 

4A). However, we found no significant effect of advancing male age on individual ejaculate 

traits in birds (Aves, k = 318; Supplementary Fig. 4B) or mammals (Mammalia, k = 990; 

Supplementary Fig. 4C).  

We also observed species-specific effects of advancing male age on individual 

ejaculate traits. For lab rodents, Rattus norvegicus and Mus musculus (k = 373, combined), 

most traits (i.e. sperm viability, number, motility, percent of sperm with morphological 

defects, sperm concentration, sperm mitochondrial function, sperm DNA and oxidative 

damage) showed senescence (Fig. 2C; Supplementary Fig. 5A). For bulls (Bos taurus, k = 

173), ejaculate size increased with advancing male age (Supplementary Fig. 5B). For Gallus 

spp. (domestic chicken and red junglefowl combined, k = 183), number of sperm and 

ejaculate size showed senescence (Supplementary Fig. 5C; See Fig. 3 for a summary of all 

taxa- and species-specific effects). The male gonadosomatic index of a species (GSI: i.e. ratio 
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of testes to body mass, used as a proxy for degree of sperm competition) did not modulate 

how advancing male age affected ejaculate traits (R2 = 0.26%, QM = 0.786, P = 0.375, DF = 

1, Supplementary Fig. 6). Finally, using linear mixed-effects models, we detected some 

evidence for a quadratic effect of advancing male age on the percent of morphologically 

normal sperm, viable sperm, and motile sperm (Supplementary Fig. 7). 

Studies sampling a higher proportion of maximum adult lifespan of a species 

provided stronger evidence for senescence in ejaculate traits (R2
all = 0.57%, QM = 4.838, P = 

0.028, DF = 1, Fig. 4A; see Supplementary Fig. 8 for distribution of lifespans sampled across 

taxa). This result was supported mainly in captive and lab populations, but not wild and 

domestic populations (R2
captive = 32.43%, R2

lab = 1.24%, R2
wild = 0.52%, R2

domestic = 0.36%; 

Fig. 4B-E). The stage of an organism’s ontogeny (Supplementary Fig. 9) at which it was 

sampled, significantly influenced the evidence for senescence. Specifically, studies that 

sampled a higher youngest or oldest age of the associated species (as a proportion of a 

species’ maximum adult lifespan), reported stronger evidence for senescence in ejaculate 

traits (youngest: P = 0.032, R2
all = 0.64%, Supplementary Fig. 10; oldest: P = 0.009, R2

all = 

0.97%, Supplementary Fig. 11). We did not find evidence for reproductive senescence in 

ejaculate traits, irrespective of the method used to collect ejaculates from males (e.g. 

electroejaculation, dissection, natural matings). However, ejaculate collection method 

explained significant heterogeneity in the data (R2 = 1.36%; QM = 7.52, P = 0.023, DF = 2, 

Supplementary Fig. 12). Population type (R2 = 1.12%; QM = 2.724, P = 0.605, DF = 4, 

Supplementary Fig. 13) or male sampling method (i.e. longitudinal or cross-sectional; R2 = 

0.08%, QM = 0.639, P = 0.887, DF = 3, Supplementary Fig. 14), did not modulate the effect 

of advancing male age on ejaculate traits. We also tested whether males that experienced 

unnatural manipulations (i.e. conditions outside of their typical range, compared to a well-

defined control in the study), showed more senescence than males who did not undergo 
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unnatural manipulations. We detected no senescence or improvement in ejaculate traits 

irrespective of whether males underwent unnatural manipulations (e.g. heat stress) or not (R2 

= 0 %, QM = 0.021, P = 0.989, DF = 2, Supplementary Fig. 15A, 15B), or find significant 

differences in effects sizes between manipulated and unmanipulated males (P = 0.885).  

 
Figure 1: No consistent evidence for senescence in ejaculate traits, irrespective of the study 

population type or taxonomic class. A. Meta-analytical model of the overall effect of advancing male 

age on ejaculate traits. B. Effect of advancing male age on ejaculate traits for each taxonomic class 

(note that animal classes with less than 25 effect sizes were grouped together in ‘Other’). The size of 

each data point represents the precision of the effect size (1/SE). The X axis represents values of 

effect sizes as Fisher’s z-transformed correlation coefficient (Zr), while the Y axis shows the density 

distribution of effect sizes. The position of the overall effect is shown by the dark circle, with negative 

values depicting senescence in ejaculate traits and positive values showing improvement in ejaculate 

traits with advancing male age. Bold error bars (95% C.I) show whether overall effect size is 

significantly different from zero (i.e. not overlapping zero), while light error bars show the 95% 

prediction interval (P.I.) of effect sizes, and black dot shows mean effect size. Sample sizes reported 
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as: k = number of effect sizes (in brackets: number of studies). Source data provided as a source data 

file. 

 

 
Figure 2: No consistent evidence for senescence in ejaculate traits when all taxa were considered, but 

some ejaculate traits improve with advancing age (in insects), while other traits decline (in lab 

rodents). A. Effect of advancing male age on individual ejaculate traits across all 157 species in the 

dataset. B. Effect of advancing male age on individual ejaculate traits in the class- Insecta. C. Effect 

of advancing male age on individual ejaculate traits for the two most over-represented species 

combined (lab rodents): Mus musculus and Rattus norvegicus. The size of each data point represents 

the precision of the effect size (1/SE). The X axis represents values of effect sizes as Fisher’s z-

transformed correlation coefficient (Zr), while the Y axis shows the density distribution of effect sizes. 

The position of the overall effect is shown by the dark circle, with negative values depicting 

senescence in ejaculate traits and positive values showing improvement in ejaculate traits with 

advancing male age. Sample sizes reported as: k = number of effect sizes (in brackets: number of 

studies). Bold error bars (95% C.I) show whether overall effect size is significantly different from 

zero (i.e. not overlapping zero), while light error bars show the 95% P.I. of effect sizes, black dot 

shows mean effect sizes. Source data provided as a source data file. 
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Figure 3: Specific ejaculate traits and taxonomy interacted to affect the evidence for senescence. 

Summary of results for how advancing male age affects different ejaculate traits across various taxa in 

our meta-analysis. “Chickens” refers to domestic chickens and red junglefowl combined. Species 

icons from PhyloPics, with artist credits and copyright: Kamil S. Jaron (CC0 1.0), Emma Moffett 

(CC0 1.0), T. Michael Keesey (PDM 1.0), Steven Traver (CC0 1.0), Georgios Lyras (CC0 1.0).  
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Figure 4: Increasing the proportion of maximum adult lifespan sampled, increased the likelihood of 

finding senescence. Effect of proportion of maximum adult lifespan sampled (X axis) on the effect 

size i.e. Fisher’s z transformed r (Y axis) across the entire dataset (A), and broken down for domestic 

(B), laboratory (C), wild (D), and captive animals (E). The size of each data point represents the 

precision of the effect size (1/SE). The dark line with shaded bars represents the overall effect of 

lifespan sampled on effect sizes and its 95% C.I., respectively, black line shows mean regression line. 

Negative values depict senescence in ejaculate traits with advancing age while positive values show 

improvement in ejaculate traits with advancing male age. Sample sizes reported as: k = number of 

effect sizes (in brackets: number of studies). Source data provided as a source data file. 
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Aim 3: Effects of advancing male age on reproductive outcomes 

We found that male reproductive outcomes (i.e. measures of male fertilisation success, 

reproductive output, or offspring quality) did not improve or decline with advancing male age 

overall (Supplementary Fig. 16A). However, reproductive outcomes were less likely to 

deteriorate with advancing male age, than ejaculate traits (R2 = 1.76%, QM = 9.783, P = 

0.002, DF = 1; Supplementary Fig. 16B).  

 

Publication bias 

We found no statistical evidence for publication bias, except for a time-lag bias, with more 

recent studies being more likely to show senescence in ejaculate traits (Supplementary Fig. 

17, 18, 19).   

 

Other sensitivity analyses 

We obtained no significant evidence for senescence in ejaculate traits, even when only studies 

that sampled >10% of maximum adult lifespan of species were analysed (mean [95% 

confidence interval (C.I.)]: -0.020 [-0.549 to 0.509], z = -0.075, P = 0.940, Supplementary 

Fig. 20). Results from our taxonomic class-specific models, which again only included 

studies that sampled >10% of maximum adult lifespan, were qualitatively similar to results 

from models that included all studies (Supplementary Fig. 21).  

         We additionally objectively categorised study aims as explicitly interested in 

senescence (i.e. studies using “ageing”, “aging”, “senescence”, “senescent”, or “senescing” in 

their abstracts or titles, N = 101 studies) or not (N = 273 studies). We did not find significant 

evidence for overall senescence in ejaculate traits, even when we only analysed studies 

whose aims were categorised as interested in senescence (mean [95% confidence interval 

(C.I.)]: -0.294 [-0.760 to 0.172], z = -1.238, P = 0.216, Supplementary Fig. 22). Study aim 
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however, explained a significant proportion of heterogeneity in effect sizes (R2 = 5.08%, QM 

= 36.287, P < 0.001, DF = 2; Supplementary Fig. 22). Furthermore, studies that were 

interested in senescence sampled a higher proportion of maximum adult lifespan of the 

associated species (34%) than studies not interested in senescence (20%, Supplementary Fig. 

23).  

 

Discussion 

Senescence is central to our understanding of ecology48, evolution48, life history16, and 

society49. Senescence in male ejaculate traits can influence sexual selection50,51, sexual 

conflict26,36, and offspring health13. We thus cannot fully understand organismal biology 

without understanding the evidence for, and consequences of, male reproductive senescence 

at the level of ejaculates. Our meta-analysis reviews the effects of advancing male age on 

ejaculate traits across animals in order to test for senescence, and highlights key gaps in 

knowledge that will facilitate a better understanding of ageing.  

Contrary to expectations, we detected no consistent evidence for senescence in 

ejaculate traits across studies (aim 1). Our results contrast those of a meta-analysis in 

humans35, which found senescence across most ejaculate traits in men. These differences in 

results possibly reflect stronger selection pressures in non-human animals, to maintain sperm 

function across all ages compared to men. In our dataset, the phylogenetically closest relative 

to humans were rodents (exemplified by lab rodents), which like humans35, showed evidence 

for senescence in most ejaculate traits. Current human longevity is much higher than what it 

was just few centuries ago52. Such recent increases in human longevity could lead to men 

living much beyond the age at which sperm function can be maintained, leading to greater 

senescence in ejaculates of men compared to other animals.  
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We suggest several potential non-mutually exclusive reasons for the lack of 

senescence in our meta-analysis. While we discovered that increasing the proportion of 

lifespan sampled by a study yielded greater evidence for senescence (also shown by 18,35,47), 

studies in our meta-analysis tended to sample a low proportion of maximum adult lifespan 

(median = ~25%, Supplementary Fig. 9), which could have underestimated senescence. 

Another reason could be because many of the studies included in our analysis were not 

explicitly testing for senescence. To account for this, we conducted an analysis only on 

studies that were explicitly interested in senescence. These studies sampled a higher 

proportion of lifespan of the associated species, yet did not provide evidence for senescence 

in ejaculate traits overall. However, a reason for this lack of evidence could be that study 

aims are difficult to quantify, and our classification of aims might have excluded relevant 

studies. Curvilinear patterns of ageing could also have led us to underestimate senescence. 

This is because age-dependent changes in ejaculate traits were analysed as a linear function 

(effect sizes), however ageing is often curvilinear4,53. Our test of quadratic effects showed 

some evidence in support of this. Thus, if ejaculate traits improve from early to mid-adult life 

(i.e. maturation) and deteriorate (i.e. senesce) later in life, the positive part of the function 

would be disproportionately represented against the negative part of the function54. Our 

results overall highlight the need for meta-analysts to develop techniques to calculate and 

analyse non-linear effect sizes to investigate such patterns.  

Selective disappearance of poor-quality males with increasing age could also 

underestimate senescence55,56. Comparing means of age groups in longitudinal studies (like in 

our meta-analysis) can only account for selective disappearance if all individuals are sampled 

at all ages, which was rarely done across studies. To account for selective disappearance in 

cases where not all males survive to be sampled at all ages, we would need to analyse 

individual-level longitudinal data [rarely reported] for each male in each study, rather than 
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comparing the means of different age groups57. Age-dependent improvement or negligible 

senescence in ejaculate traits could also reflect a true biological pattern, with senescence not 

being an inevitable outcome of ageing for many ejaculate traits and species4,58. For instance, 

taxa with indeterminate growth or slow life-histories might show negligible senescence8,17.  

We suggest corollary methodological improvements for more rigorous testing of male 

reproductive senescence. Specifically, studies could: sample higher proportions of a male’s 

maximum lifespan and report survival curves of the studied populations; test for curvilinear 

effects of age by measuring at least three age cohorts in early-, mid-, and late-adult life; 

separate confounding effects of male mating history and age by comparing virgin versus 

frequently mated old and young males; test for selective disappearance by sampling males 

longitudinally and report individual-level data for each male; be explicit about which theories 

of ageing are being tested and their corollary predictions; and sample equal number of males 

in all age classes. Overall, we conclude that senescence is likely occurring in the taxon-

specific ejaculate traits where we found supporting evidence. However, we could have 

underestimated the extent of senescence where supporting evidence was lacking, due to some 

aforementioned limitations.  

Some biological and methodological moderators were important in explaining the 

observed heterogeneity in effect sizes (aim 2). However, as the effects of these moderators 

were tested individually, our results could possibly be explained by other moderators not 

simultaneously included in the analysis. Thus, our results should only be treated as 

hypothesis-generating rather than evidence of causation. Taxonomic class and ejaculate trait 

explained a significant proportion of heterogeneity. This heterogeneity could be attributed to 

differences in ecologies, niches, behaviours, life-history strategies, metabolisms, and 

evolutionary histories of animals4,59. Heterogeneity explained by ejaculate traits could be due 

to: covariances between different ejaculate traits60; some traits being more sensitive to age-
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dependent deterioration than others61; or different traits being under varying selection 

pressures62. Additionally, some ejaculate traits are more likely to influence fertilisation 

success than others60. It is thus possible for traits that are more important determinants of 

fertilisation success to evolve slower rates of senescence than less important traits63, which 

future studies could test.  

 We discovered some taxonomic class-specific evidence for age-dependent changes in 

individual ejaculate traits. Insects showed an increase in all sperm and ejaculate quantity 

traits. This increase could be associated with their mating status, as most studies (>75%) on 

insects in our meta-analysis kept males as virgins. Specifically, in species with life-long 

spermatogenesis and low rates of sperm loss (such as some insects64,65), low mating rates can 

result in old males accumulating more sperm and producing larger ejaculates than young 

males66. Ray-finned fish (Actinopterygii) showed evidence for senescence in sperm velocity 

and motility, but also age-dependent increases in ejaculate size. This result could be due to 

old males producing larger ejaculates to compensate for senescence in sperm performance. 

Age-dependent increases in the ejaculate of fish and improvements in ejaculate traits with age 

in Malacostraca, could also reflect continuous post-maturity growth in these indeterminately 

growing taxa17,18,67. Indeterminate growth can lead to older males having larger gonads and 

reduces reproductive senescence4,17. We did not find consistent evidence for senescence in 

ejaculate traits in mammals or birds.  

We detected several species-specific patterns of senescence. Specifically, most 

ejaculate traits in lab rodents (Mus musculus and Rattus norvegicus combined) showed 

senescence, even when only control/wild type genetic strains were analysed (e.g. C57 for 

mice, Brown Norway and Sprague Dawley for rats). This could be due to studies on lab 

rodents usually having equal sample sizes of males in each age cohort, thus possibly limiting 

bias towards weighting of the positive part (early- to mid-life) of the curvilinear ageing 
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function. Consistent evidence for senescence in lab rodents could further be associated with 

lab rodent strains being inbred, which might exacerbate senescence. Consistent evidence in 

lab rodents could also be associated with senescence being exaggerated in lab adapted 

populations68. For a more nuanced understanding of such trait by taxon interactions, we 

suggest that future studies: account for age-dependent changes in body and testes size (as 

covariates); test for post-meiotic senescence of sperm during storage in males; record 

whether studied species exhibit continuous spermatogenesis and sperm reabsorption; and 

measure multiple ejaculate traits simultaneously (i.e. sperm quantity, performance/viability), 

because sperm quantity versus performance traits might be affected by age in different ways. 

Extending the proportion of maximum adult lifespan sampled increased the evidence 

for senescence in ejaculate traits for a species. This result suggests that the onset of 

reproductive senescence usually occurs late in life4,69, and senescence will more likely be 

detected if studies sample a larger proportion of lifespan. However, this may be biased by the 

population sampled, as this association was strong in captive and lab animals, but not in wild 

and domestic animals. We did not find evidence for senescence in any levels of other 

methodological moderators (aim 2). This result could be due to effects of methodological 

moderators being taxon-specific, or being revealed only under interactions with other 

methodological or biological moderators. The lack of an effect of study methodologies might 

also be explained by moderators that we did not include in our analyses (Table 2).  

We detected no consistent evidence for overall improvement or senescence in 

reproductive outcomes of males (i.e. measures of fertilisation success, egg/offspring 

number/viability/quality; aim 3). Our meta-analysis used data on reproductive outcomes only 

from studies that also measured ejaculate traits, which possibly represents a biased subset of 

studies on ageing of reproductive outcomes. However, we found that reproductive outcomes 

were less likely to exhibit age-dependent deterioration than ejaculate traits. This difference 
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could be due to not all ejaculate traits being key determinants of reproductive success (e.g. 

fertilisation success70), and deterioration in some ejaculate traits having little consequence for 

a male’s reproductive outcome71. Lower rates of age-dependent declines in male reproductive 

outcomes could also be due to female-driven effects (e.g. cryptic female choice, reproductive 

compensation), which might provide a buffer against low-quality ejaculates of old males. For 

instance, females might be able to eject poor quality sperm via cryptic female choice72, or 

females mated to older males might compensate by investing more resources into 

provisioning73. Additionally, viability selection in old males could purge low quality male 

genotypes, leading to old males having higher means and lower variances for reproductive 

outcomes than young males46,74. These results suggest that age-dependent changes in 

ejaculate traits may not accurately reflect changes in reproductive outcomes. We emphasize 

that studies should ideally measure ejaculate traits, male reproductive success, and offspring 

phenotypes, to elucidate the fitness consequences of advancing male age.  

 

Methods 

We followed the PRISMA-EcoEvo guidelines for our meta-analysis75 and conducted 

statistical analyses in R76 v 4.1.2. Supplementary figures (1-24) and Supplementary notes (1-

12) are provided in the “Supplementary Information” file. Data, model outputs, metadata, 

code, PRISMA checklist, and pre-registration have all been deposited at OSF 

(https://osf.io/dk8sq/).  

 

Search protocol 

We conducted a literature search using search strings on SCOPUS and Web of Science on 21st 

January and 27th March 2021, respectively (see Supplementary notes 1 for specific search 

strings). In addition, we conducted a backward and forward search using seven relevant 

https://osf.io/dk8sq/


57 

 
 

papers related to the topic of our meta-analysis11, 13, 22, 24, 43, 54, 77. We additionally conducted a 

search for unpublished research using the Bielefeld Academy Search Engine78. Finally, we 

contacted 56 researchers who study the ecology and evolution of male reproductive 

senescence to ask for unpublished data. Our search resulted in a total of 9412 unique 

abstracts from published sources and 271 abstracts from unpublished sources (PRISMA 

diagram: Supplementary Fig. 1). We screened these abstracts in Rayyan79 and abstrackr80 

using pre-defined selection criteria (see below). We ensured that the screening process was 

highly repeatable (Supplementary notes 2).  

 

Inclusion criteria 

For a study to be included in our analysis, some selection criteria had to be fulfilled during 

the abstract and full-text screening stages. When screening abstracts, the study had to be a 

research article (not a review, meta-analysis, or case study), written in English, on non-human 

animals, and quantify ejaculate traits in males of different ages. When screening full-texts, 

the study needed to contain: data on the effects of male age on ejaculate traits, non-

overlapping age groups of males, and appropriate data for calculation of effect sizes. We only 

included studies where at least two age groups of adult males could be compared (see 

Supplementary notes 3 for our definition of “adults”). We deemed a total of 379 studies (374 

from published, and five from unpublished sources) appropriate for data extraction based on 

our selection criteria, and included them in our meta-analysis (PRISMA diagram in 

Supplementary Fig. 1). These studies represented 157 species.  

 

Data collection 

To quantify the evidence for or against male reproductive senescence (aim 1), we collected 

data on: means, standard deviations (SD) or standard errors (SE), the number of males in 
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each age group, and the number of unique males in the study, wherever reported (see 

Supplementary notes 4 for formulae used to calculate SD). If we could not obtain means and 

SD/SE, we noted the “test statistic” (e.g. t from t-tests or R2 values) reported in the study 

from which effect sizes can be easily obtained. We ensured that the data extraction process 

was highly repeatable (Supplementary notes 2).  

To understand how biological moderators affect patterns of senescence (aim 2), we 

recorded information on various biological variables from the 379 studies included in the 

meta-analysis. We recorded the species and taxonomic class of the study organism, and the 

ejaculate traits measured in the study (see Supplementary notes 5 for definitions of each 

trait). The ejaculate traits were either measures of sperm/ejaculate quantity (e.g. sperm 

concentration, sperm number, and ejaculate volume), sperm performance (e.g. sperm motility, 

velocity, viability), or intra-cellular measures of sperm quality (e.g. oxidative stress in sperm, 

DNA damage to sperm, sperm telomere length). Finally, we recorded the gonadosomatic 

index (GSI, i.e. ratio of testis mass to body mass, as a proxy for sperm competition82) for 

each species, wherever possible (see Supplementary notes 6; meta-data on OSF 

https://osf.io/dk8sq/). 

To understand how methodological moderators affect patterns of senescence in 

ejaculate traits (aim 2), we collected data on various methodological variables from included 

studies (see Supplementary notes 7). Initially, we recorded the maximum lifespan (male-

specific whenever possible, or species-specific when male-specific data were not available), 

and age at adulthood of the species studied (see Supplementary notes 6). Data on maximum 

lifespan and age at adulthood, as well as sources of these data, can be found at OSF 

(https://osf.io/dk8sq/). We then calculated the proportion of maximum adult lifespan sampled 

for a species in each study (converted to years). Some of the data on maximum adult 

lifespans (especially for vertebrates) were obtained from large databases/datasets (that often 

https://osf.io/dk8sq/
https://osf.io/dk8sq/
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only reported species-level lifespans without reporting the sex of the measured individuals). 

Thus, these data may not always accurately reflect the maximum male lifespans of the 

specific populations included in our meta-analysis. 

We also recorded: method of sperm extraction (e.g. electro-ejaculation, natural 

mating); population type (whether males belonged to wild, domestic, captive or laboratory 

populations (see Supplementary notes 8 for definitions)); method for measuring male age (i.e. 

whether male age was known directly or indirectly estimated from a measure of phenotype); 

whether the ejaculate was stored in cold conditions (<5°C, irrespective of the duration of 

storage) before analysis of sperm performance; and whether the study was experimental or 

not18. In some studies, males underwent “unnatural manipulations” (see Supplementary notes 

9 for detailed definitions). Here, we also recorded whether the data were obtained from males 

that underwent these “unnatural” manipulations (i.e. males that experienced conditions 

outside of their typical range, that were compared to a well-defined control in the study), or 

from males that were used as controls in the same study.  

We investigated whether advancing male age affects male reproductive outcomes 

(aim 3), and whether the effects of male age on reproductive outcomes (see Supplementary 

notes 5 for definitions) differ from those on ejaculate traits. For this, we collected data on 

how advancing male age affects: male fertilization success; number of eggs produced by the 

mated females; number of offspring produced by the mated females; egg viability and 

hatchability; offspring viability; offspring developmental rate; and offspring body condition, 

whenever available in a study (53 studies in total).  

 

Calculating effect sizes 

We used Fisher’s z transformed correlation coefficient (Zr) as the effect size in our meta-

analysis83. Each effect size was calculated from either: standardized mean differences (when 
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two age groups were compared), or simulations (when multiple age groups were compared), 

or test statistics (see Supplementary notes 10 for formulae used). Effect sizes from these three 

calculation methods were not significantly different from each other (Supplementary notes 

10; Supplementary Fig. 24), thus all effect sizes, irrespective of their calculation methods, 

were analysed together in our models. We corrected all calculated effect sizes (Zr) by a 

multiplier to obtain the final effect sizes to be used in the analyses (See Supplementary notes 

10), so that negative effect sizes indicated senescence, while positive effect sizes indicated 

improvement in ejaculate traits with advancing male age.  

 

Data analysis  

We first created a meta-analytical model (i.e. null model) to test for the general overall effect 

of advancing male age on ejaculate traits (aim 1), using the rma.mv function in the metafor 

package84. We included the effect size (Zr) as our response variable in the null model, and 

random effects of: effect size ID (which represents the residual within-study variance), cohort 

ID, study ID, and species name to control for non-independence of effect sizes85. We also 

added a correlation matrix quantifying the phylogenetic relatedness of species in our dataset, 

to control for non-independence arising due to shared phylogenetic history and test for a 

phylogenetic signal86. The phylogenetic tree (Supplementary Fig. 2) was built using the 

packages ape87 and rotl88, which use data from the OpenTreeOfLife89. We quantified the total 

heterogeneity90 not due to sampling error as I2, which can range from 0-100. We quantified 

partial heterogeneity explained by each random effect using the function i2_ml from the 

orchard package91.  

We created meta-regressions to investigate how moderators modulated the effects of 

advancing male age on ejaculate traits (aim 2). In all meta-regressions, we included the same 

random effects and phylogenetic matrix as in our null model, and effect size (Zr) as our 
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response variable. We first conducted a meta regression with all moderators for which data 

were available for >75% of effect sizes and studies (“full” model). This full model was used 

to estimate the proportion of heterogeneity explained by moderators92, while accounting for 

the confounding effects of other moderators. The full model included moderators of: 

taxonomic class, ejaculate trait, proportion of maximum adult lifespan sampled, whether or 

not males had control over ejaculation, population type, sampling method of males, method 

of age estimation, whether or not a study was experimental, and whether or not males 

underwent “unnatural” manipulations. We then built several meta-regressions to explore 

individually, the effects of each methodological and biological moderator (See Table 1 and 2, 

Supplementary notes 7, most of which had been pre-registered at OSF: https://osf.io/dk8sq/). 

Here, we also tested how the youngest and oldest ages sampled of the associated species (as 

proportion of the maximum lifespan of the species), affected the evidence for senescence. We 

further tested the influence of the gonadosomatic index of species (GSI), which was not 

included in the full model, as it only had data for <75% of studies and was not pre-registered.   

For each meta-regression model, we calculated the total heterogeneity (QM) and the 

proportion of total heterogeneity explained by moderators (marginal R2), with the function 

r2_ml using the orchard package91. P values (α = 0.05) indicate whether the heterogeneity 

explained was significant or not90. We created models without an intercept to test whether 

each level of a moderator showed evidence for senescence or improvement in ejaculate traits 

with age. However, for moderators with two levels, we were additionally interested in 

comparing effect sizes in one level to those in the other level. In such cases, we created a 

model with one level of the moderator as the intercept (here, a P value expressed whether one 

level of the moderator was different from the other level).  

 Taxonomic classes of Insecta, Actinopterygii, Aves, and Mammalia were over-

represented classes in our dataset, each with >150 effect sizes from >30 studies 

https://osf.io/dk8sq/
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(Supplementary Fig. 2). We thus created four separate meta-regressions for each class, with 

ejaculate trait as a moderator. Moreover, four species: lab mice (Mus musculus), lab rats 

(Rattus norvegicus), chicken/red junglefowl (Gallus spp.), and bulls (Bos taurus) were over-

represented in our dataset (each species had >150 effect sizes across >20 studies; 

Supplementary Fig. 2). For these species, we created separate meta-regression models with 

ejaculate trait as a moderator.  

Shapes of reproductive ageing are often curvilinear, characterised by an initial period 

of maturation, where performance increases from early- to mid-adult life, and subsequently 

decreases (i.e. senescence) in late-adult life4,53. To test whether the effects of male age on 

ejaculate traits were curvilinear, we used linear mixed-effects models93 (Supplementary notes 

11). These analyses were limited to traits which were measured on the same scale and units 

across studies/taxa.  

We also used data from studies that measured age-dependent changes in both 

ejaculate traits and reproductive outcomes. Then, we ran a meta-regression using type of trait 

(reproductive outcome or ejaculate trait) as a moderator (aim 3).  

 

Publication bias 

We conducted a sensitivity analysis of our null model, by replacing the random effects terms 

of cohort and effect size ID, with a variance covariance matrix94. We also performed various 

publication bias tests94 (funnel plot, trim and fill, multi-level meta-regression, and selection 

model; Supplementary notes 12). These analyses were done to test for biased sampling of 

effect sizes in our study, based on their precision, magnitude, publication year, and sample 

size.  

 

Other sensitivity analysis 
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We conducted two additional sensitivity analyses. First, we accounted for the low proportions 

of maximum adult lifespans sampled by studies in our meta-analysis. Here, we re-ran our null 

model and models for the taxonomic classes of Insecta, Mammalia, Aves, and Actinopterygii, 

only using data from studies that sampled >10% of the maximum adult lifespan of the 

species. Second, we classified study aims as being explicitly interested in senescence or not. 

Studies that mentioned “ageing”, “aging”, “senescence”, “senescent”, or “senescing” in their 

abstracts or titles, were classified as explicitly interested in senescence. We then created a 

meta-regression with study aim (i.e. interested in senescence or not) as our moderator, to test 

whether studies that were interested in senescence showed senescence in ejaculate traits 

overall.  

 

Data availability  

The data generated in this study have been deposited in the Open science framework database 

under accession code 10.17605/OSF.IO/DK8SQ [https://osf.io/dk8sq/]. The data are available 

without any restricted access. The raw data are available under the file name “raw_data.csv”. 

The processed data are available under the file name “spermFinalAllData.csv”. The data used 

to produce the manuscript figures are provided in the Source Data file. Source data are 

provided with this paper. All associated code can be found at OSF https://osf.io/dk8sq/ under 

accession code 10.17605/OSF.IO/DK8SQ. 
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Supplementary information 
 

Supplementary notes 1: Search string 

We first conducted a scoping search on Google Scholar. Our scoping search was done using 

the keywords “male age sperm -human”, and we used the first 48 papers (i.e. all papers from 

the first 5 pages out of 11800 pages of the search) to build a word cloud to discern the most 

common words used in these studies. We used the most commonly occurring relevant words 

from this word cloud to create keywords for our search string. 

The table below shows the most frequent words from our scoping search collected from 48 

relevant abstracts generated through a word cloud. Words used in our search string are 

highlighted in bold and italics. The selection of words was made such that they were not 

specific to a single species, nor biologically broad.  

 

frequency word  frequency word 

305 sperm  25 size 

191 male  24 fluid 

151 age  24 transfer 

104 mating  22 fitness 

75 reproductive  21 offspring 

66 female  21 proteins 

60 females  20 competitive 

58 success  20 ejaculates 

53 competition  20 fertilization 

47 ejaculate  20 mated 

45 old  20 selection 

45 young  20 transferred 

41 quality  19 history 

36 traits  19 Sperm 

33 older  18 viability 

32 seminal  17 associated 

31 species  17 rate 

30 ageing  16 Drosophila 

29 fertility  16 paternity 

29 sexual  16 production 

28 senescence  16 semen 

27 mate  14 aging 

25 ability  14 cells 

 

Distinct Boolean characters used for the search strings in each database.  

Search string used for SCOPUS:  

“( TITLE-ABS-KEY ( male )  AND  TITLE-ABS-KEY ( age )  OR  TITLE-ABS-

KEY ( ageing )  OR  TITLE-ABS-KEY ( aging )  OR  TITLE-ABS-

KEY ( senesc* )  OR  TITLE-ABS-KEY ( old )  OR  TITLE-ABS-

KEY ( young )  AND  TITLE-ABS-KEY ( sperm )  OR  TITLE-ABS-
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KEY ( ejaculate )  OR  TITLE-ABS-KEY ( semen )  AND NOT  TITLE-ABS-

KEY ( human )  OR  TITLE-ABS-KEY ( men ) ) “  

 

Search string used for Web of Science: 

“AB=  (male AND (age OR ageing OR senesc* OR aging OR old OR young )  AND  ( sperm 

OR ejaculate OR semen )  NOT  ( human OR men)  )  OR  TI=  (male AND (age OR ageing 

OR senesc* OR aging OR old OR young )  AND  ( sperm OR ejaculate OR semen )  NOT  ( 

human OR men)  )” 

Search string used for BASE: 

“male age sperm” 
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Supplementary notes 2: Repeatability  

Screening process 

To ensure repeatability of the screening process, two analysts screened abstracts and full-texts 

independently and checked for agreement on included versus excluded studies. Analyst 1 

screened all abstracts to check the suitability of each study (n = 9683) while analyst 2 

checked for repeatability by screening ~50% of abstracts (n = 4918). Analyst 1 and 2 agreed 

on the inclusion or exclusion (i.e. suitability) of 91% of the studies when screening abstracts 

(Kappa = 0.56; Kappa calculates inter-rater reliability for qualitative items, Koricheva et al, 

2013). Analyst 1 then screened all full texts that passed the abstract screening stage (n = 1003 

studies from published sources and four from unpublished sources) to determine whether a 

study was suitable to be included in the meta-analysis, while analyst 2 screened ~10% of full 

texts to test for repeatability (n = 100). Analyst 1 and 2 agreed on the inclusion or exclusion 

of 98% of the studies when screening full-texts (Kappa = 0.96). 

Data extraction 

To assure repeatability of data extraction, two analysts checked data obtained from ~5% of 

papers (i.e. 19 studies and 75 effect sizes). To do this, analyst 1 and 2 first independently 

extracted data and calculated effect sizes (Fisher’s z-transformed correlation coefficient) for 

each of the 75 rows of the data collected. Then a coefficient of determination between the 

effect sizes obtained by analyst 1 and 2 was calculated (R2 = 0.96, P<0.001), indicating 

strong repeatability.  

 

Supplementary notes 3: Definition of adult 

Groups that were described as “[pre-] pubertal”, “adolescent”, “juvenile”, or “immature” in 

the study were not considered as adults and thus not included in the analysis, because we 

were only interested in age-dependent changes in adult individuals. For arthropods, we 

included all post-eclosion/last-moult ages in the analysis because this is when arthropods are 

considered adults1. If all age groups in a study had immature (non-adult) males, we excluded 

these studies. On the other hand, if at least two age groups of males were adults, we included 

the study, and we used only the data from adult males.  

 

Supplementary notes 4: calculation of SD  

We collected data on means, SD/SE, and sample sizes of males in each age group from: text 

in the Results section, figures using WebPlotDigitizer2 and MetaDigitize3, the supplementary 

information or raw data provided with the paper, a data repository, or by directly contacting 

the authors of the paper, in that order. We converted standard errors to standard deviations 

(SD) using the formula4 SD = SE* sqrt (N). When medians and inter-quartile ranges were 

reported, we converted these to SD5.  

Supplementary notes 5: Ejaculate traits and reproductive outcomes definitions 
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For all studies, we collected data on ejaculate traits as reported by the original paper. When a 

study reported data for multiple traits, data on all traits were collected. Although, when a 

study reported data on a whole trait (e.g. % of total motile sperm; % sperm with 

morphological defects) as well as sub traits (e.g. % progressively motile sperm, % sperm with 

mid-piece defects), only data from the whole trait was recorded. Due to differences in 

terminology when describing similar traits between different studies, we created a broad 

category to describe different types of traits. The categorization of these traits is described 

below.  

Ejaculate traits 

 

 

 

In meta-analysis In paper 

Concentration Sperm density, concentration, count per mL/ µL, spermatocrit  

DNA damage 
Sperm chromatin damage, sperm DNA damage, sperm chromatin 

instability, sperm DNA fragmentation, sperm chromatin structure damage 

Ejaculate size 
Spermatophore size, ejaculate mass, ejaculate volume, area of seminal 

vesicle filled with ejaculate 

Corrected quantity 
Sperm concentration or number as proportion of body mass/testis 

mass/epididymis mass 

Mitochondria 
Sperm ATP, sperm metabolic activity, sperm mitochondrial function, sperm 

mitochondrial activity, sperm mitochondrial membrane potential 

Morphology 
Normal/abnormal sperm morphology, tail/head/midpiece morphological 

defects, cytoplasmic droplets on sperm 

Motility 

Percent progressive motility, percent non-progressive motility, percent total 

motility, sperm vigor, sperm mass motility, motility (on a numerical 

subjective scale)  

Number of sperm 
Number of apyrene sperm, number of eupyrene sperm, number/count of 

sperm, number of spermatophores, number of sperm bundles 

Oxidative stress 

Reactive oxygen species in sperm, sperm oxidant or antioxidant levels, 

sperm lipid peroxidation, sperm glutathione peroxidase, sperm 

superoxidase dismutase 

Sperm length Total sperm length, sperm tail length 

Telomere Sperm telomere length 
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Viability 
Sperm acrosome integrity, sperm viability, % sperm alive/dead, sperm 

vitality, sperm membrane integrity 

Velocity 
Average path velocity (VAP), curvilinear velocity (VCL), straight line 

velocity (VSL) (in that order of preference, when more than one reported) 

Reproductive outcomes 

In meta-analysis In paper 

Fertilization success 

Percent eggs fertilized, Percent eggs sired under sperm competition, 

fertilization rate, fertilization success, PVL hole number, paternity 

share 

Number/viability/quality 

of egg/offspring 

Egg hatchability, egg mass, egg viability, male or female fecundity,  

hatching success, number of eggs laid, female lifetime reproductive 

success, number of offspring, number of fetuses, offspring 

developmental rate, offspring survival, offspring body mass/ size 
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Supplementary notes 6: Collection of data on sperm competition levels, adult lifespan and 

age of sexual maturity for different species. 

We recorded the level of sperm competition faced by a species by collecting data on the 

Gonadosomatic index (i.e. testis weight as a percentage of body weight), which has been 

shown to be a reliable predictor of sperm competition. This was done by searching for “testes 

weight” or “gonadosomatic index” of each species in our dataset on google scholar as well as 

collecting data from comparative studies on this topic (OSF https://osf.io/dk8sq/ for raw 

data). If the study did not report the maximum adult lifespan or age of sexual 

maturity/adulthood of the species/population being studied, these were collected from other 

sources, and then used to calculate the percentage of maximum adult lifespan sampled for a 

given species in the study. Data on maximum adult lifespan of a given species, as well as age 

of sexual maturity were then used to calculate the proportion of maximum adult lifespan 

sampled for a given species in a study as follows:  

𝑃𝑟𝑜𝑝𝑜𝑟𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑎𝑑𝑢𝑙𝑡 𝑙𝑖𝑓𝑒𝑠𝑝𝑎𝑛 𝑠𝑎𝑚𝑝𝑙𝑒𝑑

=
((𝑀𝑎𝑥 𝑎𝑔𝑒 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 −  𝑎𝑔𝑒 𝑜𝑓 𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦) −  (𝑀𝑖𝑛 𝑎𝑔𝑒 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 −  𝑎𝑔𝑒 𝑜𝑓 𝑚𝑎𝑡𝑢𝑟𝑖𝑡𝑦))

(𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑙𝑖𝑓𝑒𝑠𝑝𝑎𝑛 𝑜𝑓 𝑠𝑝𝑒𝑐𝑖𝑒𝑠 −  𝑎𝑔𝑒 𝑜𝑓 𝑎𝑑𝑢𝑙𝑡ℎ𝑜𝑜𝑑)
∗  100% 

To collect data on maximum lifespans (MAL) and age of sexual maturity/adulthood (AoSM) 

on a given species or population, we first prioritized using the data on lifespan reported 

directly in the study. If the study did not report MAL or AoSM, we collected this data from 

multiple sources. These included large publicly available databases such as Animal Diversity 

Web (https://animaldiversity.org/), AnAge6, and Pantheria7 as well as from data in published 

articles that contained supplementary datasets on MAL and AoSM estimates of species 

included in our study. There were very few databases that contained MAL and AoSM for 

animals such as insects. As a result, peer reviewed, published articles in scientific journals 

were used for data on MAL and AoSM for such species. When values were reported as a 

survival curve, the maximum age of the curve where individuals were alive was used. When 

data was not available from any of these sources, we also contacted the corresponding 

authors of the papers in our meta-analysis for maximum lifespan estimates on the species. We 

prioritized collecting data for MAL and AoSM on males. When male-specific data was not 

available, species-specific data was collected (this was the case for many vertebrates whose 

data were obtained from large datasets/databases). We never used female-specific data for 

any species. If a species had data on MAL and AoSM from multiple sources, these estimates 

were averaged, and the average was then used as the maximum lifespan of the species. This 

averaging was done so that exceptionally large values that might be unusual for a species 

(e.g. red junglefowl maximum lifespan is reported as 30 years on AnAge, which is quite 

unusual), did not bias our dataset. Additionally, when data from multiple sources was 

available, we ensured that we used data from males which most closely matched the rearing 

conditions and morphs of the species/study males in our meta-analysis. For insects, age of 

adulthood was considered as the age of eclosion/ last moult. Note that for species which had 

domesticated as well as wild-derived populations in our dataset (e.g. red junglefowl vs 

chicken, both of which were called Gallus gallus in our phylogeny), we collected their 

lifespan and sexual maturity data separately. We tested the association between maximum and 

average lifespans collected for each species. This was high (R sq. = 0.85). Thus, maximum 

lifespan was used because it was available for a greater number of species than average 

lifespan, and less affected by juvenile mortality.  

https://osf.io/dk8sq/
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Supplementary notes 7: Moderators tested in our meta-regression models and their 

ranges/levels  

Moderator Levels 

Proportion maximum adult 

lifespan sampled 
0 to 100% 

Ejaculate collection method 

 

Male has control: males mated to female and female 

dissected/weighed post-insemination, male masturbated via 

dummy female, natural spawning 

Male does not have control: Catheter, Males dissected, 

electroejaculation, males massaged with abdominal pressure 

Taxonomic Class 

 

Reptilia, Prosomapoda, Monogononta, Mammalia, 

Malacostraca, 

Insecta, Hexanauplia, Gastropoda, Clitellata, Chromadorea,  

Aves, Arachnida, Amphibia, Actinopterygii 

 

Population (i.e. Setting) 

 

Laboratory, Domestic, Captive, Wild 

 

Method of age estimation 

 

Direct/ Indirect (i.e. inferred from body condition) 

  

Trait   

Concentration, DNA damage, Ejaculate size, Corrected 

quantity, Mitochondria, Morphology, Motility, Number of 

sperm, Oxidative stress, Length, Velocity, Viability 

 

Longitudinal sampling 

 

Yes/Semi (when only a subset of males were measured 

repeatedly)/No 

 

Experimental 

 

Yes: manipulated something in addition to male age, or 

assigned males to specific age groups at the start of the 

experiment to a target age class 

No: observational sampling of the available age class 

distributions opportunistically 

 

Gonadosomatic index 

 

“Unnatural” manipulations 

 

0 to 100 % 

 

Yes/No 

 

Cold storage of ejaculates 

(i.e. stored at <5°C) 

 

 

Yes /No (only for sperm motility, viability, and velocity) 

  

https://www.bing.com/ck/a?!&&p=b9e9f718809dd7aeJmltdHM9MTY2MDMwMTc4MiZpZ3VpZD0zNzY4MTcwOS1lMWJhLTRmMTUtYWExZi0yYjM0ZmNkMjI3MTImaW5zaWQ9NTE5Ng&ptn=3&hsh=3&fclid=66b91378-1a2d-11ed-afaf-8c8250d8d1ac&u=a1aHR0cHM6Ly9kZWdyZWVzeW1ib2wuY28v&ntb=1
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Supplementary notes 8: Definitions of population type 

Captive: Managed study population which lives in an enclosed environment, and used in a 

captive breeding program, captive breeding centre, wildlife conservation research centre, or 

zoo. The webpage of the reported institutes where the study was conducted was checked 

when unsure, to ascertain whether it fell into this category. 

Lab: Study population maintained under or adapted to lab conditions (for at least their adult 

life), living in an enclosed environment (even if collected in the wild pre-adulthood), but not 

used for a captive breeding program. 

Domestic: Study population descended from a line of deliberately artificially selected 

individuals (inferred), or raised on commercial farms whose purpose is using animals for 

direct human consumption (e.g. as food, clothing, protection). 

Wild: Was born in the wild/lives in natural unenclosed environments and was caught from the 

wild (post-adulthood) for the study. 

 

Supplementary notes 9: “Unnatural” manipulations 

“Unnatural” manipulations were defined as conditions experienced by males outside their 

physiological range (as defined in the study) and as conditions not typically experienced by 

healthy individuals (in the study populations). These manipulations also had a well-defined 

control in the study. These are as follows: pharmacological interventions such as toxins, 

chemicals, or medicines (Control: no pharmacological intervention); temperature 

manipulations (Control: standard temperature as defined in the study); radiation (Control: no 

radiation); genetic mutations/mutant lines with specific knocked out genes (Control: Wild 

type, or control lines as defined in the study); 24 hour dark or 24 hour light circadian 

durations (Control: 12:12 hour light durations); infection/disease (Control: no infection or 

disease); inbreeding (Control: Outbreeding); dietary or protein restriction (Control: Standard 

diet as defined in the study).  

 

Other types of manipulations, such as sperm storage durations, mating history of males, 

seasons, male social status, or female age were not considered to be outside the typical range 

of conditions experienced by males, nor did they have an easy to define control, thus were 

not defined as “unnatural”. 
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Supplementary notes 10: Calculation of effect sizes 

 

We calculated Fisher’s z transformed correlation coefficient (Zr) values from correlation 

coefficients (r) using the formula4: Zr = 0.5*(log(1+ r) - log(1-r)). Because r values were 

rarely ever directly reported in studies, we had to calculate these indirectly. For studies with 

two age groups, we calculated correlation coefficients (r) using standardized mean 

differences (SMD). When there were more than two age groups, we calculated correlation 

coefficients using a simulation. For studies where only test statistics were reported, we 

calculated correlation coefficients using test-specific formulae  

 

A. Two-age groups 

To calculate correlation coefficients from studies which reported comparisons 

between two age groups, we first calculated a standardized mean difference (SMD). SMD 

here, was calculated using the package metafor in R8 with the function escalc. SMD provides 

the true strength of an effect by dividing the difference in means between two groups, by 

their pooled standard deviation. We used the following formula:  

SMD = 
(𝑀𝑒𝑎𝑛 (𝑜𝑙𝑑)−𝑀𝑒𝑎𝑛 (𝑦𝑜𝑢𝑛𝑔))

𝑆 𝑝𝑜𝑜𝑙𝑒𝑑
 

𝑆𝑝𝑜𝑜𝑙𝑒𝑑 = √
(𝑛𝑜𝑙𝑑 − 1)𝑆𝑜𝑙𝑑

2  +  (𝑛𝑦𝑜𝑢𝑛𝑔 − 1)𝑆𝑦𝑜𝑢𝑛𝑔
2  

𝑛𝑜𝑙𝑑  + 𝑛𝑦𝑜𝑢𝑛𝑔  −  2
 

where Mean (o) and (y) and means of the old and young age groups respectively, and S 

pooled is the pooled standard deviation. These SMD values were then converted to a 

correlation coefficient using the function convert_d2r in the package meta9. 

 

B. Multiple (>2) age groups 

To calculate effect sizes from studies which reported means and standard deviations from 

more than two age groups, we used a simulation (with 1000 iterations). This simulation 

resulted in a correlation coefficient between the age of males and their means at each age, 

while weighting the means by their standard deviations. To test for consistency between 

effect size outcomes from the simulation and the outcomes from SMD, we additionally 

calculated correlation coefficient for outcomes with only two-groups using the simulation. 

There was a very strong agreement between r values obtained from these two methods (i.e. 

SMD and simulation) (R sq.> 0.95).  

 

C. Test statistics10,11 
 

1. For converting “t” from independent t-test into r 

𝑟 =
𝑡

√(𝑡2 + 𝑑𝑒𝑔𝑟𝑒𝑒𝑠 𝑜𝑓 𝑓𝑟𝑒𝑒𝑑𝑜𝑚)
 

2. For converting F from ANOVA or ANCOVA with 1 degree of freedom to r 

𝑟 = √(
𝐹

𝐹 + 𝑁 − 2
) 

Where N is the sample size of unique number of males 

3. For converting spearman’s rho to r  

𝑟 = 2 ∗ sin((𝜋 ∗  𝜌) /6) 
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4. From Mann Whitney-U to r 

𝑟 =
1 − (2 ∗ 𝑈)

𝑛1 ∗ 𝑛2
 

Where n1 and n2 are sample sizes of the younger and older age groups respectively 

5. From z-score to r  

𝑟 =
𝑧

√𝑁
 

Where N is the sample size of unique number of males 

6. For Converting T from Seigel’s T test, and converting P values from Mann Whitney U 

test, to r, the Campbell Collaboration website was used 

(https://www.campbellcollaboration.org/research-resources/effect-size-

calculator.html) 

7. For converting R squared and adjusted R squared values to r 

𝑟 =  √𝑅
2
 

8. For converting Chisq. values from Chisq. test with one degree of freedom, to r 

𝑟 =  √( 
𝐶ℎ𝑖 𝑠𝑞.

𝑁
 ) 

9. For converting Pearson’s or Spearman’s correlation coefficient (r) to r 

 

𝑟 =  r 

Multiplier and signs 

If an increase in a trait signified a deleterious effect with increasing age, for example, an 

increase in sperm abnormal morphology, or sperm DNA damage, we assigned it a multiplier 

of “-1”, whereas if increase in a trait suggested improvement with age, we assigned it a 

positive multiplier, i.e. “+1”. Similarly, when a test statistic was reported (e.g. R sq., 

correlation coefficient. F values from ANOVA), where older males had worse sperm or 

ejaculates than younger males, we assigned it a negative multiplier of “-1”. Conversely, if 

older males had better sperm or ejaculates than younger males, we assigned it a multiplier of 

“+1”. Thus, for all the effect sizes in our models, a negative sign indicated reproductive 

senescence with increasing age, while a positive sign indicated reproductive improvement 

with increasing age.  

Comparing calculation methods 

To ensure that the three different effect size calculation methods did not affect the overall 

outcome in our meta-analysis, we compared the meta-analytical mean obtained from each 

method (i.e. SMD, simulation, and test-statistics). These did not differ from each other (see 

Supplementary Fig. 24), hence we analysed effect sizes calculated from SMD, simulation, 

and test-statistics together in subsequent models. 

 

Supplementary notes 11: Quadratic effects of age 

Our meta-analyses used an effect size (Zr), which assumes a linear relationship between 

independent (age) and dependent (ejaculate traits) variables12. Thus, to test whether the 

effects of advancing male age on ejaculate traits are curvilinear in shape, we created linear 
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mixed models (LMM) in the package lme413 and lmerTest14, because meta-regression models, 

to our knowledge, cannot model non-linear effect sizes.  

Our LMM was conducted on three traits (percent motile, percent morphologically normal, 

and percent viable sperm), which were measured on the same scale across studies and 

species. These three traits were thus already “standardized” thus could be compared across 

studies the way an effect size is. We standardized each of the different ages at which males 

were sampled at, as the proportion of maximum adult lifespan of the species (independent 

variable). We standardized the traits (response variable) by calculating the proportion of: 

morphologically normal sperm (85 studies), viable sperm (137 studies), and motile sperm (81 

studies), and analyzed them in three separate models.  

We included linear and quadratic effects of [standardized] age (covariates), with population 

type (i.e, lab, captive, domestic, wild) and taxonomic class as fixed effects. We also used the 

sample size of males within each age class (log transformed) as weights in the LMM. We 

included effect size ID, cohort ID, and study ID as random effects. Our models met 

assumptions of homoscedasticity and normality of residuals, checked using the stats 

package15. 

We found significant quadratic effects of [standardised] male age on [standardised] 

ejaculate traits (Supplementary Fig. 7). Specifically, we found significant quadratic effects for 

age-dependent changes in: percent morphologically normal sperm (t = -3.023, P = 0.003, DF 

= 346); percent motile sperm (t = 2.296, P = 0.022, DF = 589); and percent viable sperm (t = 

-3.909, P < 0.001, DF = 437).  
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Supplementary notes 12: Sensitivity analysis and publication bias  

 

Sensitivity analysis 

To test for robustness of our full and null models, we created a variance-covariance matrix 

(VCV) of correlation values between effect size ID and cohort ID that replaced the variance 

argument16 in both, null and full models. The results obtained for the null model or full model 

were not different between the model that used the VCV matrix versus the one that did not, 

thus in the main text, we present the model without the VCV matrix throughout (See “metaA 

HTML” file for model outputs). 

 

Publication bias 

We tested for publication bias using various methods16,17. We first visually evaluated 

symmetry in a funnel plot with effect sizes (Zr) on the X axis, and the inverse of the standard 

error (1/SE) of the effect size (i.e. precision) on the Y axis (note that for Zr, precision is 

proportional to sample sizes). Second, we conducted a multi-level meta-regression to 

evaluate whether the size of a study and its year of publication influences effect sizes (i.e. 

small study bias and time-lag bias) by including both, standard error of effect sizes and year 

of publication as moderators, and effect size ID, cohort ID, study ID, species name, and 

phylogeny as random effects. Third, we created a funnel plot with the average of effect sizes 

from each study (X axis) against precision (Y axis), and tested for funnel asymmetry using a 

trim-and-fill method16. Finally, we created a selection model to test whether the probability of 

selecting a study depended on the significance of its effect size18.  

We found little evidence for publication bias. Visual inspection of funnel plots did not 

indicate any asymmetrical distribution of effect sizes around zero, indicating no evidence for 

publication bias (Supplementary Fig. 17 below, test for funnel plot asymmetry: P = 0.992). 

Our multi-level meta-regression publication bias test indicated no evidence for a small study 

bias (t = 7.21, P = 0.721, DF = 1810; Supplementary Fig. 18) but significant evidence for a 

time-lag bias, with more recent studies being more likely to show reproductive senescence (t 

= -2.34, P = 0.019, DF = 1810, Supplementary Fig. 18). We found no evidence for missing 

studies (missing studies on right= 0, SE = 10.94) in our trim-and-fill model that used one 

averaged effect size from each study (n = k = 379). Finally, we did not find a bias toward 

more significant effect sizes in our selection model (Supplementary Fig. 19).  
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Supplementary figures  
 

 
Supplementary Fig.1: PRISMA diagram describing the search results in different search engines and the 

different steps of selecting articles for inclusion in the meta-analysis. Depicted are the number of studies 

excluded at each stage and then those extracted, screened, and included in the meta-analysis. 
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Supplementary Fig.2: Phylogenetic relatedness explained significant variance in our data (I2 = 35.40%). 

Phylogenetic tree of all species (157) included in our meta-analysis, along with the number (N) of studies and 

effect sizes represented by each species. Overall mean effect size for each species showed as Fisher’s z-

transformed correlation coefficient (Zr) with negative values representing senescence with increasing age and 

positive values representing improvement in ejaculates with increasing age. Species icons from PhyloPic 

www.phylopic.org, with all associated images under the CC0 1.0 or PDM 1.0 copyright. 
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Supplementary Fig.3: Effect of male age on ejaculates for each class. The size of each data point represents the 

precision of the effect size (1/SE). The X axis represents values of effect sizes as Fisher’s z-transformed 

correlation coefficient (Zr), while the Y axis shows the density distribution of effect sizes. The position of the 

overall effect is shown by the dark circle, with negative values depicting senescence in ejaculate traits and 

positive values showing improvement in ejaculate traits with advancing male age. Bold error bars (95% C.I) show 

whether the overall effect size is significantly different from zero (i.e. not overlapping zero), while light error bars 

show the 95% prediction interval (P.I.) of effect sizes. Sample sizes reported as: k = number of effect sizes (in 

brackets: number of studies). 
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Supplementary Fig.4: Effect of advancing male age on various ejaculate traits for A. Fish, B. Birds, C. 

Mammals. The size of each data point represents the precision of the effect size (1/SE). The X axis represents values 

of effect sizes as Fisher’s z-transformed correlation coefficient (Zr), while the Y axis shows the density distribution 

of effect sizes. The position of the overall effect is shown by the dark circle, with negative values depicting 

senescence in ejaculate traits and positive values showing improvement in ejaculate traits with advancing male 

age. Bold error bars (95% C.I) show whether the overall effect size is significantly different from zero (i.e. not 

overlapping zero), while light error bars show the 95% prediction interval (P.I.) of effect sizes. Sample sizes 

reported as: k = number of effect sizes (in brackets: number of studies). 
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Supplementary Fig.5: Effect of advancing male age on various ejaculate traits for A. Rodents (Mus musculus and 

Rattus norvegicus) that did not go through any manipulation. B. Bulls (Bos taurus), C. Chickens (Gallus 

gallus). The size of each data point represents the precision of the effect size (1/SE). The X axis represents 

values of effect sizes as Fisher’s z-transformed correlation coefficient (Zr), while the Y axis shows the density 

distribution of effect sizes. The position of the overall effect is shown by the dark circle, with negative values 

depicting senescence in ejaculate traits and positive values showing improvement in ejaculate traits with advancing 

male age. Bold error bars (95% C.I) show whether the overall effect size is significantly different from zero (i.e. 

not overlapping zero), while light error bars show the 95% prediction interval (P.I.) of effect sizes. Sample sizes 

reported as: k = number of effect sizes (in brackets: number of studies). 
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Supplementary Fig.6: Relationship between gonadosomatic index (GSI) and effect sizes for ejaculate senescence. 

Grey lines indicate 95% C.I. 

 

 
 

Supplementary Fig.7: Effects of standardised male age (X axis) on standardised ejaculate trait values (Y axis). 

These are separately shown for % morphologically normal sperm, % motile sperm, and % viable sperm). 

Standardised male age was calculated as the proportion of maximum adult lifespan represented by the specific 

age class. Standardised trait value was calculated as percentage of morphologically normal sperm (N= 85 

studies, k= 153 effect sizes), percentage of motile sperm (N= 137 studies, k= 294 effect sizes), or percentage of 

viable sperm (N= 81 studies, k= 193 effect sizes). Shaded lines indicate 95% C.I. 
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Supplementary Fig 8: Medians (50%) and interquartile ranges (5%, 25%, 75%, 95%) of proportion of maximum 

adult lifespan sampled for A. Different population types, B. Four most common species in our dataset, and C. 

Different animal classes (note that animal classes with less than 25 effect sizes were grouped together in ‘Other’). 

Each point depicts the average lifespan sampled from a study. 
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Supplementary Fig.9: Relationship between the youngest and oldest age sampled (as proportion of adult 

lifespan sampled) for each study (n = 362). Colours indicate the proportion of maximum adult lifespan sampled 
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Supplementary Fig.10: Relationship between the youngest age sampled (as proportion of maximum lifespan 

sampled) and effect sizes for ejaculate senescence 
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Supplementary Fig.11: Relationship between the oldest age sampled (as proportion of maximum lifespan 

sampled) and effect sizes for ejaculate senescence 
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Supplementary Fig.12: A. Effect of male’s ’control’ over ejaculation on advancing male age. See 

Supplementary section 7 for definitions. B. Effect of advancing male age on ejaculates for each type of 

ejaculate collection method. The size of each data point represents the precision of the effect size (1/SE). The X 

axis represents values of effect sizes as Fisher’s z-transformed correlation coefficient (Zr), while the Y axis shows 

the density distribution of effect sizes. The position of the overall effect is shown by the dark circle, with 

negative values depicting senescence in ejaculate traits and positive values showing improvement in ejaculate traits 

with advancing male age. Bold error bars (95% C.I) show whether the overall effect size is significantly different 

from zero (i.e. not overlapping zero), while light error bars show the 95% prediction interval (P.I.) of effect sizes. 

Sample sizes reported as: k = number of effect sizes (in brackets: number of studies). 
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Supplementary Fig.13: Effect of advancing male age on ejaculate traits for different types of population. The size 

of each data point represents the precision of the effect size (1/SE). The X axis represents values of effect sizes as 

Fisher’s z-transformed correlation coefficient (Zr), while the Y axis shows the density distribution of effect 

sizes. The position of the overall effect is shown by the dark circle, with negative values depicting senescence in 

ejaculate traits and positive values showing improvement in ejaculate traits with advancing male age. Bold error 

bars (95% C.I) show whether the overall effect size is significantly different from zero (i.e. not overlapping 

zero), while light error bars show the 95% prediction interval (P.I.) of effect sizes. Sample sizes reported as: k = 

number of effect sizes (in brackets: number of studies). 
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Supplementary Fig.14: Effect of advancing male age on ejaculates for studies with longitudinal vs cross- 

sectional sampling on males’ ejaculates. The size of each data point represents the precision of the effect size 

(1/SE). The X axis represents values of effect sizes as Fisher’s z-transformed correlation coefficient (Zr), while the 

Y axis shows the density distribution of effect sizes. The position of the overall effect is shown by the dark 

circle, with negative values depicting senescence in ejaculate traits and positive values showing improvement in 

ejaculate traits with advancing male age. Bold error bars (95% C.I) show whether the overall effect size is 

significantly different from zero (i.e. not overlapping zero), while light error bars show the 95% prediction 

interval (P.I.) of effect sizes. Sample sizes reported as: k = number of effect sizes (in brackets: number of 

studies). 
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Supplementary Fig.15: A. Effect of advancing male age on ejaculates for studies with ’control’ vs ’manipulated’ 

males (see Supplementary section 9 for definitions), B. Effects of advancing male age on ejaculates for each 

type of manipulation/treatment including manipulated males only. The size of each data point represents the 

precision of the effect size (1/SE). The X axis represents values of effect sizes as Fisher’s z-transformed 

correlation coefficient (Zr), while the Y axis shows the density distribution of effect sizes. The position of the 

overall effect is shown by the dark circle, with negative values depicting senescence in ejaculate traits and positive 

values showing improvement in ejaculate traits with advancing male age. Bold error bars (95% C.I) show whether 

the overall effect size is significantly different from zero (i.e. not overlapping zero), while light error bars show 

the 95% prediction interval (P.I.) of effect sizes. Sample sizes reported as: k = number of effect sizes (in 

brackets: number of studies). 
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Supplementary Fig.16: A. Effect of advancing male age on the type of fitness trait measured in unmanipulated males. 

B. Effects of advancing male age on reproductive output and on ejaculates from studies which measure both traits. 

See Supplementary section 9 for definitions. The X axis represents values of effect sizes as Fisher’s z-transformed 

correlation coefficient (Zr), while the Y axis shows the density distribution of effect sizes. The position of the 

overall effect is shown by the dark circle, with negative values depicting senescence in ejaculate traits and positive 

values showing improvement in ejaculate traits with advancing male age. Bold error bars (95% C.I) show whether 

the overall effect size is significantly different from zero (i.e. not overlapping zero), while light error bars show 

the 95% prediction interval (P.I.) of effect sizes. Sample sizes reported as: k = number of effect sizes (in 

brackets: number of studies). 
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Supplementary Fig.17: Funnel plot of the precision (1/SE) and the residual effect (Observed outcome) from the 

null model to explore the existence of outliers and publication bias in the dataset. 
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Supplementary Fig.18: Relationship between A. Standard error and effect size estimates (Zr), and B. Year of 

publication and effect size estimates (Zr). The points are scaled according to the inverse of their variance, so that 

larger points are given greater weight in the model and represent more reliable estimates. Shaded lines indicate 

95% C.I. 
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Supplementary Fig.19: Results of a step function selection model based on several cut-points for a model 

without any moderators. 
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Supplementary Fig.20: The overall effect of advancing male age on ejaculates for studies with >10% of lifespan 

sampled. 
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Supplementary Fig.21: Effect of advancing male age on various ejaculate traits when >10% of lifespan was 

sampled for A. Insects, B. Fish, C. Birds, D. Mammals. The size of each data point represents the precision of 

the effect size (1/SE). The X axis represents values of effect sizes as Fisher’s z-transformed correlation 

coefficient (Zr), while the Y axis shows the density distribution of effect sizes. The position of the overall effect 

is shown by the dark circle, with negative values depicting senescence in ejaculate traits and positive values 

showing improvement in ejaculate traits with advancing male age. Bold error bars (95% C.I) show whether the 

overall effect size is significantly different from zero (i.e. not overlapping zero), while light error bars show the 

95% prediction interval (P.I.) of effect sizes. Sample sizes reported as: k = number of effect sizes (in brackets: 

number of studies). 
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Supplementary Fig.22: Effect of advancing male age on ejaculates when studies explicitly test for an effect of 

ageing (Yes; i.e. - studies that used the words - ageing, aging, senescence, senescent, or senescing in their 

abstracts or titles and determined to be interested in senescence) vs studies that do not explicitly test for 

senescence (No). 
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Supplementary Fig.23: Means and 95% CI of lifespan sampled for studies that explicitly test for senescence 

(Yes; i.e. - studies that used the words - ageing, aging, senescence, senescent, or senescing in their abstracts or 

titles and determined to be interested in senescence) vs studies that do not explicitly test for senescence (No). 

Each point refers to the average lifespan sampled from a study. 
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Supplementary Fig.24: Effect of method used to calculate effect sizes. Effect sizes were calculated from 

statistical tests (Test stat), standardized mean difference (SMD - when only two age groups were available) or 

through a simulation (when more than two age groups were available). The size of each data point represents 

the precision of the effect size (1/SE). The X axis represents values of effect sizes as Fisher’s z-transformed 

correlation coefficient (Zr), while the Y axis shows the density distribution of effect sizes. The position of the 

overall effect is shown by the dark circle, with negative values depicting senescence in ejaculate traits and positive 

values showing improvement in ejaculate traits with advancing male age. Bold error bars (95% C.I) show whether 

the overall effect size is significantly different from zero (i.e. not overlapping zero), while light error bars show 

the 95% prediction interval (P.I.) of effect sizes. Sample sizes reported as: k = number of effect sizes (in 

brackets: number of studies). 
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Chapter 3 

Timeless or tainted? The 

effects of male ageing on 

seminal fluid* 
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Abstract 

Reproductive senescence can occur due to the deterioration of both the soma and germline. In 

males, it has mostly been studied with respect to age-related changes in sperm. However, the 

somatic component of the ejaculate, seminal fluid, is also essential for maintaining 

reproductive function and can senesce independently of sperm. Whilst we know that seminal 

fluid proteins (SFPs) are required for male reproductive success across diverse taxa, age-

related changes in SFP quantity, quality, and composition are little understood. Additionally, 

only few studies have explored the reproductive senescence of the tissues that produce SFPs, 

and the resulting reproductive outcomes. Here we provide a systematic review of studies 

addressing how advancing male age affects the characteristics of seminal fluid, in particular 

SFPs and oxidative stress, highlighting open questions and generating new avenues for 

further research. We additionally discuss how declines in function of different characteristics 

of seminal fluid, such as SFPs and antioxidants, could contribute to age-related loss of 

reproductive ability. Overall, we find evidence that advancing age results in increased 

oxidative stress in seminal fluid and a decrease in the abundance of various SFPs. These 

results suggest that seminal fluid contributes towards important age-related changes 

influencing male reproduction. Thus, it is essential to study this mostly ignored component of 

the ejaculate, seminal fluid, to understand male reproductive ageing, and its consequences for 

sexual selection and paternal age effects on offspring.  

Keywords: senescence, reproduction, ejaculates, germline, oxidative damage, SFP 
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Introduction 

Senescence is the time-dependent decline of an organism's biological function (Monaghan et 

al., 2008), leading to reduced physiological abilities and ultimately death. Senescence results 

in numerous biological changes that include telomere shortening, accumulation of mutations, 

loss of proteostasis, mitochondrial dysfunction, and disruption of nutrient sensing pathways 

(Charlesworth, 1993; Kirkwood, 2005; López-Otín et al., 2013). Organisms also tend to have 

a lower reproductive output at older compared to younger ages. However, the onset and rate 

of decline in fertility varies considerably across taxa, depending on life-history strategies and 

ecologies of species (e.g. Lemaître et al., 2020b; Campos et al., 2022), making it difficult to 

generalise patterns of ageing across the tree of life (Jones et al., 2014).  

Onset and rate of age-related biological decline and impaired reproductive function 

varies between males and females (Bronikowski et al., 2022). There has been a long-standing 

focus on females in life-history research, and studies have only recently begun to consider 

male reproductive ageing (e.g. Fricke and Koppik, 2019; Comizzoli and Ottinger, 2021; 

Archer et al., 2022). Evidence suggests that advancing male age can affect male fertilising 

ability (Paul and Robaire, 2013; Aich et al., 2021), influence female behavior (Dean et al., 

2010; Vuarin et al., 2019), and lead to paternal effects on offspring (Daxinger and Whitelaw, 

2012). Male houbara bustards (Chlamydotis undulata), for example, produce fewer progeny 

as they age, and sons of old fathers have greatly reduced sperm numbers (Vuarin et al., 2019, 

2021). Other studies show that advancing male age can lead to lower sperm quality 

(Gasparini et al., 2010, 2014; Velando et al., 2011; Cornwallis et al., 2014; Selvaratnam and 

Robaire, 2016; Monaghan and Metcalfe, 2019; Vega-Trejo et al., 2019; Turnell and 

Reinhardt, 2020), and quantity (Johnson et al., 2015; Sepil et al., 2020). Additionally, sperm 

from older males have lower success in sperm competition and fertilize fewer eggs than 

sperm from younger males, as seen in guppies (Poecilia reticulata, Gasparini et al., 2019), 
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zebra fish (Danio rerio, Kanuga et al., 2011) and crickets (Acheta domesticus, Reinhardt and 

Siva‐Jothy, 2005). Senescence in sperm can also affect the quality of offspring (Gasparini et 

al., 2017), characterized by offspring lifespan (Xie et al., 2018; Wylde et al., 2019), telomere 

length (Bouwhuis et al., 2018; Noguera et al., 2018; Bauch et al., 2019), development 

(Preston et al., 2015), reproduction (Bouwhuis et al., 2015; Vuarin et al., 2021), and viability 

(Tan et al., 2013). While most studies on male ageing have focused on sperm traits (reviewed 

in Sanghvi et al, 2024), only few have tested for changes in the quality and quantity of 

seminal fluid with age, and its resultant fitness outcomes. Therefore, whether the reported 

effects of male age on male fertility are also driven by changes in seminal fluid rather than 

just sperm are yet unknown. 

Ejaculated sperm are usually surrounded by a cocktail of substances collectively 

called the seminal fluid (Poiani, 2006; Hopkins et al., 2017). These consist of somatic cells 

such as immune cells; macromolecules such as carbohydrates, vitamins, minerals; hormones; 

and seminal fluid proteins (SFPs). Seminal fluid (SF) in most species is made in specialized 

somatic tissues such as accessory glands, the prostate, seminal vesicle, bulbourethral, and 

ampullary glands (McGraw et al., 2015). Within seminal fluid, SFPs have been shown to be 

especially crucial in influencing male and female reproduction; these SFPs belong to a range 

of molecular classes such as antioxidants, lipases, lectins, proteases, and protease inhibitors 

and have been shown to have a diverse set of functions (Chapman, 2001; Avila et al., 2011; 

Perry et al., 2013; Ramm, 2020). For instance, SFPs facilitate normal sperm function 

(Wolfner, 1997), aid sperm storage and male sperm competitiveness (Fiumera et al., 2005, 

2007; Goenaga et al., 2015; Patlar et al., 2020), maintain sperm viability (den Boer et al., 

2008, 2009; King et al., 2011) and regulate sperm capacitation (Manjunath and Thérien, 

2002). But SFPs can also act on attributes beyond sperm, for example, by affecting female 

reproductive behavior (Bath et al., 2017; Chapman et al., 2003; Liu and Kubli, 2003). Indeed, 
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seminal fluid has been shown to affect female immunity (Short and Lazzaro, 2010), female 

investment in the current mating (Nakadera et al., 2014), female egg-laying behaviour 

(Chapman et al., 2003; Liu and Kubli, 2003), and female re-mating rates (Stockley et al., 

2020).  

The germline is predicted to receive higher protection than somatic tissue (Maklakov 

and Immler, 2016), and both tissues are separated early in development. However, seminal 

fluid being produced by somatic tissue and directly interacting with germ cells, could play an 

important role in facilitating interactions between somatic tissue and the germline. This could 

have effects across the Weismann barrier (i.e. despite the germline and somatic tissue being 

separated early in development, changes in the soma could affect the germline or the next 

generation) (Sciamanna et al., 2019; Bline et al., 2020). Knowing how seminal fluid changes 

with age and how this can influence sperm, offspring, and female physiological and 

behavioural responses to mating, in addition to understanding age-related changes in sperm, 

is essential to gain a complete picture of male reproductive senescence. Here, we first 

conduct a systematic review on how advancing male age influences the non-sperm 

component of the ejaculate (i.e. seminal fluid) across animals, and then discuss the impacts 

this might have on age-specific reproductive success. While the effects of advancing male 

age on sperm have been reviewed elsewhere (e.g. Reinhardt, 2007; Pizzari et al., 2008; 

Monaghan and Metcalfe, 2019; Sanghvi et al, 2024), to our knowledge, this is the first 

systematic review of how advancing male age affects seminal fluid. Studies differ greatly in 

their biological and methodological factors, which can modulate or confound male ageing 

effects. Thus, we also compile how some of these factors differ across studies to highlight 

gaps in current research.  
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Systematic review 
 

Literature search and data collection 

 

To understand how male age affects seminal fluid, we conducted a literature search following 

PRISMA eco-evo guidelines (O’Dea et al., 2021). We used a search string for abstracts, titles, 

and keywords “(sfp* OR seminal fluid OR seminal plasma) AND (ageing OR age OR aging 

OR senescence)” to identify studies which test how advancing male age affects seminal fluid, 

using two search engines: SCOPUS and Web of Science (WoS), on December 14th 2021, 

accessed through the University of Oxford server. The searches returned a total of 738 hits 

from WoS (year range: 1991 to 2021) and 620 from SCOPUS (year range: 1941 to 2021). 

After duplicate deletion, which was done using Rayyan (Ouzzani et al., 2016), we obtained a 

total of 970 unique papers. We then screened the abstracts of these papers using pre-defined 

inclusion and exclusion criteria (see below), before screening the full-texts to obtain a final 

list of papers from which relevant data was extracted. 

To be retained for full-text screening, the paper had to be a research article (not a 

review or meta-analysis) on any animal, and measure a seminal fluid trait for males of 

different ages, judged from its abstract. We excluded studies during abstract screening if they 

were on the wrong topic, did not compare males of different ages, did not have clear ageing 

data, only covered a small proportion of lifespan (e.g. only included young males), did not 

measure seminal fluid traits, or only measured seminal fluid during maturation of males (i.e. 

during juvenile or pubertal stages). The initial screening of abstracts produced a total of 94 

studies whose full texts were considered in more detail. 

When assessing full texts, to be included in our analysis review, a study needed to: 

compare males of non-overlapping age groups, compare non-sperm components of the 

ejaculate (like seminal fluid oxidative stress enzymes, proteins, hormones, lipids, and macro- 

or  micronutrients), report sample sizes of males in each age group and exact ages (or range 
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of ages) to which males in each age group belonged. We excluded studies whose full texts 

were not available (two studies), or which were not in English (three studies). We 

additionally conducted a scoping search on Google Scholar to obtain additional papers which 

might have been missed in our systematic screening and search. This was done by using the 

keywords “seminal fluid protein + aging + ageing + senescence” for each of the following 

taxa: “bulls”, “insects”, “pigs”, “rodents”, “humans”, “birds”, “mammals”, “fish”, and 

searching the first five search result pages for relevant studies.  

From all studies which fulfilled our inclusion criteria, we collected information on 

how male age affected various non-sperm characteristics of the ejaculate, as described in the 

paper. Additionally, we collected data on factors which could modulate the influence of 

seminal fluid ageing. These factors were: male mating history (i.e. whether males were held 

as virgin or not prior to testing), at which ages males were sampled, what fraction of average 

lifespan was covered and sampling methodology. The fraction of average lifespan covered is 

likely to influence whether seminal fluid ageing is detected in a study because ageing 

trajectories are expected to follow a non-linear pattern, with senescence being more 

prominent in late-adult life (e.g. Jones et al., 2014; Lemaître et al., 2020b).  

Male mating history could influence the ageing of seminal fluid, such that if males are 

kept virgins, old males would have stored seminal fluid for longer durations, thus have more 

degraded SFPs and a higher accumulation of oxidative damage in SF, than mated old males 

or virgin young males. On the other hand, old virgin males would accumulate higher 

quantities of SF than younger virgin males (Koppik et al., 2018; Sepil et al., 2020). If 

previously mated males are tested, the quantity of seminal fluid produced would depend on 

the timing of the last mating, number of times the male mated in succession and its rate of 

replenishment, given that the abundance of SFPs within accessory tissues/glands decreases 

significantly immediately after a mating event (Hopkins et al., 2019a; Sepil et al., 2019). 
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Furthermore, if mating history is not controlled for, then older males would have mated more 

times over their life (e.g. Aich et al, 2021), and thus have undergone more rounds of SFP 

replenishment and thus potentially a higher cell-division turnover of the glandular tissue 

producing the SFP than young males.    

Male sampling methodology (if samples are collected longitudinally or 

cross-sectionally) can also have a large impact on the study outcome. Cross-sectional 

sampling of males makes individual-level deterioration in ejaculate traits with advancing age 

harder to detect (Nussey et al, 2008), especially if low-quality males selectively disappear 

(Bouwhuis et al, 2009; Hamalainen et al, 2014). This non-random age-dependent mortality 

could lead to biased sampling of males, where younger age classes would have higher 

variance and might bias estimates of averages in seminal fluid traits compared to old age 

classes. Thus, cross-sectional studies might underestimate male reproductive senescence, 

compared to longitudinal sampling measuring the same individuals at different ages. 

 

Results 

Overall, we obtained data from 27 papers through our systematic searches, and 7 

additional papers from Google Scholar. Out of these 34 studies, 14 reported how male age 

affected SFPs (see table 1), however some of these studies reported changes in total seminal 

fluid protein content, while others, changes in abundance of specific SFPs only. 10 studies 

reported data on oxidative damage levels or antioxidants present in seminal fluid (henceforth 

collectively called “oxidative stress”, see table 2). Apart from these two components of the 

seminal fluid, a smaller fraction of studies assessed the concentration of lipids or lipoproteins 

(4 studies), minerals/vitamins content (4 studies), sugar content (2 studies), or hormone 

concentrations (4 studies) in the seminal plasma/ejaculate. In our review, we restricted our 

discussion to studies that tested for male age-related changes in SFPs and oxidative stress 
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response, as these aspects of the seminal fluid were represented by a more adequate sample 

size compared to other seminal fluid components. The low number of studies dedicated to 

male age-related changes in the seminal fluid was also reflected in the limited taxonomic 

breadth, with a strong focus on mammals (see Fig. 1). Within mammals, studies were 

conducted on farm animals, humans, and laboratory rodents (see Figure 1). For most studies, 

males were sampled up to around 80% of their average adult lifespan and 50% of their 

maximum adult lifespan (tables 1 and 2).  

 

 

Figure 1: Phylogenetic distribution of all species in our review across 34 studies along with the 

number of studies on each. Species which had data reported for age-dependent changes in SFPs and 

oxidative stress are marked.  
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Seminal fluid proteins 

Some studies that measured total seminal fluid protein content found an overall decline in SF 

quantity with male age (Rezaei et al., 2015; Fraser et al., 2016; table 1). However, studies that 

quantified individual SFPs or SFP compositional changes, found more inconsistent patterns 

for how individual SFPs changed with age. Here, some SFPs increased (Santhosh and 

Krishna, 2013; Simmons et al., 2014; Borziak et al., 2016; Inyawilert et al., 2019; Kant et al., 

2019; Westfalewicz et al., 2021), while others decreased (Marshall et al., 2009; Rezaei et al., 

2015; Koppik and Fricke, 2017; Herrera-Cruz et al., 2018; Ruhmann et al., 2018; Sepil et al., 

2020; Westfalewicz et al., 2021) with male age. Furthermore, in studies which analysed the 

full proteome of the seminal fluid, only a small proportion of SFPs changed with age (e.g. 

Borziak et al, 2016; Sepil et al., 2020).  

Methodologies differed widely between studies, ranging from estimating changes in 

overall SFP content to reporting individual protein changes. Generally, studies that tended to 

report increases in SFPs with age (e.g. in Homo sapiens, Bos taurus and Teleogryllus 

oceanicus) sampled <50% of the average lifespan of the species (e.g. Simmons et al., 2014; 

Kant et al., 2019; Santosh and Krishna, 2013; Westfalewicz et al., 2021; Table 1). This result 

suggests that extending sampling to cover the entire average lifespan is crucial and seminal 

fluid ageing trajectories might follow a hump-shaped pattern, with seminal fluid quantity 

peaking in mid-life and senescence being more prominent in late-adult life (also shown by 

Sanghvi et al, 2024, for sperm ageing).  

Many studies on non-human mammals did not report male mating history (virgin or 

mated) prior to testing. In farm animal studies, older males are likely to have been mated as 

part of a breeding program, although this was not always explicitly stated. For studies on 

insects, males were primarily kept virgin prior to testing. It is known that in D. melanogaster, 

age-related changes in SFPs depend on male mating history (Koppik and Fricke, 2017; 
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Koppik et al., 2018; Sepil et al., 2020). For instance, old unmated males transfer a lower 

abundance of SFPs in a first mating relative to young males, despite having a higher 

abundance of SFPs in storage, whereas old frequently mated males show no change in either 

transfer or storage (Sepil et al., 2020). Thus, mating history has the potential to influence the 

results reported in studies which do not control for it. We suggest future studies should adopt 

a fully factorial design to test for effects of mating history on seminal fluid ageing and use 

young and old males both as virgin and mated males, and ideally control for mating number. 

In most studies, samples were acquired from the male directly (e.g. via dissection or 

masturbation), but whether this accurately represents what would be transferred to females in 

a natural ejaculate is uncertain, especially when males have the potential for strategic 

ejaculation (Wedell et al., 2002). Most studies were cross-sectional and thus future studies to 

employ a longitudinal approach would be promising if males are not needed to be sacrificed 

to extract an ejaculate/ the seminal fluid and a large cohort of males can be followed across 

their lifetime.  
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Table 1: Summary of studies testing the effect of male age on seminal fluid proteins across different taxa as found in the systematic search. 

Proportion lifespan (LS) sampled is given in relation to reported average lifespan (avg) or maximum (max) recorded lifespan for each species. 

 

Study Species 
Proportion LS 

sampled 

Sample 

sizes 
Changes observed in SFPs 

Sampling Mating 

history 

Borziak et al, 

2016 
Gallus gallus 

1 to 7 years  

out of 5.5 (avg in 

wild) and 18 (max) 

16 total 

Total of 1141 SFPs identified, out of which 9 change with age*velocity, 

and 4 with age only. 

Protein tyrosine phosphatase type IVA 1 was present in old males only. 

Young males had more of SPARC precursor, acetyl-CoA 

acetyltransferase cytosolic, and ras-related protein Rab-11B compared 

to old males. 

Cross-

sectional 

Mated but 

sexually 

rested 

 

Inyawilert et 

al, 2019 

Gallus gallus 

domesticus 

7 to 24 months 

out of 60 (avg) and 

112 (max) months 

18 total 

Proteins with light (72kDa) molecular weights decreased with 

increasing age.  

Mid-weight proteins (90 kDa) increased with increasing age.  

Heavy proteins (140 kDa) showed no significant change. 

Cross-

sectional 

Unreported 

 

Abou-

Ahmed et al, 

1993 

Equus 

caballus 

7 to 25 years  

out of 25 (avg) and 

47 (max) years 

53 total 
Total seminal fluid protein content was highest in middle aged males,  

and lowest in the youngest and oldest age groups 

Cross-

sectional 

Mated 

 

Westfalewicz 

et al, 2021 
Bos taurus 

2 to 4 years 

out of 10 (avg) and 

25 (max) 

6 total 

Seventeen SFPs differed between young and old males. 

Older bulls had higher proteins of: glutathione; S-transferase omega 2 

(GSTO2); PRDX5; PARK7; superoxide dismutase (SODC), compared 

to younger males.  

Younger bulls had higher amounts of: keratin, type II cytoskeletal 59 

kDa, component IV (K2C4); outer dense fiber protein 2 (ODF2); 

tektin-5 (TEKT5) and TBB2B compared to older bulls 

Longitudinal Unreported 

 

Fraser et al, 

2016 
Sus scrofa 

19 to 42 months  

out of 66 (avg) and 

264 (max) months 

4 total 
Overall content of seminal fluid proteins decline with age. Did not 

identify specific SFPs. 

Longitudinal Unreported 

 

Kant et al, 

2019 

Homo 

spaiens 

20 to 40 years  

out of 72 (avg) and 

120 (max) years 

6 per 

age 

group 

Seventeen protein spots and 10 proteins differed between young and 

old groups (humans are known to contain ~3000 SFPs). 

Glutaredoxin domain containing cysteine-rich protein-2, clusterin, 

serum albumin, translation initiation factor IF-2 like, ecto-ADP-

ribosyltransferase 4, CB1 cannabinoid receptor-interacting protein 1, 

serotransferrin were found in higher abundance in older males 

compared to younger males.  

Alternative protein RRT-34 and protein Unc-119 homolog A were 

found in lower abundance in older age samples compared younger 

males. 

Cross-

sectional 

Mated 
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Simmons et 

al, 2014 

Teleogryllus 

oceanicus 

4 to 20 days  

out of 74 (avg) and 

135 (max) days 

57 total 

Total of 27 distinct SFPs identified. 

Total protein content did not vary with age. 

ToSfp014, ToSfp025, ToSfp007 (Trypsin-like serine protease), 

ToSfp017, ToSfp011, ToSfp026, ToSfp005 (Dipeptidase), ToSfp027 

(apyrase), ToSfp001, ToSfp024 (carbonic anhydrase) increased with 

age. 

Other SFPs did not change significantly with age. 

Cross-

sectional 

Virgins 

 

Koppik and 

Fricke, 2017 

Drosophila 

melanogaster 

7 to 42 days  

out of 45 (avg) and 

110 (max) days 

10 per 

age 

group 

All 5 SFP genes tested, decreased in expression with age: Acp26Aa, 

Acp29AB, Acp36DE, SP and Acp62F. 

Cross-

sectional 

Mated and 

unmated 

treatments 

 

Sepil et al, 

2020 

D. 

melanogaster 

7 to 35 days  

out of 45 (avg) and 

110 (max) days 

80 per 

age 

group 

117 SFPs identified, out of which 40 changed with age. Focused on 6 

functionally important SFPs. 

Acp62F, Semp1, and Acp26Aa decreased with age. 

Acp70A [sex peptide], Acp36DE, and CG9997 showed no change with 

age. 

Age-related accumulation of SFPs in unmated males, but reduced 

transfer. 

No change in SFP abundance or transfer with age in frequently-mating 

males 

Evidence of age related Post-translational modifications in some SFPs  

Cross-

sectional 

Mated and 

unmated 

treatments 

 

Rezaei et al, 

2015 

D. 

melanogaster 

2 to 53 days  

out of 45 (avg) and 

110 (max) days 

20 per 

age 

group 

Overall seminal fluid amount decreases with age. Did not measure 

specific SFPs. 

Cross-

sectional 

Virgins 

 

Ruhmann et 

al, 2018 

D. 

melanogaster 

4 d - 42 d  

out of 45 (avg) and 

110 (max) days 

18 per 

age 

group 

Measure two SFPs: sex peptide and ovulin. 

Sex peptide decreased in old males, ovulin levels did not change with 

age. 

Cross-

sectional 

Mated 

 

Herrera‐Cruz 

et al, 2018 

Anastrepha 

ludens 

8 d to 72 days 

out of 50 days 

(avg), 1 year (max) 

20 per 

age 

group 

Old males had lower overall protein content in their testis (but not 

accessory glands) compared to young males. 

Cross-

sectional 

Virgins 

 

Marshall et 

al, 2009 

Allonemobius 

socius 

5 to 40 days 

out of 35 days 

(avg) and 100 days 

(max) 

42 total Protein X (trypsin like serine protein) reduces with male age. 

Cross-

sectional 

Virgins 

 

Santhosh and 

Krishna, 

2013 

Drosophila 

bipectinata 

2 to 47 days 

out of 58 days 

(avg) and 200 days 

(max) 

50 per 

age 

group 

Overall SFP quantity increases with male age 

Cross-

sectional 

Virgins 
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Seminal fluid oxidative stress 

 

Overall, the antioxidant enzymes involved in protecting against oxidative damage decreased 

significantly in the seminal fluid with advancing male age (see table 2). All studies that 

measured antioxidant content in the seminal fluid (e.g. TSOD, MnSOD, CuZnSOD, TGSH, 

CAT) consistently reported a decline in older males compared to younger or middle-aged 

males. Additionally, oxidative stress markers and reactive oxygen species were found in 

higher quantities in older male seminal fluid compared to younger males (e.g. El-Gindy and 

Zeweil, 2017; Kara et al., 2019). Notably, all studies on seminal fluid oxidative stress used 

mammals, so we cannot ascertain whether this is a pattern also seen in other animal groups. 

None of these studies reported the mating history of the males, and only one study sampled 

males longitudinally (Fraser et al., 2016).  
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Table 2: Summary of studies found in the systematic literature search that focus on male-age dependent changes in antioxidants, oxidative stress 

biomarkers and reactive oxygen species in male ejaculates/ seminal plasma. Proportion lifespan (LS) sampled is given in relation to reported 

average lifespan (avg) or maximum (max) recorded lifespan for each species. 

 
Study Species Proportion LS 

sampled 

Sample 

sizes 

Changes observed in oxidative stress Sampling Mating 

history 

Vince et 

al., 2018 

Bos taurus 2 to 10 years out of 

10 (avg) and 25 

(max) 

9 young, 

9 old 

Antioxidants such as TSOD, MnSOD, CuZnSOD, TGSH, CAT all higher 

in young males. 

Oxidative stress was higher in old males. 

Cross-

sectional 

Unreported 

Ahmad et 

al., 2020 

Bos taurus 3 to 10 years out of 

10 (avg) and 25 

(max) 

6 young 

6 old 

Younger bulls have higher total antioxidants.  

For catalase and malondialdehyde, there is no sig. difference. 

Cross-

sectional 

Unreported 

Majić 

Balić et 

al., 2012 

Bos taurus 2 to 10 years out of 

10 (avg) and 25 

(max) 

9 young, 

10 old 

Seasonal dependent changes in antioxidants:  

For total glutathione peroxidase (T-GSH-Px), young bulls have more in all 

seasons. 

For glutathione peroxidase (Se-GSH-Px), protein carbonyl content (PCC), 

young males have more in 3/4 seasons. 

Cross-

sectional 

Unreported 

Kelso et 

al., 1997 

Bos taurus 2 to 9 years out of 

10 (avg) and 25 

(max) 

4 in 

each of 

the three 

classes 

For both antioxidants measured, Glutathione peroxidase and Superoxide 

dismutase, younger males had more than older males 

Cross-

sectional 

Unreported 

Noguera 

et al., 

2012 

Gallus gallus 1 to 4 years out of 

5.5 (avg in wild) 

and 18 (max) 

6 young, 

15 old 

Decrease in antioxidants such as -SH group of proteins, uric acid, vitA, vit 

C, vit E in old males 

Cross-

sectional 

Unreported 

El-Gindy 

et al, 2017 

Oryctolagus  

cuniculus 

9 to 42 months out 

of 24 months (avg) 

and 150 months 

(max) 

18 

young, 

18 old 

Aspartate transaminase showed no significant change with age 

Antioxidants decreased in old males 

Oxidative stress marker Malondialdehyde increased sig in old males 

Cross-

sectional 

Unreported 

Kara et al, 

2019 

Mus 

musculus 

3 to 24 months out 

of 24 (avg) and 48 

(max) months 

14 

young, 

21 old 

Antioxidants glutathione peroxidase and reductive glutathione decreased 

in older males. 

Oxidative stress marker malondialdehyde increased in old males 

Cross-

sectional 

Unreported 
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Fraser et 

al, 2016 

Sus scrofa 19 to 42 months out 

of 66 (avg) and 264 

(max) months 

4 in total Antiperoxidant activity lower in older animals. 

Antioxidant L-glutathione concentration peaks at mid age, and declines in 

older animals 

Longitudinal Unreported 

Waheed et 

al., 2013 

Equus 

caballus 

4 to 22 years out of 

25 (avg) and 47 

(max) years 

6 in 

each age 

group 

Antioxidant Glutathioneperoxidase highest in middle aged males, and 

lower in oldest and youngest males 

Cross-

sectional 

Unreported 

Takemura 

et al., 

2014 

Rattus 

norvegicus 

15 to 75 weeks out 

of 124 (avg) and 

187 (max) weeks 

4 to 5 in 

each 

group 

DJ-1 antioxidant decreased with age.  

Cu/ZnSOD antioxidant decreased with age 

Cross-

sectional 

Unreported 
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Discussion 

Here, we systematically reviewed how the non-sperm components of the ejaculate (i.e. 

seminal fluid) changed with male age. Sperm ageing has been a major focus of previous 

studies, while seminal fluid has not been studied nearly as extensively. This is highlighted by 

the limited number of studies and taxa found in our systematic review, with the majority of 

studies either investigating age-related changes in SFPs or oxidative stress. Below, we discuss 

how the age-dependent changes in seminal fluid components found in our systematic review 

might influence male reproductive ageing, and discuss why the omission of seminal fluid and 

its associated somatic tissue is an important oversight in evolutionary and ecological 

research. 

 

Seminal fluid protein 

We found some heterogeneity between studies in age-related SFP changes. While total 

seminal fluid protein content and the abundance of many SFPs declined with age, some 

specific SFPs also increased in abundance with age. This disparity could be due to specific 

proteins responding differently to age based on their function or tissue-of-origin (Borziak et 

al., 2016; Sepil et al., 2020), or due to a reporting bias, or due to studies not sampling males 

to late-life.  

While studies in our review rarely directly discussed the functional importance of the 

changes in observed SFPs, below we highlight potential fitness consequences of our obtained 

results, based on known functions of proteins that declined with age. Overall protein content 

can influence male fertilisation success as well as a variety of female responses. For instance, 

older male D. melanogaster are less able to delay female remating and stimulate egg laying 

compared to younger males due to reduced overall SFP content (Chapman et al., 2003; 

Koppik and Fricke, 2017; Ruhmann et al., 2018; Sepil et al., 2020). Similarly in Aedes 
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aegypti mosquitoes, older males are less able to prevent female remating due to reduced SFP 

content (Agudelo et al., 2021). Therefore, a consistent reduction observed in overall protein 

content in old males, could indicate reduced egg-laying in females mated to old males. 

Sepil et al. (2020) found a significant age-related increase in SFP abundances in the 

accessory glands of unmated males, but no change in SFP abundances in the accessory glands 

of frequently-mated males. Yet, they also found that female egg laying behaviour and 

remating affinity changed as a function of male age following matings with sperm-less (but 

seminal fluid producing) males, demonstrating seminal fluid alone contributed to the decline 

in reproductive function with male age. This disparity in results in Sepil et al (2020) might be 

explained by SFPs that males transfer to females, and by declines in SFP quality rather than 

abundance. Specifically, while Sepil et al. (2020) found no age-related decline in SFP 

abundances in the accessory glands, old unmated males transferred a lower quantity of SFPs 

to females compared to younger unmated males. Additionally, Sepil et al (2020) found that 

SFPs in old males were more degraded (in western blots) than in young males, making it 

likely that changes in SFP quality and not just quantity explain reproductive senescence.  

Apart from affecting male ability to induce female post-mating responses, age-related 

changes in seminal fluid might also affect sperm traits. For example, in the jungle fowl 

Gallus gallus, age-related changes in proteins which affect sperm velocity were detected 

(Borziak et al., 2016). Thus, the decreased ability of older males to gain paternity under 

sperm competition and fertilise eggs may be driven by changes in SFPs influencing sperm 

performance, rather than direct age-related changes in sperm per se.  

It is becoming increasingly possible to manipulate the expression of individual SFPs 

to better understand how particular SFPs affect female post-mating behaviour and sperm 

competition. For instance, using a combination of proteomics and RNAi knockout assays, 

Marshall et al. (2009) identified a single accessory gland-derived ejaculate protein in the 
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ground cricket Allonemobius socius that influences female egg-laying and declines in 

expression with male age. Age-related declines in this protein (and after it being knocked out) 

explained the waning ability of males to induce female egg laying as the male ages. A 

limitation of such knockout studies however is that they consider only one or a few seminal 

fluid proteins, whereas in reality the seminal fluid proteome is a highly integrated unit whose 

individual components co-vary in their expression (Mohorianu et al., 2018; Patlar et al., 

2019).  

Generally, the studies in our review suggest that senescence in male fertility due to 

senescence in seminal fluid proteins, might occur due to the following pathways: SFPs 

influencing female oviposition, ovulation, and remating; and SFPs influencing sperm 

performance. Our review also suggests that declines in SFP quality with advancing male age 

due to proteostasis, rather than solely the diminishing abundance of SFPs per se, might be 

important in mediating male reproductive senescence. A loss of protein homeostasis – 

proteostasis – is a well-known feature of ageing, characterised by a failure of chaperones and 

protein degradation machinery, and protein misfolding (Labbadia and Morimoto, 2014), and 

we suggest that SFP proteostasis with advancing age be investigated more thoroughly. 

While our systematic review showed general age-related declines in SFPs, whether 

the somatic tissues that produce SFPs are affected by advancing age, remains unclear. 

Generally, the size of prostate/accessory glands (where SF is produced) tends to increase as 

males grow older (Jin et al., 1996; Atalan et al., 1999; Mubenga et al., 2020; Rezaei et al., 

2015; Reyes-Hernández and Pérez-Staples, 2017), although shrinkage with age is also 

reported in a few studies (Mazeed and Mohanny, 2010; Santhosh and Krishna, 2013). 

However, the overall size of the seminal fluid-producing organ does not necessarily predict 

protein content, as found in A. ludens (Herrera-Cruz et al., 2018) and D. bipectinata 

(Santhosh and Krishna, 2013). In humans, the increase in prostate size is known as benign 
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prostatic hyperplasia (Berges and Oelke, 2011; Zhang et al., 2013). Some theory predicts that 

the enlargement of the prostate is a side-effect of cellular hyperfunction (Blagosklonny, 2021) 

where suboptimal nutrient-sensing molecular signalling in late-life causes excessive 

biosynthesis (Lind et al., 2019). Future studies can compare changes in seminal-fluid 

producing organs against the quality, quantity, and composition of seminal fluid proteins 

produced, to test whether changes in SFP quantity is merely a consequence of changes in the 

size of organs that produce SFP.  

 

Seminal fluid oxidative stress 

The studies we reviewed consistently found that antioxidant quantity in the seminal fluid 

decreases with advancing male age, while oxidative stress markers tended to increase in the 

seminal fluid as males aged. Reactive oxygen species (ROS) are unstable, free radical 

compounds and are required for vital cellular processes (Finkel and Holbrook, 2000; Hajam 

et al., 2022), but can also be deleterious to cells in high concentrations. ROS play a role in 

sperm activation and influencing sperm motility (Aitken et al., 2022) therefore ROS has an 

important function for male reproduction (Mannucci et al., 2022). ROS however, in excess 

quantities, can deteriorate sperm homeostasis and reduce male fertility (Mannucci et al., 

2022). Antioxidants play a key role in stabilising free radicals generated as part of cellular 

processes (Hood et al., 2019), and an imbalance between antioxidants and ROS causes 

oxidative stress. Oxidative stress in seminal fluid can cause sperm DNA damage and 

negatively influence the activation of various sperm transcription factors (Aitken and Baker, 

2006; Sabeti et al., 2016; Aitken, 2017). Our review suggest that older males have lower 

antioxidant levels but higher oxidative stress markers and ROS in their seminal fluid, and 

thus likely have higher overall oxidative stress than young males. The excessive ROS in 

seminal fluid of old males could be due to higher ROS production in seminal-fluid producing 
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tissue of old males, or due to ROS in sperm of old males “leaking” into seminal fluid or 

somatic cells. Future studies could investigate what mechanisms lead to higher ROS in 

seminal fluid of old males, and what the fitness consequences of this is.  

 

Inter-generational effects of seminal fluid ageing   

The impact of male age is not limited to his own and his mates’ reproductive success, but can 

potentially influence the fitness of offspring through epigenetic mechanisms (Curley et al., 

2011; Crean and Bonduriansky, 2014). Advanced paternal age has been shown to shorten 

offspring lifespan, exacerbate ageing-related pathology and to alter offspring social behaviour 

(Kong et al., 2012; Brenman-Suttner et al., 2018; Xie et al., 2018). These inter-generational 

paternal effects were believed to be primarily due to the accumulation of de novo mutations 

in ageing germ cells. However, recent work suggests that paternal effects on offspring could 

be mediated via seminal fluid (Watkins et al., 2018; Evans et al., 2019; Simmons and 

Lovegrove, 2019, 2020; Kekäläinen et al., 2020). These inter-generational effects of seminal 

fluid on offspring could be due to: seminal fluid influencing female investment in embryos; 

seminal fluid acting as a medium for extracellular vesicles carrying epigenetic information to 

sperm and eggs; and antioxidants in seminal fluid aiding in sperm DNA repair (Watkins et al., 

2018; Evans et al., 2019; Simmons and Lovegrove, 2019, 2020; Kekäläinen et al., 2020). 

Inter-generational effects mediated via seminal fluid are yet to be investigated in the context 

of male age, providing an important avenue for future research. 
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Conclusion  

Our review highlights the gaps in our knowledge about seminal fluid ageing, and our relative 

ignorance about how male age influences seminal fluid compared to sperm. For instance, we 

emphasize that the current literature on seminal fluid ageing has a large taxonomic bias 

(insects and farm animals over-represented), sampling bias (i.e. ejaculates obtained from 

males and using cross-sectional sampling), only few studies focus on the complete seminal 

fluid proteome or on characteristics other than SFPs and oxidative stress. Our review 

generates some hypotheses for how ageing of seminal fluid might affect male and female 

fitness, and shows that male age consistently impacts the level of oxidative stress in the 

seminal fluid, and to some extent the abundance and quality of SFPs in the ejaculate. We link 

these results of age-dependent changes observed in the seminal fluid profile with male 

fitness. These changes in SFPs might be linked with changes in female post-mating behaviour 

(Koppik and Fricke, 2017; Sepil et al., 2020) and oviposition rate (Marshall et al., 2009), as 

well as male sperm competitiveness (Ruhmann et al., 2018; Sepil et al., 2020) and sperm 

oxidative stress (Kant et al., 2019; Westfalewicz et al., 2021). Understanding reproductive 

ageing patterns of sperm as well as seminal fluid, and the tissues producing them, can provide 

a better understanding of male reproductive senescence.  
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Abstract 

 

Advancing male age can lead to reproductive senescence, which in males is thought to be 

largely driven by declines in the numbers of sperm transferred by old males. This decline is 

predicted to be particularly pronounced in polygynous species, where male sperm reserves 

can deplete over a series of successive matings. However, males also transfer seminal fluid to 

females, and little is known about the differential contribution of sperm and seminal fluid to 

constrain the reproductive success of young and old multiply-mating males. Here, we 

investigated whether age-related variation in male reproductive success is driven by 

differential limitation of sperm and seminal fluid, in Drosophila melanogaster, over a series 

of experimental matings. Consistent with reproductive senescence, old males produced fewer 

offspring than young males. Surprisingly however, old males had more sperm in their seminal 

vesicles and transferred similar numbers of sperm to females, compared to young males. 

However, females that mated to old males stored fewer sperm than females mated to young 

males. Furthermore, the size of the seminal fluid-producing accessory glands declined more 

steeply over the mating sequence of old males. The reproductive decline suffered by old 

males was alleviated when a female received extra seminal fluid from a young male prior to 

her mating with focal old males. Collectively, our results indicate that reproductive success of 

old and of multiply-mating males is likely limited by seminal fluid quality and composition, 

rather than sperm number. While other factors such as differential sperm viability and female 

post-mating responses could have also influenced our results, our study highlights the under-

appreciated role of seminal fluid in mediating male reproductive senescence in polygynous 

species.   

 

Keywords: ageing, senescence, ejaculate, sexual conflict, sexual selection 
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Introduction 

Advancing age, often (Lemaitre and Gaillard, 2017; Monaghan et al, 2008), but not always 

(Jones et al, 2014; Sanghvi et al, 2024), leads to irreversible declines in fecundity and fertility 

(Vrtilek et al, 2023), a pattern known as reproductive senescence (Monaghan and Metcalfe, 

2019). In males, reproductive senescence is primarily attributed to age-dependent 

deterioration in mating success (Amin et al, 2012; Rezaei et al, 2015), reduced sperm quality 

(Dean et al, 2010; Gasparini et al, 2019; Johnson et al, 2015; Vuarin et al, 2019), quantity 

(Cornwallis et al, 2014; Sasson et al, 2012), and performance (Aich et al, 2021; Gasparini et 

al, 2010). However, male reproductive senescence can also occur due to age-dependent 

deterioration in the non-sperm component of the ejaculate, seminal fluid (Borziak, 2016; 

Fricke and Koppik, 2019; Koppik and Fricke, 2017; Sepil et al, 2020).  

Understanding male reproductive senescence requires an integrated study of both, 

sperm- and seminal fluid-mediated age-related changes in male reproductive success (Koppik 

and Fricke, 2017; Sepil et al, 2020). In many species, seminal fluid is crucial for ensuring 

fertilization (Chapman and Davies, 2004), maintaining sperm performance (den Boer et al, 

2010; Ramm, 2020), promoting female oviposition (Heifetz et al, 2005; Poiani, 2006; Sirot et 

al, 2009b), and facilitating long-term sperm storage (Avila et al, 2011). Ejaculates produced 

by old males often have an altered seminal fluid protein (SFP) composition (Koppik and 

Fricke, 2017, Sepil et al, 2020), lower quantities of seminal fluid (Ruhmann et al, 2018), 

more degraded SFPs (Fricke et al, 2023), and higher levels of oxidative stress (Noguera et al, 

2012) than ejaculates of young males. Thus, age-related changes in seminal fluid can play an 

important role in constraining the reproductive success of old males (Fricke et al, 2023; Sepil 

et al, 2020). Measuring changes caused by both ejaculate components is crucial because each 

can senesce at different rates (Reinhardt et al, 2011; Sepil et al, 2020). In line with the 

disposable-soma theory of ageing (Maklakov and Immler, 2017), a higher rate of senescence 
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in seminal fluid (SF) than sperm is hypothesized due to SF being produced by somatic tissue, 

which might be less protected from age-related damage than the germline (Fricke et al, 2023; 

Milholland et al, 2017). Understanding senescence in the whole ejaculate, and not only 

sperm, will lead to more effective strategies for alleviating senescence in fertility. 

Male reproductive senescence might be particularly relevant in polygynous species, 

where males can mate with a series of multiple females in quick succession over a ‘mating 

sequence’. Ejaculate production is costly (Dowling and Simmons, 2012; Olsson et al, 1997), 

and males in polygynous species can become depleted of sperm (Gerofotis et al, 2015; 

Pitnick and Markow, 1994; Rubolini et al, 2007) and seminal fluid (Hopkins et al 2019b; 

Linklater et al, 2007; Reinhardt et al, 2011; Sirot et al, 2009a) when mating-multiply. Such 

ejaculate limitation can decrease the reproductive output of polygynous males as they 

progress through series of successive matings (Abe, 2019; Lewis, 2004; Loyau et al, 2012; 

Macartney et al, 2020; Swierk et al, 2015). In such scenarios, the effects of male reproductive 

senescence might become more pronounced later in a mating sequence if old males suffer 

steeper rates of ejaculate depletion (Bressac et al, 2008, 2009, Appendix 1). For instance, 

terminal investment could lead old males to invest relatively more in early matings of a 

mating sequence, at the cost of lower investment in later matings (Duffield et al, 2017; Part et 

al, 1992), leading to a steeper decline in reproductive output for old males through a mating 

sequence. Such hypotheses (see Appendix 1) can only be tested by investigating age-specific 

patterns of sperm and seminal fluid depletion over a mating sequence. Surprisingly however, 

little is known about such patterns.  

Here we use the fruit fly, Drosophila melanogaster, to investigate changes in the 

reproductive success of old and young males over a mating sequence, and subsequently 

investigate the ejaculate-mediated mechanisms underpinning these patterns. Fruit flies are an 

ideal system for our study because they have been used extensively for reproductive ageing 
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research. Previous studies show that old males have lower quality and quantity of sperm 

(Sepil et al, 2020; Turnell and Reinhardt, 2020) and seminal fluid (reviewed in Fricke et al, 

2023), and lower reproductive success (Sanghvi et al, 2023; Snoke and Promislow, 2003) 

than young males. Male fruit flies are polygynous (Hopkins et al, 2019b), and due to a low 

sperm to egg number ratio (Bjork and Pitnick, 2006), can become ejaculate depleted after few 

matings (Pitnick and Markow, 1994; Hopkins et al, 2019b).  

 We conduct three experiments. First, we compare the reproductive success of old and 

young males exposed to 10 females in a mating sequence (experiment A). Second, we 

investigate the role of seminal fluid in explaining age differences in reproductive success 

(experiment B). Finally, we test whether sperm number limitation in males and females 

explains differences in reproductive success of old and young males (experiment C). We test 

predictions form three non-mutually exclusive hypotheses (H1-H3). First, old males might be 

terminally investing in reproduction (i.e. steeper slopes for old males through a mating 

sequence), or be more prudent in their ejaculate allocation than young males (i.e. shallower 

slopes for old males through a mating sequence). In line with these hypotheses, we predict 

male age to interact with female order in a mating sequence, to affect male reproductive 

output and ejaculate allocation (experiments A and C; H1; see Appendix 1). Second, males 

might show higher rates of senescence in somatic tissue than the germline. This would cause 

old males to have lower reproductive output due to senescence in seminal fluid, rather than 

sperm. Thus, we predict that when females receive seminal fluid from young males before 

mating with focal males, the reproductive output of old and young focal males will be similar 

(experiment B; H2). Third, lower reproductive output of old compared to young males might 

be due to sperm number limitation. If so, we predict old males to have smaller sperm reserves 

and transfer fewer sperm to females, compared to young males (experiment C; H3).  
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Method 

Stock maintenance  

All flies in our experiments were maintained at a 12:12hr light cycle at a constant 

temperature of 25°C and 45% relative humidity, under which, flies have an egg-to-adult 

developmental time of 10 days. For experiments A and B, we used males of the wildtype 

Dahomey strain (henceforth, “dah”) that has been maintained since the 1970’s in the lab. 

Experiment B additionally used son-of-tudor (henceforth, “sot”) males that are infertile (i.e. 

sperm-less) but transfer seminal fluid (Boswell and Mahowald, 1985; Hopkins et al, 2019a; 

Kalb et al, 1993; Sepil et al, 2020; see Appendix 2). For experiment C, we used the Ub-GFP 

line (henceforth, “gfp”) where transgenes expressing green fluorescent proteins enable the 

visualization of sperm heads (Manier et al, 2010). All females used in our experiments were 

young (3-4 days old) and of dah background. Across the three experiments, male flies 

between 3 to 11 days of age were considered young, and between 37 to 46 days as old, based 

on previous studies (Aguilar et al, 2023; Sanghvi et al, 2023; Sepil et al, 2020; Snoke and 

Promislow, 2003; Ruhmann et al, 2018; Turnell and Reinhardt, 2020). 

 

Experimental flies 

To generate experimental males of each line (dah, sot and gfp), we collected eggs from our 

stock populations with a standardised egg density of ~150 flies per bottle (Clancy and 

Kennington, 2001). To ensure virginity, we collected flies within six hours of emergence, 

using ice anaesthesia (Clancy and Kennington, 2001). All experimental males and females 

were fed with Lewis medium supplemented with molasses and ad libitum live yeast (Lewis, 

1960). All experimental flies were kept as virgins in single-sex vials of 10 individuals, until 

being used for the experimental assays (more below). Experimental virgin males were 

transferred onto new food once a week. Virgin males in our lab usually have a median and 
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maximum lifespan of 50 and 90 days respectively (Sanghvi et al, 2023; Sepil et al 2020; also 

see Figure S6). Sample sizes across the three experiments are provided in table S1. 

 

Mating experiments 

Experiment A 

We first compared changes in the reproductive output of young (9-10 days old) and old (44-

46 days old) males in a multiple-mating sequence. On the day of the mating assay, 60 old and 

60 young experimental males were haphazardly chosen to successively mate with a 

maximum of 10 females, over a duration of 9 hours. Each male was moved into a vial 

containing a single virgin young dah female, and observed. Each male remained with a 

female until the pair mated, and if males did not mate until the end of the 9 hour assay with 

any female, that female was not included in our analysis. Once mated, the male was 

immediately transferred into another vial containing a new, young virgin female. Mated 

females were given 24 hours to oviposit in the same vial, after which females were discarded. 

The flies (i.e. offspring) in these vials were given 14 days to develop and eclose, after which 

these vials were frozen at -20°C and the number of eclosed (adult) offspring counted. 

Experiment A was conducted across two replicates (blocks).  

 

Experiment B 

We tested whether seminal fluid limitation modulates the reproductive output of old and 

young, multiply-mate males. Specifically, we investigated whether seminal fluid obtained by 

a female from her first mating (with a young sot male), impacts the reproductive output of old 

and young dah males, who subsequently mate with these females. To do this, we generated 

young (4 to 11 days old) virgin sot males which lack sperm but produce seminal fluid (see 

Appendix 2). We mated ~200 young (3 to 4 days old) virgin dah females, each with a young 
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virgin sot male, and observed their matings. On the same day, we then conducted a multiple-

mating assay using these sot-mated dah females, and experimental young (9-10 days old) and 

old (44-46 days old) dah males. Specifically, we chose 115 old and 80 young experimental 

dah males haphazardly to successively mate with a up to 10 sot-mated dah females, over a 

duration of 9 hours. More old males were used because old males were less likely to mate 

with females. Each young or old experimental dah male was moved into a vial containing a 

single sot-mated dah female, and observed, as described above for experiment A. Once 

mated, experimental dah males were immediately transferred into a new vial containing a 

different, young sot-mated dah female. Females who mated with experimental dah males 

were given 24 hours to oviposit in the same vial, after which females were discarded. These 

vials were frozen 14 days after the oviposition period at -20°C, and the number of eclosed 

(adult) offspring in the vials were later counted. Experiment B was conducted across two 

replicates (blocks). 

 

Experiment C 

Finally, we investigated whether sperm limitation drove differences in reproductive output of 

old and young mate-multiplying males. Specifically, we compared the number of sperm 

transferred to, and stored by, females mated to old and young mate-multiplying males, as well 

as sperm reserves and accessory gland size of mate-multiplying males. For this, we first 

generated experimental old (37 to 41 days old) and young (3 to 7 days old) gfp males. We 

then haphazardly chose 50 old and 28 young males to successively mate with a maximum of 

10 dah females, over a duration of 9 hours. Old males are less likely to mate thus more were 

used. Similar to experiments A and B, each male was moved into a vial containing a single 

virgin dah female and following a mating, males were immediately transferred into a new 

vial containing a different virgin dah female. Following mating, odd-numbered females in a 
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male’s mating sequence (i.e. 1st, 3rd, 5th, 7th, and 9th female), were given 24 hours to oviposit 

in the same vial, after which the female was frozen at -20°C. These vials were frozen 14 days 

after oviposition, and the number of eclosed (adult) offspring in these vials were counted. All 

even-numbered females in a male’s mating sequence (i.e. the 2nd, 4th, 6th, 8th, and 10th female) 

were frozen within 30 minutes of mating, at -20°C. Additionally, all mated gfp males as well 

as four old and nine young virgin gfp males not exposed to females, were frozen at -20°C 

after the mating assay. Reproductive tracts of frozen females (bursa, seminal receptacle, and 

spermathecae) and males (seminal vesicle and accessory glands) were dissected in PBS under 

a Leica M80 dissection microscope (Appendix 3, 4, 5). Male accessory glands (the primary 

site of seminal fluid production in flies) and the sperm stored in odd-numbered females were 

imaged using a Nikon E600 fluorescence microscope. Sperm stored in even-numbered 

females and in male seminal vesicles were imaged using a Zeiss LSM880 confocal 

microscope (Appendix 3, 4, 5). Data from images was obtained using FIJI (Schindelin et al, 

2012; Appendix 4, 5). Experiment C took place across three replicates (blocks). 

 

Data analysis 

Male reproductive output 

We analysed data on male reproductive output through a mating sequence from each of the 

three experiments separately, using the package glmmTMB (Brooks et al, 2017) in R v4.2 (R 

core team, 2012). In each of these analyses, the numbers of offspring produced by each 

female over 24 hours of oviposition, was our dependent variable. We included male age 

(young or old), female order (henceforth, ‘female number’, i.e. the 1st to 10th female a male 

mates with) in a mating sequence, their two-way interaction (i.e. male age x female number), 

and replicate, as fixed effects, with male ID as a random effect across all models. 

Additionally, we included observation-level (i.e. row) as a random effect to control for 
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overdispersion in the data (Harrison, 2014), which was assessed using DHARMa (Hartig, 

2017). Each analysis involved two steps. First, we ascertained whether including a zero-

inflation term improved model fit. We did this by comparing a model with Poisson against 

one with a zero-inflated Poisson error distribution, and chose the model with the lowest AIC 

(henceforth, best-fit distribution). Second, using our best-fit distribution model, we compared 

three different fixed effect structures pertaining to male age and female number, to 

understand whether changes in male reproductive output though a mating sequence was 

linear or not. These model comparisons were done using a likelihood ratio test with the 

function anova in the package base (R core team, 2012). These fixed effect structures were: a 

model where male age interacted with only the linear term of female number (age * female 

number); one where male age interacted separately with both, the linear and quadratic term 

for female number ((age * female number) + (age * I(female number^2))); and one with male 

age, a linear term for female number, their two-way interaction, and a separate quadratic term 

for female number ((age * female number) +  I(female number^2)). Importantly, males that 

did not copulate with a single female were excluded from these analyses. 

 

Sperm transfer and storage in females  

For experiment C, we additionally analysed data on the number of sperm transferred to odd-

numbered females, and the number of sperm stored by even-numbered females after 24 hours 

of egg laying, in two separate models. To test how male age affected the number of sperm 

transferred to odd-numbered females, we modelled sperm number as our dependent variable. 

Here, sperm numbers were estimated automatically from images of female bursa, seminal 

receptacle, and spermathecae, using the ‘find maxima’ plugin on FIJI win32 (see Appendix 

4). To test how male age affected the number of sperm stored by even-numbered females, we 

modelled sperm number as our dependent variable. Here, sperm numbers in female 
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spermathecae and seminal receptacle were counted manually using the cell counter plugin on 

FIJI win32 (see Appendix 4). For both models on sperm number in females, we modelled 

male age, female number in a mating sequence, their two-way interaction, and replicate, as 

fixed effects, with male ID and an observation-level as random effects. Our model selection 

procedure for both models was the same as described above (see data analysis: male 

reproductive output). Specifically, we first determined the best-fit error distribution for our 

models, and then determined the best fixed effects pertaining to female number being linear 

or quadratic.  

 

Male sperm reserves and accessory glands 

For experiment C, we further compared the number of sperm in the seminal vesicles of old 

and young males. Here, we included male age, male mating success (i.e. total number of 

females a male mated with), their two-way interaction, and replicate, as fixed effects. We 

modelled sperm counts (estimated using the ‘find maxima’ plugin on FIJI, Appendix 4) as our 

dependent variable. Similar to the models on reproductive output described above, for our 

model on sperm numbers in males, we first determined the best-fit error distribution. We then 

chose the most suitable fixed effects terms pertaining to male mating success being included 

as a linear or quadratic term. For experiment C, we also analysed data on the area of 

accessory glands (which are the primary site of SF production) on a subset on males. For this, 

we created a linear model with Gaussian error distribution in the lme4 (Bates et al, 2014) 

package, and included male accessory gland area (one value per male, which was the average 

area of the two accessory glands) as our dependent variable. Male age, male mating success 

(i.e. total number of females a male mated with), their two-way interaction, and replicate, 

were modelled as fixed effects. All LMMs were checked for normality of residuals and 

homoscedasticity, using the stats package (R core team, 2012). 
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For all our models, only when the two-way interactions between male age and female 

number or male mating success were non-significant, we created a main-effects model to 

interpret the independent influence of fixed effects (Engqvist, 2005). For all our models, we 

conducted post-hoc pairwise comparisons between old and young males using effect sizes 

(Hedge’s g, with α = 0.05) for each female number in a mating sequence. For final models, 

we calculated the variance explained by fixed effects as R2
marginal. Final model structures are 

described in Table S2. 

 

Results 

Male reproductive output  

In experiment A, we mated dah males to dah females, to compare the reproductive output of 

old and young males over a mating sequence. Variation in the number of offspring produced 

by mated females was explained by a significant two-way interaction between male age and 

female number in a mating sequence (z = -2.24; P = 0.025; Figure 1A, Table S3). Post-hoc 

tests revealed that young males produced significantly more offspring compared to old males, 

earlier in a mating sequence. Overall, male reproductive output declined through a mating 

sequence, however this decline was steeper for young than old males (Figure S7).  

 In experiment B, we first mated dah females to young, virgin sot males (which 

transfer SF but not sperm), and then re-mated these females to either young or old dah males. 

We found no significant effect of male age (z = 1.65, P = 0.099), female number in a mating 

sequence (z = 1.3, P = 0.193), or an interaction between male age and female number to 

influence the number of offspring produced (z = -1.46, P = 0.145, Figure 1B, Figure S8; 

Table S4). When females previously received SF from sot males, the reproductive success of 

old and young dah males was statistically similar (Figure 1B), and male reproductive output 

did not decrease through a mating sequence. 
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In experiment C, we mated gfp males to dah females to compare the reproductive 

output of old and young males over a mating sequence. There was no significant interaction 

between male age and female number in the mating sequence, on the number of offspring 

produced (z = -1.14, P = 0.254, Figure 1C, Table S5). However, variation in the number of 

offspring produced by individual females was explained by significant main-effects of male 

age (z = 2.01, P = 0.044) and female number (z = -3.23, P = 0.001). Specifically, old males 

produced fewer offspring than young males, and males produced fewer offspring with 

females later in a mating sequence (Figure 1C, Figure S9, Table S5). In all three experiments, 

old males mated with fewer females (i.e. had lower mating success) compared to young 

males (Table S1b), which could be associated with longer mating latencies of old males 

(Appendix 7, Figure S10).  

 

 

 

 

 



144 
 

 
Figure 1: Reproductive output of old and young males in a mating sequence. A.1, B.1, C.1- Effect of male age and female number in a male’s mating 

sequence, on the number of offspring produced by mated females, in experiments A, B, and C respectively. Means and SE shown. A.2, B.2, C.2- Post-hoc 

pair-wise comparisons between young and old males using effect sizes (Hedges’ g) of reproductive output with each female in a mating sequence, for 

experiments A, B, and C respectively. Means and 95% C.I. shown. When C.I. does not overlap with zero, the effect is significant for α = 0.05. Negative values 

indicate that old males have lower reproductive output than young males. Young males were 3-11 days old, old males between 37-46 days old. 
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Sperm transfer and storage in females  

In experiment C, we further compared the number of sperm transferred to, and stored by, dah 

females mated to old or young gfp males in a mating sequence. We found a significant two-

way interaction between male age and female number in a mating sequence, to affect the 

number of sperm transferred to females (z = -2.905, P = 0.004, Table S6). Specifically, old 

and young males transferred similar numbers of sperm to females early in their mating 

sequence. However, old males transferred more sperm than young males, to females later in 

the mating sequence (Figure 2A, 2D, Figure S11). When comparing the number of sperm 

stored in females after 24 hours, we found a significant two-way interaction between male 

age and female number (z = -2.030, P = 0.042, Table S7). Specifically, early in a mating 

sequence, females mated to young males stored more sperm than females mated to old males 

(Figure 2B, 2E, Figure S12). Compared to young males, old males showed shallower rates of 

decline through a mating sequence, in the number of sperm transferred to, or stored by 

females (Figure S11, S12A). Visual inspection revealed an asymptotic relationship between 

the number of sperm stored by odd-numbered females after 24 hours, and the number of 

offspring produced by these females over the first 24 hours after mating (Figure S12B). 

 

Sperm and seminal fluid in males 

In experiment C, we additionally compared the number of sperm present in the seminal 

vesicles (SV) of young and old males. We found a significant interaction between male age 

and mating success (i.e. total number of females a male mated with), on the number of sperm 

present in a male’s SV (z = -4.63, P < 0.001, Figure 2C, 2F, Table S8). Specifically, old males 

had consistently more sperm present in their SV than young males, and this difference was 

greatest for males with intermediate mating success (Figure 2F). Finally, we compared the 

area of accessory glands (AG) of old and young males used in experiment C, as a proxy for 
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the quantity of seminal fluid in males. We found a significant interaction between male age 

and mating success (z = 6.577, P < 0.001, Table S9) on AG size. Old virgin males had larger 

AG than young males, however the rate of decline in AG size was steeper for old than young 

males (Figure 3A) such that later in a mating sequence, AG size did not differ between old 

and young males. Generally, virgin old males had a higher ratio of sperm to AG size than 

virgin young males (Figure 3B), and this difference between old and young males became 

more exaggerated in males with higher mating success.  
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Figure 2: Sperm numbers in females and males. A- Sperm transferred to females by young and old males in a mating sequence, B- Sperm stored by females 

mated to young and old males, after 24 hours. C- Number of sperm in male seminal vesicles (SV) for old and young males with different mating success. 

Means and SE shown for panels A, B, C. Panels D, E, F- associated effect sizes when comparing young and old males in panels A, B, and C respectively. 

Means and C.I. shown for panels D, E, and F. For panels D, E, and F, when C.I. does not overlap with zero, the effect is significant for α = 0.05; negative 

values indicate that old males have lower sperm numbers than young males. Young males were between 3-7 days, old males 37-42 days old.



148 
 

 
Figure 3: Changes in accessory gland in old and young males with different mating success. A. In 

experiment C, there was a significant interaction between male age and male mating success, to affect 

the size of male accessory glands (mm2). Old males, despite having larger AGs when virgins, showed 

steeper declines in AG size than young males through a mating sequence. Means and 95% C.I. shown. 

B. Ratio of sperm reserves in male SV to accessory gland size (count/mm2). Virgin old males have 

more sperm in their SV, than SF in their AGs, compared to virgin young males. Old males however 

allocate relatively more seminal fluid than sperm per mating while young males do the opposite, 

through a mating sequence. Young males were 3-7 days old, old males 37-42 days old. 
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Discussion 

Male reproductive senescence has been demonstrated across taxa, in studies that mate males 

with an individual female (reviewed in Monaghan and Metcalfe, 2019; Sanghvi et al, 2024). 

However, these studies are not informative about reproductive senescence in polygynous 

species (Bressac et al, 2008, 2009), where males are exposed to multiple partners and male 

reproductive success can be modulated by female order/number in a male’s mating sequence 

(Abe, 2019; Lewis, 2004; Macartney et al, 2020; Appendix 1). Additionally, the traits and 

pathways contributing towards male reproductive senescence can be diverse, and have been 

difficult to pinpoint. These include age-dependent declines in quality and quantity of sperm 

(Sanghvi et al, 2024) and seminal fluid (Fricke et al, 2023), changes in male behaviour and 

mating success (Dean et al, 2010; Hayes et al, 2013) as well as ejaculate allocation (Win et al, 

2013). Furthermore, females might contribute to male reproductive senescence via preference 

for young males pre- or post-copulation (Radwan, 2003; Vuarin et al, 2019). Our study 

bridges these knowledge gaps by investigating age-related changes in male reproductive 

output using multiple-mating assays, to understand the contribution of various pathways 

causing male reproductive senescence.  

Using three experiments, we investigated whether old and young males differed in 

their reproductive output through a mating sequence (H1). We then explored whether 

observed patterns are explained by depletion of seminal fluid (H2) or sperm limitation in old 

males (H3). Overall, we found that old males had a lower reproductive output than young 

males (H1). In general, male reproductive output declined through a mating sequence, and 

males produced fewer offspring with, and transferred fewer sperm to, females later in a 

mating sequence. However, contrary to predictions, this decline was steeper for young rather 

than old males (H1, Appendix 1). We also discovered that when a female received extra 

seminal fluid (SF) from a young male prior to her focal mating, differences in reproductive 
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output between old and young focal males diminished (H2). This ‘extra’ seminal fluid further 

alleviated declines in male reproductive output through a mating sequence. We found old 

males to have larger accessory glands (AGs), the main site of SF production and storage 

compared to young males. Yet, old males experienced steeper rates of decline in AG size 

(thus SF reserves) through a mating sequence, relative to young males (H2). Overall, females 

mated to old males stored fewer sperm compared to females mated to young males. 

Surprisingly, this result emerged despite old males having larger sperm reserves, and 

transferring similar or greater numbers of sperm to females, than young males (H3). 

Collectively, our results suggest that male reproductive senescence is less apparent later in a 

male’s mating sequence. Furthermore, our findings indicate that male reproductive 

senescence may be largely driven by senescence in seminal fluid or sperm quality, or by 

female preference for young males, rather than senescence in sperm quantity.  

 

Changes with male age 

We found that old males had higher numbers of sperm stored in their seminal vesicles than 

young males (also shown by Decanini et al, 2013; Kehl et al, 2013, 2015; Reinhardt et al, 

2011). Sanghvi et al (2024) in a meta-analysis found a similar pattern across insects, and 

attribute this to experimental males typically being maintained as virgin, which can lead to 

longer periods of sperm accumulation in old than young males. Consistent with this, at low 

mating rates, old males often have larger ejaculates than young males, but at high mating 

rates this pattern is reversed (Aich et al, 2021; Bressac et al, 2009; Sepil et al, 2020). In our 

study, we maintained males as virgins until the mating assay, and old males might have 

accumulated more sperm than young males because spermatogenesis occurs throughout adult 

life in fruit flies with relatively low levels of sperm loss (Bjork et al, 2007; Demarco et al, 

2013; Santos et al, 2023; Sepil et al, 2020). Old virgin males had a higher ratio of sperm 
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reserves to AG size (thus SF reserves), compared to young virgin males, suggesting faster 

rates of sperm than SF accumulation, with age.  

Despite having larger sperm reserves and transferring more or a similar number of 

sperm to females, females stored fewer sperm from old males, and old males produced fewer 

offspring, than young males. There could be several non-mutually exclusive explanations for 

these puzzling patterns. First, the prior receipt of seminal fluid resulted in similar number of 

offspring produced by old and young males. In fruit flies, seminal fluid proteins (SFPs), 

especially those produced in accessory glands (Acps), play an important role in fertilisation, 

female sperm uptake and storage, and ovulation (Avila et al, 2011; Bloch Qazi and Wolfner, 

2003; Chapman and Davies, 2004; Heifetz et al, 2005; Poiani, 2006; Ravi Ram and Wolfner, 

2007). Old D. melanogaster males lack important Acps such as ovulin and sex peptide, and 

have more degraded SFPs compared to young males (Fricke et al, 2023; Ruhmann et al, 

2018; Sepil et al, 2020). Old dah males might have benefitted from females receiving seminal 

fluid from young sot males, explaining our results. Second, old males might have less viable 

or motile sperm than young males (e.g. Sepil et al, 2020; Sturup et al, 2013), leading fewer 

sperm to be stored by females and consequently reduce fertilisation rates for old males, 

despite old males transferring similar numbers of sperm to females, compared to young 

males. Third, females mated to old males might have ejected greater proportions of sperm 

than females mated to young males, via cryptic female choice (Snook and Hosken, 2004; 

Vuarin et al, 2019; Wagner et al, 2004). Future experiments could use transgenic females that 

do not eject sperm, to disentangle whether sperm ejection or low sperm viability explain our 

results.  

Our result of old males transferring similar sperm numbers as young males, but 

producing fewer offspring, is unlikely to be explained by variation in overall quantity of 

seminal fluid. This is because old males had larger accessory glands, thus likely transferred 
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higher volumes of seminal fluid than young males (also shown by Rezaei et al, 2015- who 

importantly show that young males have smaller AGs but transfer more SFPs to females). We 

suggest that future studies could manipulate the age of sot (SF-donor) males, to disentangle 

whether quantity, composition, or quality of SF explains our results better. Future studies 

could also compare the quantity and composition of SFPs transferred by males to females. 

Our results have important implications for sexual selection and conflict because they 

demonstrate that males who mate second might indirectly benefit from the SF of males who 

mate first with a female (Alonzo and Pizzari, 2010; Holman et al, 2009; Nguyen and 

Moehring, 2018). While not a direct test of the disposable-soma hypothesis (Maklakov and 

Immler, 2016), our results indicate higher rates of senescence in seminal fluid 

quality/composition than sperm number, suggesting males might be investing more in 

maintaining the germline than soma.  

Methodological factors might also explain why old males produced fewer offspring 

despite transferring similar or more numbers of sperm to females. For instance, offspring 

from old fathers might have lower egg-to-adult survival (e.g. Preston et al, 2015; Ruhmann et 

al, 2018) due to deleterious paternal age effects (Monaghan et al, 2020). This could have 

biased our measurement of the number of eclosing offspring toward those of young males, 

even if old and young males fertilised equal numbers of eggs. Selective disappearance of 

males (Bouwhuis et al, 2009; Sanghvi et al, 2022) with low sperm production rates, 

especially in our gfp line that experienced high mortality (Figure S6), could have biased the 

cohort of old gfp males. Additionally, post-meiotic sperm damage (Pizzari et al, 2008; 

Wagner et al, 2004; White et al, 2008) could reduce the reproductive output of old males, due 

to old virgin males likely storing sperm for longer durations before ejaculation than young 

virgin males (Pizzari et al, 2008).  
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Changes through male mating sequence 

We found that males produced fewer offspring as they progressed through a mating sequence 

in experiments A and C. Studies have previously shown that males, when multiply-mating, 

can become depleted of sperm and seminal fluid (Gerofotis et al, 2015; Pitnick and Markow, 

1994; Rubolini et al, 2007; Sirot et al, 2009a), producing fewer offspring with females 

encountered later in a mating sequence (Abe, 2019; Lewis, 2004; Loyau et al, 2012; 

Macartney et al, 2020; Swierk et al, 2015). The asymptotic relationship between sperm stored 

in females, and offspring produced by females in our study, indicates that reproductive output 

through a mating sequence is likely limited by seminal fluid, not sperm numbers (Hopkins et 

al 2019b; Linklater et al, 2007; Reinhardt et al, 2011; Sirot et al, 2009a). Here, even if males 

transfer more sperm, offspring production would not increase. This could either be due to a 

ceiling on how many eggs a female can lay, or because female ovulation and fertilisation 

rates are constrained by insufficient quantities of seminal fluid (Bloch Qazi et al, 2003; 

Chapman, 2001). Results from experiment B support this. Here, females were provided with 

SF from a previous mating before the focal mating took place, and focal male reproductive 

output did not decline through the mating sequence. Fruit fly males become depleted of 

seminal fluid at faster rates than sperm when multiply-mating (Reinhardt et al, 2011; 

Linklater et al, 2007), which is consistent with results of our study.  

A lack of decline in reproductive output through a mating sequence in experiment B 

might also be explained by male ejaculate plasticity. Females in experiment B were first 

mated to sot males before being used to mate with focal dah males. Male flies can detect 

female mating status using olfactory cues (Friberg, 2006; Lupold et al, 2011) to infer levels of 

sperm competition. Cues of high sperm competition risk (i.e. many rival males) lead male 

flies to transfer larger ejaculates to females (Bretman et al, 2009; Hopkins et al, 2019b; Price 

et al, 2012; Thomas and Simmons, 2009; Wedell and Cook, 1999) and even alter their SFP 
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composition (Ramm et al, 2015; Wigby et al, 2009). In experiment B, focal dah males might 

have perceived higher sperm competition levels and increased their ejaculate investment in 

each mating across the mating sequence, compared to experiments A and C. This could have 

alleviated a male’s reproductive decline through his mating sequence (possibly at the cost of 

fewer overall matings in experiment B). 

 

Male age x mating sequence interactions 

We discovered old males to have shallower declines in offspring production and sperm 

number through a mating sequence than young males. Contrary to predictions however (i.e. 

H1, see Appendix 1), this result was not due to prudent sperm allocation by old males which 

would also require old males to be sperm limited (Appendix 1). Our results do not support the 

terminal investment hypothesis either. This is because if old males were terminally investing 

(Duffield et al, 2017; Froy et al, 2013), we predicted them to have steeper declines in 

reproductive output through a mating sequence than young males. Generally, our results 

indicate that a female would benefit from mating with a young male only when she 

encounters him early in his mating sequence.  
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Conclusions 

Male reproductive senescence is multifaceted and can be either exacerbated or buffered under 

polygyny, depending on patterns of ejaculate accumulation (in male extra-gonadal reserves) 

and allocation to females, as well as the reproductive trait being measured. In polygynous 

species with low anisogamy, ejaculate depletion can have severe consequences for male and 

female reproductive and mating success, and we show that different components of the 

ejaculate- sperm versus seminal fluid, decline at different rates with age and through a mating 

sequence. We show that old males have lower reproductive output than young males, which 

is likely driven by either senescence in seminal fluid quality/composition or sperm viability, 

or via female-mediated effects, rather than senescence in sperm number. These results have 

important consequences for sexual conflict and sexual selection (Adler et al, 2014; Damiens 

and Boivin, 2006; Carazo et al, 2011; see Appendix 7), whereby female fitness is not only 

determined by a male’s mating history (e.g. Wedell et al, 2002) but also its interaction with 

male age. Our results show that declines in male reproductive output are not permanent, and 

can be reversed by the presence of sufficient seminal fluid from a young male. This interplay 

between sperm and seminal fluid could have crucial implications for alleviating declines in 

human and animal fertility (Eini et al, 2021). 

 

Data availability 

All data from our experiment and the R code used for analysis can be found at OSF: 

10.17605/OSF.IO/5Z7M3. Images of dissected gfp males’ SV, AGs, and images for sperm 

numbers transferred to and stored by females, can be found on figshare: 

10.6084/m9.figshare.25407223, , 10.6084/m9.figshare.25407298, 

10.6084/m9.figshare.25407253, 10.6084/m9.figshare.25407382. 
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Supplementary information 

Appendix 1: Scenarios for ‘male age x female number’ interactions 
Some possible scenarios for how male age could interact with female number in a male’s multiple-

mating sequence, to affect male reproductive output. We assume that male reproductive success (W) is 

a negative function of progression through the mating sequence, such that 𝑊(𝑖) < 𝑊(𝑖 + 1) , where i 

is the ith female in a mating sequence. For simplicity we assume that the function is linear; i.e. 𝑊 =
−𝑎𝑥 + 𝑏, where x is the order of female in the mating sequence, a is the slope, and b is the intercept. 

The null hypothesis is that old and young males have the same size and quality of ejaculates, and 

allocate ejaculates in similar ways to females in their mating sequence, thus produce similar numbers 

of offspring across a mating sequence:  

∫ 𝑊𝑂𝑙𝑑(𝑥)𝑑𝑥
10

1

= ∫ 𝑊𝑌𝑜𝑢𝑛𝑔(𝑥)𝑑𝑥
10

1

 

 

However, under scenarios of reproductive senescence (scenario A), the general prediction is that old 

males have overall lower total reproductive success than young males (i.e. lower intercepts; 

bOld<bYoung)). However, old and young males do not differ in their slopes (𝑎𝑂𝑙𝑑 =  𝑎𝑌𝑜𝑢𝑛𝑔) of decline 

through a mating sequence and allocate similar proportions of their ejaculate to each female. Here:  

∫ 𝑊𝑂𝑙𝑑(𝑥)𝑑𝑥
10

1

< ∫ 𝑊𝑌𝑜𝑢𝑛𝑔(𝑥)𝑑𝑥
10

1

 

where WOld and WYoung are the reproductive output functions of old and young males over a mating 

sequence of 10 available females, respectively.  

Scenario B: old males due to fewer mating opportunities in the future, might terminally invest in 

reproduction, allocating a higher proportion of ejaculate to early than late females compared to young 

males (i.e. |𝑎𝑂𝑙𝑑| > |𝑎𝑌𝑜𝑢𝑛𝑔|). This would lead to relatively higher reproductive output of old males 

early in a mating sequence, but steeper slopes of decline through the mating sequence, compared to 

young males. Scenario C: Old males, due to having lower quantities of ejaculates, might more 

prudently allocate ejaculates to each female (i. e. |𝑎𝑂𝑙𝑑| < |𝑎𝑌𝑜𝑢𝑛𝑔|). This would lead old males to 

have lower intercepts but shallower slopes of decline in reproductive output than young males. 

Scenario D: Old males have smaller ejaculates than young males, however, they would transfer the 

same size of ejaculates to females as young males until old males run out of ejaculates. The point 

where old males run out of ejaculates would be sooner than that of young males, and old males would 

not have any reproductive success beyond this point.  
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Figure 1: Possible scenarios for how advancing male age can interact with female order in the male’s 

mating sequence, to influence male reproductive output.  
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Appendix 2: son-of-tudor crossing scheme 
Sot males were generated by mating brown-eyed straight-winged homozygous Tudor females 

(backcrossed into dah background), to dah males. To ensure that this crossing scheme produced sterile 

flies, we used a sub-set of 120 non-experimental virgin sot males (3-4 days old), and kept them in 

bottles containing virgin dah females (~20-30 males and females per bottle), for 14 days. None of the 

bottles had any larvae developing after 14 days, indicating that the males were sterile. We additionally 

dissected three sot males and examined their testes and AGs under a light microscope, revealing the 

testes and SV to be shrunk and without sperm, but AGs appearing normal, indicating that the males 

were sterile but producing SF.  

 
Image1: Disrupted testis and seminal vesicles (SV) with no sperm, but normal accessory glands (AG), 

in sot male, compared to control male. Scale = 1mm. Magnification = 40x (4x objective, 10x 

eyepiece).  
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Appendix 3: Female dissections 
Odd-numbered females (frozen after 24 hours) in a gfp male’s mating sequence, were dissected to 

count the number of sperm stored by a female in her long-term sperm storage organs. Even-numbered 

females in a gfp male’s mating sequence (frozen after 30 minutes), were dissected to count the number 

of sperm transferred by a male to a female.  

To dissect frozen females, three droplets of 50uL of Phosphate buffer solution each, were placed on a 

slide coated with an aqueous solution of gelatine and chromium potassium sulphate. Each female to 

be dissected was placed on the first droplet, and her reproductive tract was removed gently by 

separating the last two abdominal segments from the rest of her body, using Inox Biology forceps. Her 

reproductive organs (bursa, seminal receptacle, and spermathecae) were washed in the second droplet 

of PBS, and extra surrounding tissue removed. The reproductive organs were then placed on a third 

droplet. Here, using microneedles (0.1mm thick), the two spermathecae and seminal receptacle were 

gently spread and the sample covered with a coverslip. Rubber cement (fixogum) was used to glue the 

coverslip edges to the slide for imaging (Appendix 4) conducted on the following day. 
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Appendix 4: sperm imaging and counts in females 
For odd numbered females (frozen after 24 hours of mating), female reproductive tracts 

(spermathecae and seminal receptacle) fixed on as slide (described in Appendix 3) were imaged 

(Image 2) using a Nikon Eclipse50i fluorescence microscope (magnification = 10x objective, 10x 

eyepiece, wavelength = 480nm) with a chromix HD camera, under UV light from a CoolLED pe300 

light source. The number of sperm heads (which appeared as fluorescent green under UV light) were 

later counted manually from images, using the cell counter plugin on FIJI/ImageJ version win32 

(Schindelin et al, 2012). The GFP label in gfp flies is expressed at the Mst35Ba and Mst35Bb loci 

(Manier et al, 2010). To ensure repeatability of the manual counts, an independent analyst (TLC) 

counted 30 randomly chosen samples blind to counts made by the first analyst. Repeatability between 

the counts by the two analysts was high (R2 = 0.98, Figure S2A). For even numbered females (frozen 

within 30 mins of mating), the bursa, spermathecae, and seminal receptacle, were imaged using a 5x 

air objective on a Zeiss LSM880 confocal laser scanning unit microscope (laser strength = 15; pinhole 

size = 34.1; laser wavelength = 488nm; pixel strength = 1196 x 1196, objective magnification = 5x, 

eyepiece magnification = 10x), and the Zen black v14.0.18.201 software (Image 2). Images were 

analysed with ImageJ win32, and the find maxima plugin (with prominence = 10000, strict setting, 

output type = single point) was used to estimate the number of fluorescent green sperm heads in each 

sample. The prominence was chosen as 10000 because this was the point where the power function 

relationship between prominence and estimates of sperm number by the find maxima plugin, became 

linear and flat (Figure S3, based on 8 samples, following Jahn et al (2021) who do this using threshold 

against signal:noise ratio). To ensure that sperm numbers estimated by the find maxima plugin were 

robust, we tested for repeatability between sperm number counted manually using the cell counter 

plugin, and sperm number estimated by the find maxima plugin. This repeatability test was done on a 

subset of 24 randomly chosen samples of even-numbered females (repeatability: R2 = 0.98, Figure 

S2B). 

 

 
Figure S2: A: high repeatability score of R2 = 0.98 between two analysts, when counting sperm 

numbers stored in odd-numbered females after 24 hours, using the cell counter plugin. B: high 

repeatability score of R2 = 0.98, between sperm numbers when sperm are manually counted using the 

cell counter plugin, versus estimated using the find maxima plugin, for sperm transferred to even-

numbered females. 
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Figure S3: prominence on find maxima chosen as 10000, when estimating sperm stored in females, 

because this is where the power function relationship between prominence and estimates of sperm 

number by the find maxima plugin, became linear and flat based on visual inspection.  
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Appendix 5: male dissections and imaging 
Males were dissected, and later imaged (see Image 2) to estimate sperm numbers stored in male 

seminal vesicles, and the size of male AGs. To dissect each male, three droplets of 50uL of PBS were 

placed on a slide covered with an aqueous solution of gelatine and chromium potassium sulphate. The 

reproductive tract of males (testes, accessory glands, seminal vesicles, and ejaculatory bulb) were 

separated from the rest of the body, by carefully pulling away the upper abdomen of the male using 

Inox Biology forceps. The male’s reproductive tract was washed in a second droplet of PBS and 

surrounding tissue separated. A clean sample of only reproductive tissue was placed on the third 

droplet. The accessory glands were then separated from the rest of the reproductive tract using 

microneedles (0.1mm thick), and placed on a new slide which had a measuring scale, inside a droplet 

of 5uL of PBS. The two accessory glands of each male were immediately imaged without a coverslip 

on, using the brightfield setting on a Nikon Eclipse 50i microscope with magnification of 4x 

(objective) and 10x (eyepiece), with each image calibrated to the scale of 1mm. Then, the male’s 

seminal vesicles were punctured, and sperm present in both seminal vesicles were carefully spread in 

the droplet of PBS using microneedles. A coverslip was then placed on this sample and then glued to 

the slide using rubber cement. The sperm were imaged the following day using a 5x air objective on a 

Zeiss LSM880 confocal laser scanning unit microscope (laser strength = 20; pinhole size = 20.1; 

Laser wavelength = 488; Pixel strength = 1196 x 1196; objective magnification = 5x, eyepiece 

magnification = 10x) and Zen black software. 

To measure the area of accessory glands on FIJI/ImageJ win32, we used the freehand selection tool to 

outline the area of each accessory gland separately, and then used the “measure” option under 

“analyze” to measure the area of each accessory gland. To estimate the number of sperm in the 

seminal vesicles of males, we used the find maxima plugin (Prominence = 5000, strict setting, output 

type = single point). The prominence was chosen as 5000 because this point was where the power 

function relationship between prominence and estimates of sperm number by the find maxima plugin, 

became linear and flat (Image S4A, based on visual inspection of 5 samples). To ensure robustness of 

sperm numbers in male SV estimated by find maxima, we manually counted (using cell counter on 

FIJI) sperm in eight images of dissected male SV. Repeatability between manual counts and find 

maxima estimates of sperm numbers in male SV was high (R2 = 0.99, Figure S4B). 

 

 

A 
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Figure S4A: prominence on find maxima chosen as 5000 when estimating sperm stored in males, 

because this is where the power function relationship between prominence and estimates of sperm 

number by the find maxima plugin, became linear and flat based on visual inspection. S4B: High 

repeatability score of R2 = 0.99 between sperm numbers estimated manually (cell counter plugin) 

versus using find maxima plugin on FIJI.  
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Image 2: Examples of images from dissected individuals in experiment C. A. sperm in seminal 

vesicles of males. B. accessory gland in male. C. sperm in long-term storage organs of even-

numbered female after 24 hours. D. sperm transferred to odd-numbered female. 
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Appendix 6: male mating success and latency 
We compared the mating success (i.e. total number of females a male mated with) of young and old 

males in our three experiments. For this, we created a generalised linear model with Poisson error 

distribution, and included male mating success as our dependent variable. We modelled male age, 

experiment (A, B, or C), and their two-way interaction as fixed effects, and observation-level ID as a 

random effect to account for overdispersion. We also compared male mating latency (time elapsed 

between male being paired with a female, and the start of copulation). For this, we modelled male 

mating latency as our dependent variable using an LMM with Gaussian error distribution. Male age, a 

linear and quadratic term of female number, their two-way interactions with male age, and experiment 

number, were included as fixed effects, with male ID as a random effect.  

Old males consistently mated with fewer females compared to young males (z = 6.423, P < 0.001, 

Figure S10A). However, this difference was greater in experiments C (age*experiment C: z = 3.491, P 

< 0.001) and B (age*experiment C: z = 2.027, P < 0.043) than experiment A. Old males had a lower 

mating latency than young males early in the mating sequence but not later (age*female number: t = 

3.159, P = 0.002, Figure S10B, S10C). 

Ejaculate limitation seems to be an unlikely explanation for the lower mating success of old males, 

because they had more sperm in their SV and larger AGs than young males (Figure 2, 3). Instead, the 

lower mating success of old males might be a consequence of their longer mating latencies. These 

longer latencies could be due to old males being less attractive to females or worse at courtship, thus 

females taking longer to accept mating with an old than a young male (e.g. Amin et al, 2012; Rezaei 

et al, 2015). Lower mating success of old males could also be due to old males being more frail than 

young males (Sanghvi et al, 2023). Furthermore, differences between old and young males in their 

mating latencies were greater in experiment B (when females were first mated to sot males) than 

experiment A (Figure 10C). This result suggests that females show stronger choice for young males 

than old males, when females have previously been mated compared to when females are virgins.  
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Appendix 7: Bateman’s gradients 
Note: These results are only presented as exploratory analyses to generate new hypotheses regarding 

sexual selection and as such are not a part of our study aims.  

We first investigated whether the age of males and seminal fluid availability to females, might 

influence the strength and slope of the Bateman’s gradient, to explore whether the opportunity for 

sexual selection is influenced by demography and ejaculate limitation. For this, we calculated 

Bateman’s gradients, i.e. the slope of the linear relationship between male mating success and 

reproductive success (Anthes et al, 2017), for old and young males used in Experiments A and C. We 

first calculated the total mating success (sum of successful copulations by a male in his mating 

sequence- one data point per male), and total reproductive success (sum of offspring produced by all 

females that copulated with a male- one data point per male), for each male that mated in Experiments 

A and C. We then calculated the slopes of the linear regression between male mating success and 

reproductive success (Figure S5A). Visual inspection indicated that males in Experiment C had 

steeper slopes than males in Experiment A, suggesting that the opportunity for sexual selection might 

be greater when females are not seminal fluid limited. Additionally, young males had steeper 

gradients, suggesting a greater opportunity for pre-copulatory sexual selection in young compared to 

old males.  

Next, we investigated whether covariances between male reproductive output (i.e. number of 

offspring produced with each female- multiple data points per male) and total male mating success 

(i.e. total number of females a male mated with in the mating sequence- on data point per male) exist, 

as these can lead to a biased estimation of Bateman’s gradients. For example, if males that produce 

more offspring with each female also mate with more females (for instance, due to being more 

attractive), then females later in a mating sequence will be exposed to a biased group of high 

reproductive quality males (i.e. males who produce more offspring). These positive covariances 

between male pre- and post-copulatory traits, and “selective disappearance” of low-quality males 

through a mating sequence, can inflate the Bateman’s gradient (Anthes et al, 2017). We visually tested 

this hypothesis using data from experiment A. We plotted the number of offspring produced by a male 

with each female in his mating sequence (Y axis) against the female number in the mating sequence 

(X axis). Here, we grouped males by their total mating success and visually inspected the plots. 

Generally, males who produced more offspring initially in the mating sequence, also mating with 

more females (i.e. had higher total mating success) compared to males who produced fewer offspring 

initially in the sequence. However, males who produced more offspring initially also experienced 

steeper declines in their reproductive output through the mating sequence (Figure S5B). Our results 

reveal positive covariances between initial reproductive output in a mating sequence and male mating 

success, but negative covariances between initial reproductive output and later reproductive output. 

These results emphasize the need for studies on Bateman’s gradients to consider the exact sequence in 

which females encounter males, as well as covariances between male reproductive measures which 

may lead to biased estimates of the strength of sexual selection. 
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Figure S5: A. Bateman’s gradients showing the linear relationship between male mating success and 

reproductive success, for old and young males used in Experiments A and C. Slopes and R2 values 

shown. Intercepts set to zero to allow direct comparisons of slopes. Each dot represents one male. B. 

Positive covariances between initial reproductive output in a mating sequence and male’s total mating 

success, but negative covariances between initial reproductive output and later reproductive output in 

the sequence, using data from experiment A. Dark lines show means, shaded regions show 95% C.I. 
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Supplementary figures (S6-S12) 

 

Figure S6: Age-dependent survival probability of males used in our study, from three distinct lines of 

Drosophila melanogaster: dah, gfp, and sot. Gfp males experienced higher mortality than sot or dah 

males. Means and 95% C.I. shown. 

 

Fig S7: Significant interaction between male age and female number in a male’s mating sequence, to 

affect the number of offspring produced by a female over 24 hours of egg laying, in experiment A. 

Old males produce fewer offspring than young males only early on in a mating sequence. Means and 

95% C.I. shown. 
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Fig S8: No significant effect of male age or female number in a male’s mating sequence, to affect the 

number of offspring produced by a female over 24 hours of egg laying, in experiment B. Means and 

95% C.I. shown. 

 

 

Fig S9: Significant effect of male age and female number in a male’s mating sequence, to affect the 

number of offspring produced by a female over 24 hours of egg laying, in experiment C. Old males 

produce fewer offspring than young males, and males produce fewer offspring with females later than 

earlier in a mating sequence. Means and 95% C.I. shown. 
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Figure S10: A. Mating success of focal old and young males used in our three experiments. B. Copulation duration of focal old and young males across 

experiments A, B, and C. C. Mating latency of focal young and old males across experiments A, B, and C. Means and SE shown. 
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Figure S11: Effect of male age and female number in a male’s mating sequence, on the number of 

sperm transferred by the male to the female. Means and 95% C.I. shown. 
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Figure S12: A. Effect of male age and female number in a male’s mating sequence, on the number of 

sperm stored by mated females after 24 hours of egg laying. B. Co-variance between number of sperm 

stored in odd-numbered females after 24 hours and the number of offspring produced by these 

females over 24 hours. Plot created using a loess smooth, to illustrate the non-linear (asymptotic) 

relationship. Means and 95% C.I. shown. 
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Supplementary tables (S1-S9)
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Table S1a: sample sizes for number of successful copulations by old and young males with females in a mating sequence, for experiments A, B, and C. Table 

1b: sample sizes for total mating success (i.e. sum of females a male mated with) of old and young males, in experiments A-C 

Table S1a 
 

Table S1b 

Male 

Age 

Female number in 

mating sequence (i.e. 

female mating order) 

Sample sizes of successful copulations 
 Male 

Age 

Male 

mating 

success 

Sample sizes of males 

Experiment 

A 

Experiment 

B 

Experiment 

C  

Experiment 

A 

Experiment 

B 

Experiment 

C 

Old 
Starting male sample 

size 
60 115 50 

 
Old 0 3 26 5 

Old 1st 57 89 45  Old 1 5 35 24 

Old 2nd 52 54 21  Old 2 3 35 6 

Old 3rd 49 19 15  Old 3 4 11 1 

Old 4th 45 8 14  Old 4 10 6 5 

Old 5th 35 2 9  Old 5 13 2 0 

Old 6th 22   9  Old 6 7   3 

Old 7th 15   6  Old 7 9   3 

Old 8th 6   3  Old 8 4   2 

Old 9th 2   1  Old 9 1   1 

Old 10th 1      Old 10 1     

Young 
Starting male sample 

size 
60 85 28 

 
Young 0 0 11 1 

Young 1st 60 74 27  Young 1 0 7 1 

Young 2nd 60 67 26  Young 2 3 22 0 

Young 3rd 57 45 26  Young 3 3 22 4 

Young 4th 54 23 22  Young 4 12 18 3 

Young 5th 42 5 19  Young 5 9 3 4 

Young 6th 33 2 15  Young 6 8 1 10 

Young 7th 25 1 5  Young 7 10 1 3 

Young 8th 15   2  Young 8 6 0 0 

Young 9th 9   2  Young 9 4 0 0 

Young 10th 5   2  Young 10 5 0 2 
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Table S2: Descriptions of the best-fit models (final) models for each analysis in our study, with details 

on model aims, dependent and fixed terms, random effects, model error structure, and marginal 

variance explained. Model outputs of each best-fit model can be found in Tables S3-S9 below. 

Experiment Aim Dependent 

term 

Fixed effects Random 

effects 

Error 

distribution 
Rmarginal

2 % 

A Compare 

reproductive 

output of 

old and 

young dah 

males in a 

mating 

sequence 

Number of 

offspring 

produced 

by female 

Male age * 

female 

number + 

I(female 

number^2) + 

replicate 

1|Male ID + 

1|Observation-

level 

Zero-

inflated 

Poisson 

7.7 

B Compare 

reproductive 

output of 

old and 

young dah 

males in a 

mating 

sequence, 

when 

females are 

first mated 

to sot males 

Number of 

offspring 

produced 

by female 

Male age + 

female 

number + 

replicate 

1|Male ID + 

1|Observation-

level 

Zero-

inflated 

Poisson 

1 

C Compare 

reproductive 

output of 

old and 

young gfp 

males in a 

mating 

sequence 

Number of 

offspring 

produced 

by female 

Male age + 

female 

number + 

replicate 

1|Male ID + 

1|Observation-

level 

Zero-

inflated 

Poisson 

6.4 

Compare 

sperm 

transferred 

by old and 

young gfp 

males in a 

mating 

sequence 

Number of 

sperm in 

females 

frozen 

within 30 

minutes of 

mating 

Male age * 

female 

number + 

replicate 

1|Male ID + 

1|Observation-

level 

Zero-

inflated 

Poisson 

25.7 

Compare 

sperm 

stored by 

females 

mated to old 

and young 

gfp males in 

a mating 

sequence 

Number of 

sperm in 

females 

frozen 24 

hours after 

mating 

Male age * 

female 

number + 

I(female 

number^2) + 

replicate 

1|Male ID + 

1|Observation-

level 

Poisson 21.9 

Compare 

sperm in SV 

of old and 

young gfp 

Number of 

sperm in 

SV of 

males 

Male age * 

mating 

success + 

I(mating 

1|Observation-

level 

Poisson 75.7 
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males with 

varying 

mating 

success 

success ^2) + 

replicate 

Compare 

accessory 

gland size 

of old and 

young gfp 

males with 

varying 

mating 

success 

Accessory 

gland size 

Male age * 

mating 

success + 

replicate 

 Gaussian  89.7 
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Table S3: Effects of male age and female number in a male’s mating sequence, on the number of 

offspring produced by mated females in Experiment A. Model constructed with zero inflated Poisson 

error distribution. Two-way interaction model used to interpret interaction only, main-effects model 

used to interpret main-effects only when two-way interaction is non-significant. Effects of interest 

highlighted in grey, significant P values of interest in bold. 

Two-way interaction model     

Fixed effects Estimate SE z P 

(Intercept) 3.813 0.073 52.250 <0.001 

I(Female number^2) -0.014 0.004 -3.430 0.001 

Age (Young) 0.318 0.075 4.240 <0.001 

Female number 0.109 0.033 3.300 0.001 

RepA2 0.116 0.039 2.990 0.003 

Age (Young)*Female number -0.043 0.019 -2.240 0.025 
     

Random effects Variance SD   

Male ID 0.006 0.078   

Observation level 0.146 0.382   

 

 

 

 

Table S4: Effects of male age and female number in a male’s mating sequence, on the number of 

offspring produced by mated females in Experiment B. Model constructed with zero inflated Poisson 

error distribution. Two-way interaction model used to interpret interaction only, main-effects model 

used to interpret main-effects only when two-way interaction is non-significant. Effects of interest 

highlighted in grey, significant P values of interest in bold. 

Two-way interaction model     

Fixed effects Estimate SE z P 

(Intercept) 3.953 0.059 66.540 <0.001 

Age (Young) 0.154 0.074 2.080 0.038 

Female number 0.055 0.029 1.940 0.053 

RepB2 0.038 0.034 1.120 0.264 

Age (Young)*Female number -0.050 0.034 -1.460 0.145 
     

Random effects Variance SD   

Male ID 0.000 0.020   

Observation level 0.083 0.288   

     

Main-effects model     

Fixed effects Estimate SE z P 

(Intercept) 4.015 0.041 96.820 <0.001 

Age (Young) 0.059 0.036 1.650 0.099 

Female number 0.020 0.016 1.300 0.193 

RepB2 0.037 0.034 1.080 0.280 
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Table S5: Effects of male age and female number in a male’s mating sequence, on the number of 

offspring produced by mated females in Experiment C. Model constructed with zero inflated Poisson 

error distribution. Two-way interaction model used to interpret interaction only, main-effects model 

used to interpret main-effects only when two-way interaction is non-significant. Effects of interest 

highlighted in grey, significant P values of interest in bold. 

 

Two-way interaction model     

Fixed effects Estimate SE z P 

(Intercept) 3.923 0.111 35.260 <0.001 

Age (Young) 0.266 0.126 2.110 0.035 

Female number -0.037 0.030 -1.240 0.216 

RepCR2 0.112 0.108 1.040 0.299 

RepCR3 0.082 0.092 0.890 0.376 

Age (Young)*Female number -0.046 0.040 -1.140 0.254 
     

Random effects Variance SD   

Male ID 0.000 0.000   

Observation level 0.141 0.375   

     

     

Main-effects model     

Fixed effects Estimate SE z P 

(Intercept) 3.979 0.101 39.540 <0.001 

Age (Young) 0.149 0.074 2.010 0.044 

Female number -0.064 0.020 -3.230 0.001 

RepCR2 0.124 0.108 1.150 0.250 

RepCR3 0.083 0.093 0.900 0.370 
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Table S6: Effects of male age and female number in a male’s mating sequence, on the number of 

sperm transferred by males to mated females in Experiment C. Model constructed with zero inflated 

Poisson error distribution. Two-way interaction model used to interpret interaction only, main-effects 

model used to interpret main-effects only when two-way interaction is non-significant. Effects used 

for interpretation highlighted in grey, significant P values of interest in bold. 

Two-way interaction model     

Fixed effects Estimate SE z P 

(Intercept) 4.866 0.569 8.554 <0.001 

Age (Young) 2.433 0.594 4.099 <0.001 

Female number -0.033 0.115 -0.288 0.773 

RepCR2 0.182 0.526 0.346 0.730 

RepCR3 0.675 0.461 1.464 0.143 

Age (Young)*Female number -0.414 0.142 -2.905 0.004 
     

Random effects Variance SD   

Male ID 0.631 0.795   

Observation level 1.421 1.192   

 

 

 

Table S7: Effects of male age and female number in a male’s mating sequence, on the number of 

sperm transferred stored by mated females in Experiment C, after 24 hours of egg laying. Model 

constructed with Poisson error distribution. Two-way interaction model used to interpret interaction 

only, main-effects model used to interpret main-effects only when two-way interaction is non-

significant. Effects used for interpretation highlighted in grey, significant P values of interest in bold. 

Two-way interaction model     

Fixed effects Estimate SE z P 

(Intercept) 3.488 0.706 4.939 <0.001 

I(Female number^2) -0.032 0.039 -0.821 0.412 

Age (Young) 2.700 0.644 4.195 <0.001 

Female number -0.053 0.326 -0.162 0.872 

RepCR2 -0.304 0.651 -0.467 0.641 

RepCR3 0.680 0.573 1.188 0.235 

Age (Young)*Female number -0.373 0.184 -2.030 0.042 
     

Random effects Variance SD   

Male ID 0.746 0.864   

Observation level 4.244 2.060   
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Table S8: Effects of male age and male mating success, on the number of sperm in seminal vesicles of 

males. Model constructed with Poisson error distribution. Two-way interaction model used to interpret 

interaction only, main-effects model used to interpret main-effects only when two-way interaction is 

non-significant. Effects used for interpretation highlighted in grey, significant P values of interest in 

bold. 

Two-way interaction model     

Fixed effects Estimate SE z P 

(Intercept) 9.632 0.165 58.350 <0.001 

I(Mating success^2) 0.035 0.007 4.990 <0.001 

Age (Young) -1.483 0.157 -9.420 <0.001 

Mating success -0.377 0.062 -6.120 <0.001 

RepCR2 0.144 0.158 0.910 0.363 

RepCR3 0.514 0.143 3.600 <0.001 

Age (Young)*Mating success -0.166 0.036 -4.630 <0.001 
     

Random effects Variance SD   

Observation level 0.179 0.423   

 

 

 

Table S9: Effects of male age and male mating success, on the area of male accessory glands (cm2). 

Model constructed with Gaussian error distribution. Two-way interaction model used to interpret 

interaction only. Effects used for interpretation highlighted in grey, significant P of interest values in 

bold. 

Two-way interaction model     

Fixed effects Estimate SE z P 

(Intercept) 0.372 0.015 24.724 <0.001 

Age (Young) -0.161 0.014 -11.677 <0.001 

Mating success -0.040 0.003 -11.831 <0.001 

RepCR2 -0.011 0.014 -0.785 0.437 

RepCR3 0.027 0.014 1.910 0.064 

Age (Young)*Mating success 0.027 0.004 6.577 <0.001 
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Chapter 5 

No evidence for paternal age 

effects on sons or daughters, 

when accounting for paternal 

sperm storage duration 

 
 

 

 

 

 

 

 

 

 

 

 



186 
 

Abstract 

The age at which fathers reproduce is predicted to affect offspring phenotypes, with offspring 

born to old fathers often being of a lower quality than those born to young fathers. However, 

when fathers have low mating rates, paternal age might be confounded with the duration for 

which mature sperm are stored in fathers prior to ejaculation. Few studies have been able to 

disentangle the confounding effects of paternal sperm storage from those of paternal age, on 

offspring. Here, we use Drosophila melanogaster to test the separate and interactive effects 

of paternal age and sperm storage duration, on the age-dependent survival and lifetime 

reproduction of offspring. Contrary to prediction, we find no effect of paternal age on the 

survival or lifetime reproduction of either sons or daughters, but find weak evidence for 

paternal sperm storage duration on the reproductive output of sons. We further discover that 

daughters of low reproductive quality selectively disappear with age, but sons do not. This 

result emphasizes that studies should account for demographic processes when testing for 

paternal age effects. Our study suggests that paternal age effects might not be as pervasive as 

previously thought, with studies possibly misattributing effects of paternal sperm storage to 

paternal age. Overall, we highlight the need for a more nuanced understanding of the 

mechanisms driving paternal age effects, and the importance of measuring sex-specific 

responses in offspring. 

 

Keywords: trade-offs, parental effects, post-meiotic sperm ageing, senescence, sex-specific 
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Introduction 

Parental environments and phenotypes can influence offspring phenotypes (Badyaev and 

Uller, 2009; Liu and Chen, 2018) via differential resource allocation by parents (Uller, 2008), 

and genetic (e.g. mutation accumulation in gametes) or epigenetic mechanisms (Bauch et al, 

2019; Chen et al, 2016; Heidinger et al, 2016; Perez and Lehner, 2019; Rando, 2016; Rodgers 

et al, 2015; Sharma, 2019; Yoshizaki et al, 2021). One parental effect that has received 

considerable attention is the ‘paternal age effect’. Paternal age effects are caused when the 

age at which a father conceives offspring affects the offspring’s phenotype (Monaghan and 

Metcalfe, 2019). These effects have broad implications for organismal healthspan (Chan and 

Robaire, 2022), life-history evolution, and population dynamics (Evans, et al, 2019).  

Paternal age has been hypothesized to be more potent in influencing offspring 

phenotypes than maternal age (de Manuel et al, 2022; Gao et al, 2019). The rationale stems 

from sperm producing more reactive oxygen species, but have poorer DNA repair machinery 

than eggs, and male germlines accumulating more mutations with advancing age than female 

germlines (Crow, 2000; Ellegren, 2007; Girard et al, 2016; Reinhardt and Turnell, 2000; Venn 

et al, 2014). Evidence for deleterious paternal age effects includes old fathers producing 

offspring with poorer development (e.g. Janecka et al, 2017; Preston et al, 2015), lower 

juvenile survival (e.g. Fay et al, 2016), reduced adult lifespans (e.g. Crow, 2003; Noguera et 

al, 2018; Priest et al, 2002; Sharma et al, 2015; Wylde et al, 2019; Xie et al, 2018), and lower 

reproductive output (e.g. Arslan, 2017; Schroeder et al, 2015; Vuarin et al, 2021), compared 

to offspring of young fathers.  

The effects of paternal age can, in some cases, be confounded by the duration for 

which sperm are stored post-meiosis and prior to ejaculation in extra-gonadal reserves 

(Pizzari et al, 2008; Reinhardt, 2007; Siva-Jothy, 2000). These confounding effects typically 

arise in studies where fathers are kept virgins for long durations (reviewed in Sanghvi et al, 
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2024), have low rates of sperm loss or resorption, and have life-long spermatogenesis (e.g. 

some vertebrates and insects: Bjork et al, 2007; Demarco et al, 2014; Reinhardt et al, 2011; 

Santos et al, 2023; Sepil et al, 2020). In such studies, old, virgin males not only have a more 

senescent germline, but also have sperm stored for longer durations than young virgin males 

(Pizzari et al, 2008). Differences in durations of sperm storage between old and young fathers 

could also arise when fathers of different ages differ in their mating rates (Aich et al, 2022). 

In natural settings for instance, old males could be mating less often, thus storing sperm for 

longer durations on average, than young males. When the effects of paternal age and sexual 

rest cannot be disentangled, it remains unclear how these processes independently and 

interactively influence paternal reproductive output. Studies that disentangle these effects on 

paternal reproductive output, report contrasting results to each other (Gasparini et al, 2019; 

Vega-Trejo et al, 2019). Furthermore, no study has yet tested the interactive effects of these 

processes on the reproductive output of offspring. Previous studies that measure offspring 

phenotypes focus mainly on offspring survival (Meunier et al, 2022), which might not be 

informative of offspring fitness if offspring survival and reproduction co-vary negatively.  

Testing the separate and combined effects of paternal age and sperm storage duration 

on offspring is necessary to ensure that studies are not incorrectly attributing the effects of 

these factors to each other. Sperm storage after meiosis and before ejaculation, can influence 

ejaculate traits and the overall fertility of a male, as well as his offspring phenotype and 

fitness, independent of male age (Pizzari et al, 2008). Prolonged storage of sperm in males or 

females can deteriorate sperm quality (Brindle et al, 2023; Cattelan and Gasparini, 2021; 

Comar et al, 2017; Gasparini et al, 2014, 2019; Hettyey et al, 2012; Levitas et al, 2005; 

Radhakrishnan and Fedorka, 2011), increase the number of mutations in sperm (Agarwal et 

al, 2016; Rinehart, 1969), and reduce male fertilisation success (Gasparini et al, 2018; 

Reinhardt and Siva-Jothy, 2005). Sperm storage can also negatively affect the development 
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(Dharmarajan, 1950; Lodge et al, 1971; Pineaux et al, 2019; White et al, 2008), quality 

(Tarin, 2000; Wagner et al, 2004; White et al, 2008), and fertility (Gasparini et al, 2017) of 

resultant offspring. This deterioration of stored sperm mainly occurs because sperm 

accumulate DNA and oxidative damage over prolonged periods of sexual rest (Barbagallo et 

al, 2022; Sorensen et al, 2023). Further, paternal age and sperm storage duration might 

interact (Pizzari et al, 2008), for example, if old fathers are worse at repairing damage in 

stored sperm, than young fathers (Gorbunova et al, 2007; Selvaratnam et al, 2015; Weirich-

Schwaiger et al, 1994). Studies that manipulate both, paternal sperm storage duration and 

age, and simultaneously measuring offspring and paternal fitness components are lacking, 

leaving such hypotheses untested. 

Here, we experimentally test the independent and interactive effects of paternal age at 

conception and paternal duration of sexual rest (henceforth, sperm storage duration), on the 

age-dependent survival and lifetime reproduction of sons and daughters. We use the fruit fly, 

Drosophila melanogaster, a model organism for investigating parental age effects (Aguilar et 

al, 2023; Hercus and Hoffmann, 2000; Mossman et al, 2019; Nystrand and Dowling, 2014; 

Price and Hansen, 1998; Sanghvi et al, 2023; Sepil et al, 2020; Tan et al, 2013), owing to 

their short generation time and absence of parental care. Fruit flies show life-long 

spermatogenesis (e.g. Bjork et al, 2007; Sepil et al, 2020) and low rates of sperm loss 

(Demarco et al, 2014; Santos et al, 2023), leading to age-dependent accumulation of mature 

sperm in unmated males (Pisano et al, 1993; Sepil et al. 2020). Sperm storage reduces up to 

50% of sperm viability over 8 days (Radhakrishnan and Fedorka, 2011), leads to sperm 

ejection by females (Snook and Hosken, 2004), and lowers offspring viability (Tan et al, 

2013) in flies.  

We test predictions of five hypotheses (H1-H5). First, paternal sperm storage could 

confound with paternal age, to influence the reproductive output of fathers, and the 
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phenotypes of their offspring. If previous studies that do not separate these effects are 

misattributing effects of paternal sperm storage to paternal age, we predict that separating 

these effects will reveal no significant evidence for paternal age effects on offspring. Second, 

old males might be worse at repairing cellular damage than young males (Gorbunova et al, 

2007; Weirich-Schwaiger et al, 1994; Witt et al, 2023), causing deleterious effects of sperm 

storage to be exacerbated in old than young fathers (Zubkova and Robaire, 2006). We thus 

predict offspring of old fathers with long durations of sexual rest to have lower fitness than 

offspring of young fathers or of fathers with short sperm storage durations (H2). Third, 

offspring of old fathers might inherit a higher mutation load than offspring of young fathers 

(Chen et al, 2023; de Manuel et al, 2022; Girard et al, 2016; Jonsson et al, 2017; Kong et al, 

2012; Wang et al, 2020). If paternally inherited mutations are exacerbated as offspring grow 

older (Bregdahl et al, 2020, 2023; Monaghan et al, 2020; Moorad and Promislow, 2008; 

Shindyapina et al, 2020), we predict that the effects of old paternal age would be more 

deleterious when offspring are old than young (H3). Fourth, paternal age effects might be 

sex-specific (e.g. Aich et al, 2022; Angell et al, 2022; Gasparini et al, 2017; Krishna et al, 

2012; Sparks et al, 2022). For instance, advancing paternal age might deteriorate the Y 

chromosome (Byrne et al, 2003; Carothers et al, 1978) or imprinted genes (Denomme et al, 

2020; Paczkowski et al, 2015). Similarly, telomeres or epigenetic markers (which are affected 

by paternal age) from might be inherited sex-specifically (Bouwhuis et al, 2015; Olsson et al, 

2011; Schroeder et al, 2015). In line with these hypotheses, we predict that the quality of sons 

will be more affected by paternal age more than that of daughters (H4). Lastly, fathers might 

trade-off investment in sperm production against repair/maintenance of sperm quality (e.g. 

Koppik et al, 2023). This trade-off might manifest as trade-offs between offspring quantity 

and quality, therefore modulate paternal age effects (Fischer et al, 2011; Ratikainen et al, 
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2018; Johnson et al, 2018). In line with these hypotheses, we predict that fathers who produce 

more offspring would produce poorer quality offspring (H5). 

 

Methods 

Stock and experimental individuals 

We used Dahomey wild-type Drosophila melanogaster flies maintained at a 12:12hr light 

cycle, at a constant temperature of 25°C, and fed with Lewis medium (Lewis, 1960) 

supplemented with ad libitum live yeast (following Sepil et al, 2020). The stock from which 

these flies were taken have been reared in the lab since the 1970s. Under these conditions, 

flies have an egg-to-adult development of ~10 days, and virgin adult males have median and 

maximum lifespans of ~45 and 90 days, respectively (Sepil et al, 2020; also see Fig S1). Our 

experiment consisted of two parts: first, fathers were generated and assigned across four 

treatments (old or young paternal age, with long or short sperm storage duration) in a fully 

balanced design (henceforth “F0 assays”). Then, sons and daughters (F1 individuals) from 

fathers in each paternal treatment were collected, and their survival and lifetime reproduction 

measured (henceforth “F1 assays). Our experiment (Figure 1) was conducted using a total of 

60 fathers per treatment (our independent sample size), spread across four replicates (see 

Table S1 for sample sizes).  

 

Experimental design 

F0 assays 

Paternal treatments 

We first reared experimental flies using a standard larval density method by placing ∼200 

eggs obtained from our stock population cage, on 50 mL of food in 250-mL bottles (Clancy 

and Kennington, 2001). We then collected virgin “F0 males” using ice anaesthesia within 7 
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hours of eclosion from across ~15 of these bottles. F0 males were kept in groups of 10 and 

haphazardly assigned to one of four paternal treatments. These four paternal treatments were: 

old fathers with sperm stored for long durations (OO), old fathers with sperm stored for short 

durations (OY), young fathers with sperm stored for long durations (YO), and young fathers 

with sperm stored for short durations (YY). To generate fathers with sperm of known storage 

durations, we manipulated the duration of sexual rest. For this, we “stripped” (i.e. depleted 

stored ejaculates) virgin young and old F0 males of their stored ejaculates (see “F0 stripping 

assay” below), and then allowed F0 males to replenish their ejaculates for a known duration, 

until they were mated to a single young virgin experimental female to obtain offspring (see 

F0 mating assay below). Specifically, F0 males assigned to the OO treatment were stripped 

when 37 days old and mated at 45 days old, OY males were stripped when 43 days old and 

mated at 45 days old, YO males were stripped when 3 days old and mated at 11 days old, 

while YY males were stripped when 9 days old and mated at 11 days old (Figure 1). This 

design gave us F0 males who were young (11 days old) or old (45 days old), and with 

ejaculates stored for short (2 days) or long (8 days) durations.  

 

F0 stripping assay 

To deplete (“strip”) experimental F0 males and create the four paternal treatments, we placed 

single old or young F0 males with 10 virgin young (3-4 days old) females (henceforth, 

“stripping females”), and allowed males to mate ad-libitum with these stripping females for 

24 hours. Mating with 10 females over 24 hours is sufficient to deplete D. melanogaster 

males of their ejaculate reserves (Douglas et al, 2020; Hopkins et al, 2019; Linklater et al, 

2007; Loyau et al, 2010; Macartney et al, 2021, also see Appendix 1). After 24 hours of being 

with the 10 stripping females, F0 males were separated, sexually rested for two or eight days 

depending on their treatment, and used subsequently for the “F0 mating assay”. Finally, we 
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measured whether the F0 males used in the stripping assay produced offspring with the 

stripping females, to ensure the stripping assay’s effectiveness (see Appendix 1 for details).  

 

F0 mating assay 

After being with the 10 stripping females for 24 hours, all F0 males were transferred to new 

vials and kept individually. Only F0 males that produced offspring in the “F0 stripping 

assay”, were used in the “F0 mating assay” (see Appendix 1 for details). Next, old and young 

F0 males assigned to the short sperm storage treatment (OY and YY respectively) were mated 

once with a young virgin (3-4 days old) experimental female two days after the F0 stripping 

assay. Old and young F0 males in the long sperm storage treatment (OO and YO 

respectively) were mated once with a young virgin (3-4 days old) experimental female 8 days 

after the stripping assay. All experimental females (mothers) were obtained from standard 

stock cages using the standard larval density method described above. F0 males from all four 

treatments (henceforth called “fathers”) were presented with an experimental female on the 

same day, given a maximum of 5 hours to mate only once. Each mating event was observed, 

and mating latency and copulation duration recorded. Following mating, experimental 

females were left singly in the mating vial for 24h to enable oviposition. The resultant 

offspring (“F1”) produced by experimental females (mothers) and fathers, over 24 hours of 

eggs laying in mating vials, were used in the F1 assays (see below).  

 

F1 assays 

The vials with eggs laid from experimental parents in the four treatments were checked every 

day for eclosing offspring (F1). Within seven hours of eclosion, three male (henceforth 

“sons”) and three female (henceforth “daughters”) offspring were haphazardly collected from 

each vial, into individual vials with a unique ID. These six offspring from each parental pair 
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were then used for subsequent “F1 assays” (see below). The remaining eclosed offspring in 

each parental vial were frozen four days later and counted, to compare the reproductive 

output of fathers from the four treatments. Overall, we conducted F1 assays on 3 sons and 3 

daughters from ~60 fathers in each treatment. 

Once every two weeks, surviving sons and daughters were moved to a new vial with a 

virgin young mate (3-4 days old) of the opposite sex for 24 hours and the resultant offspring 

(“F2”) were counted. This gave us data on the reproductive ageing patterns of both sons and 

daughters, from fathers in all four paternal treatments. We checked offspring survival every 

one to three days. Using an aspirator, sons were transferred to new food vials once a week, 

while daughters were transferred to new vials twice a week to reduce female mortality caused 

by larvae softening the food medium. 
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Figure 1: Experimental design to test how paternal age (Y: young, O: old) and paternal sperm storage 

duration (Y: short, O: long) affect lifetime reproduction and survival of sons and daughters. We first 

depleted old and young males of their ejaculates by keeping them with 10 females for 24 hours, then 

allowed them to replenish their ejaculate reserves for either two days (short storage) or eight days 

(long storage), and subsequently mated them to a single female. Three sons and three daughters 

produced from this mating (F1) were chosen haphazardly, and used for the F1 assays. Here, each 

experimental F1 offspring was mated to an individual of the opposite sex from the stock population 

once every two weeks, until death, and offspring reproductive output (number of eclosed F2 

individuals) from eggs laid over 24 hours were counted. In total, each paternal treatment had 60 

fathers. Images from PhyloPics by Thomas Hegna and Ramiro Morales Hojas (PD1.0 and CC01.0 

licence). 
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Data analysis 

General modelling approach 

We used linear mixed-effects models (LMM) and generalised linear mixed-effects models 

(GLMM) to understand how paternal age and paternal sperm storage duration affected the 

reproductive output of fathers and their offspring (Table 1). We included an optimizer 

(“BFGS”) whenever GLMM models did not converge. We used Cox mixed-effects 

proportional-hazards models (coxme) to understand how paternal age and paternal sperm 

storage duration affected the age-dependent mortality of offspring. All analyses were done in 

R v3.5.2 (R Core team, 2012), using the packages stats (R Core team, 2012), lme4 (Bates et 

al, 2015), glmmTMB (Brooks et al, 2017), and coxme (Therneau, 2015). All LMMs were 

checked for normality and homoscedasticity of residuals using the stats package, and 

GLMMs were checked for overdispersion whenever appropriate, using the DHARMa 

package (Hartig and Hartig, 2017). We analysed data on sons and daughters separately. 

Marginal variance (Rmarginal
2 ) explained by fixed effects in our models, was calculated using 

the sjPlot (Ludecke, 2023) and CoxR2 (You and Xu, 2020) packages. Post-hoc pairwise 

comparisons whenever conducted, were done using Hedges’ g in the effectsize (R Core team, 

2012) package (α = 0.05 for significance tests of effect size). Model comparisons were done 

using AIC function in the stats package. 

Unless mentioned otherwise, we started with a “full model” that included two-way 

interactions between paternal sperm storage duration and paternal age. For models on 

reproductive ageing in offspring, our full model additionally included offspring age in a 

three-way interaction with paternal age and sperm storage. These full models were used to 

interpret the highest order interactions only. To then interpret lower order interactions or 

main-effects whenever higher order-interactions were non-significant, we fitted models with 



197 
 

the highest level of interaction removed (following Engqvist, 2005). Main effects indicated 

independent effects of variables when averaged across the effects of other variables. 

 

F0 assays 

We analysed how paternal age and sperm storage duration affected the reproductive output of 

fathers. We modelled the number of offspring produced by fathers as our dependent variable, 

with zero-inflated negative binomial error distribution, because this distribution fit data better 

than Poisson (ΔAIC = 6624, ΔDF = 2) or zero-inflated Poisson (ΔAIC = 1283, ΔDF = 1) 

error distributions. We modelled paternal age, sperm storage duration, their interaction, 

copulation duration, and replicate as fixed effects. Copulation duration was included to 

account for males who copulate for longer durations transferring more sperm to females, thus 

producing more offspring.  

 

F1 assays 

Reproductive ageing (Table 1) 

To understand the effects of paternal treatment on age-dependent reproductive output of 

daughters, we built a GLMM with zero-inflated negative binomial error distribution. This 

model was a better fit to the data than one with Poisson (ΔAIC = 20967, ΔDF = 3) or zero-

inflated Poisson (ΔAIC = 3151, ΔDF = 1) error distribution. We modelled the number of 

offspring produced over 24 hours by daughters, measured once every two weeks from birth to 

death, as the dependent variable. We included paternal age, paternal sperm storage duration, 

the age of daughters, their three-way interaction, and replicate as fixed effects. In the same 

model, we included a quadratic term for daughter’s age (which significantly improved model 

fit compared to only a linear term, P < 0.001), because reproductive ageing patterns are often 

curvilinear (Jones et al, 2014; Sanghvi et al, 2024). Effects of paternal age on offspring 
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lifetime reproduction might be biased, if demographic processes such as selective 

disappearance cause non-random death of offspring over time. In our model, we thus 

additionally included the lifespan of daughters as a fixed effect, to account for selective 

disappearance (Bouwhuis et al, 2009; Sanghvi et al, 2022). We further included the number 

of offspring that fathers produced as a fixed effect, to investigate whether fathers compensate 

for lower quality offspring by producing more offspring. We modelled daughter ID nested 

within paternal ID as random effects.  

 To understand the effects of paternal treatment on age-dependent reproductive output 

of sons, we built a GLMM with a negative binomial error distribution. This model was a 

better fit to the data than one with Poisson (ΔAIC = 13177, ΔDF = 1) or zero inflated Poisson 

(ΔAIC = 4211, ΔDF = 0) error distributions. The fixed and random effects in the model for 

reproductive output of sons were identical to those in our model for reproductive output of 

daughters (as described above), except for one difference. Specifically, for sons, we modelled 

only a linear term for the age at reproduction of sons, because a quadratic term did not 

improve model fit (ΔAIC = 2, ΔDF = 1, P = 0.766 with L.R.T. under a Chi-sq. distribution).  

 

Actuarial ageing (Table 1) 

We used Cox- mixed-effects proportional hazards models to investigate the age-dependent 

mortality risk to sons and daughters separately. However, our models for both sons and 

daughters were identically structured. We modelled the lifespan of offspring as the dependent 

variable. Paternal age, paternal sperm storage duration, their two-way interaction, and 

replicate were included as fixed effects. The number of offspring sired by fathers was 

modelled as a fixed effect, to test whether fathers compensate for low survival of offspring by 

producing more offspring. We modelled paternal ID as a random effect.  
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Table 1: Detailed model structure for each statistical model in our study. Model aim, dependent 

variables, fixed and random effects, and model type for the best-fitting model (determined using AIC 

comparisons) are reported. Proportion of variance in data explained by fixed effects reported as 

marginal R2.  
Generation Model Dependent 

variable 

Fixed effects Random 

effects 

Model 

type 
𝐑𝐦𝐚𝐫𝐠𝐢𝐧𝐚𝐥

𝟐  

F0 (fathers) Reproductive 

output 

Number of 

offspring 

produced 

Age*sperm 

storage + 

copulation 

duration + 

replicate 

 Zero-

inflated 

negative 

binomial 

3.3% 

F1 

(offspring) 

Reproductive 

ageing 

(daughters) 

Number of 

offspring 

produced in 

a day of egg 

laying 

Paternal 

age*paternal 

sperm 

storage*age + 

age^2 + lifespan + 

paternal fecundity 

+ replicate 

1|Paternal 

ID/daughter 

ID 

Zero-

inflated 

negative 

binomial 

38.8% 

Reproductive 

ageing (sons) 

Number of 

offspring 

produced in 

a day of egg 

laying 

Paternal 

age*paternal 

sperm 

storage*age + 

lifespan + 

paternal fecundity 

+ replicate 

1|Paternal 

ID/son ID 

Negative 

binomial 

2.6% 

Actuarial 

ageing 

(daughters) 

Lifespan Paternal 

age*paternal 

sperm storage + 

paternal fecundity 

+ replicate 

1|Paternal ID Cox-

proportion

al hazards 

6.5% 

Actuarial 

ageing 

(sons) 

Lifespan Paternal 

age*paternal 

sperm storage + 

paternal fecundity 

+ replicate 

1|Paternal ID Cox-

proportion

al hazards 

4.8% 

 

 

Results 

F0 assays 

We found no interaction between paternal age and sperm storage duration influencing the 

number of offspring produced by fathers (z = 0.343, P = 0.731, Figure 2B, Table S2). 

However, paternal age (z = 2.130, P = 0.033), but not sperm storage duration (z = 0.810, P = 

0.419, Figure 2B), independently affected the number of offspring fathers produced, with 

young fathers producing more offspring than old fathers. 
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Figure 2: Effects of age and sperm storage treatment, on the number of offspring sired by fathers 

across the four paternal treatments: old age, long sperm storage (OO); old age, short sperm storage 

(OY); young age, long sperm storage (YO); young age, short sperm storage (YY). Means and SE 

shown along with the raw data points. 

 

 

F1 (offspring) assays 

Reproductive ageing 

The three- or two- way interaction of paternal age, paternal sperm storage duration, and the 

age of daughters, had no significant effect on the number of offspring produced by daughters 

(Figure 3, Table S3). Furthermore, paternal age (z = -1.14, P = 0.254) or paternal sperm 

storage duration (z = 1.43, P = 0.153) did not significantly influence the fecundity of 

daughters (Table S3). However, daughters produced fewer offspring when old than when 

young (daughter age as quadratic: z = -3.410, P = 0.001; as linear: z = -6.050, P < 0.001). 

Daughters that produced fewer offspring died earlier than daughters that produced more 

offspring (effect of daughter’s lifespan: z = 2.710, P = 0.007, Figure 4A), consistent with 
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selective disappearance. Paternal reproductive output did not influence the reproductive 

output of daughters (z = -0.020, P = 0.984, Figure S3A). 

We found no significant effect of three-way or two-way interactions between paternal 

age, paternal sperm storage duration, and the age of sons, to affect the number of offspring 

produced by sons (Figure S4, Table S4). Similarly, paternal age did not have a significant 

effect (z = 0.160, P = 0.875). However, we found a marginally significant effect of paternal 

sperm storage duration (z = 2.030, P = 0.043, Figure 5A), on the number of offspring 

produced by sons. Sons born to fathers who stored sperm for eight days (i.e. long sperm 

storage) had on average a 4.2% lower reproductive output across their lifespan, than sons 

born to fathers who stored sperm for two days. Post-hoc tests revealed that this difference 

was significant only in the early life of sons (Hedge’s g at 4 days old: -0.22, 6.5% difference; 

Figure 5A, 5B). The number of offspring sired by fathers was positively correlated with the 

number of offspring sired by their sons (z = 2.930, P = 0.003, Figure S5). However, unlike in 

daughters, we did not find significant evidence for selective disappearance in sons (z = 1.660, 

P = 0.097; Figure 4B). Overall, sons produced fewer offspring with advancing age (z = -4.43, 

P < 0.001).  

 

Actuarial ageing 

Paternal age, paternal sperm storage duration, or their two-way interaction, did not 

significantly influence age-dependent mortality risk of daughters (Figure 6A, Table S5) or 

sons (Table S6). However, the number of offspring sired by fathers was significantly 

correlated with the mortality risk of their sons (z = -2.260, P = 0.024, Figure S5), but not 

daughters (z = 0.500, P = 0.610, Figure S5). Specifically, fathers who produced more 

offspring conceived sons that had higher rates of survival. 

 



202 
 

 

Figure 3: No effect of paternal age or paternal sperm storage duration on the number of offspring 

produced by daughters. OO: Old paternal age, long paternal sperm storage; OY: Old paternal age, 

short paternal sperm storage; YO: young paternal age, long paternal sperm storage; YY: young 

paternal age, short paternal sperm storage. Means and SE shown along with raw data. Each light dot 

represents measurements on a single daughter for a given age. 

 

 

Figure 4: A- Daughters who lived longer consistently produced more offspring throughout life, than 

daughters who lived shorter lives, suggesting selective disappearance. B- We found no significant 

evidence for selective disappearance in sons. Data binned within 5 lifespan ranges. Curves plotted as 

glm-poisson. Shaded areas represent 95% C.I. 
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Figure 5: A- Effect of paternal sperm storage duration on the number of offspring produced by sons, 

when averaged across effects of other variables. Means and SE shown along with raw data. O: long 

paternal sperm storage, Y: short paternal sperm storage. Each light dot represents measurements on a 

single son at a given age. B- Effect of paternal sperm storage duration on reproductive success of sons 

is significant when sons are 4 days old. Effect sizes (Hedges; g) used for comparisons, and 

significance tests based on whether the 95% C.I. overlaps with zero or not. Negative effect sizes 

indicate that sons from fathers with long sperm storage duration, have lower reproductive output than 

sons from fathers with short sperm storage. Means and C.I. shown.  



204 
 

 

Figure 6: No significant effect of paternal age or paternal sperm storage duration on the age-

dependent survival probability of A- daughters, or B- sons. Dotted lines show age at median survival 

probability. OO: old paternal age, long paternal sperm storage; OY: old paternal age, short paternal 

sperm storage; YO: young paternal age, long paternal sperm storage; YY: young paternal age, short 

paternal sperm storage. “+” shows censoring (lost, accidentally killed, or mislabelled). 

 

Discussion 

Paternal age effects can have far-reaching ramifications for organismal evolution. However, 

demonstrating a causal effect of paternal age on offspring phenotype and fitness requires 

experimental control of potential confounds, which is challenging. We investigated how 

paternal age and paternal sperm storage duration affect the reproductive output of fathers, and 

the reproductive and actuarial ageing of their offspring. We found older fathers to have lower 

reproductive output, suggesting reproductive senescence, but found no significant evidence 

for paternal age effects on offspring (H1). Additionally, we found no evidence for paternal 

sperm storage duration interacting with paternal age, to influence offspring phenotypes (H2). 

Instead, we found some evidence for an independent effect of paternal sperm storage duration 

on the reproductive output of sons. Furthermore, the lack of paternal age effects was 

consistently observed irrespective of offspring age, which is inconsistent with the mutation 

accumulation hypothesis (H3). We also found no evidence for paternal age to affect sons 
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more than daughters (H4). Furthermore, we did not find trade-offs between offspring quantity 

versus quality produced by fathers. Instead, fathers that produced more offspring also 

produced higher quality sons (H5).  

We found no significant effect of paternal age on offspring, when separated from 

effects of paternal sperm storage duration (H1). Paternal age effects have been widely 

reported across taxa (e.g. Crow, 2003; Monaghan et al, 2020; Schroeder et al, 2015; Vuarin et 

al, 2019), including in humans (Chang and Robaire, 2022), with offspring from old fathers 

having lower fitness than offspring from young fathers (reviewed in Monaghan and Metcalfe, 

2019). However, most studies on paternal age effects do not control for duration of sperm 

storage. The lack of an effect in our study might suggest some of the previous reports 

misattributing deleterious effects of paternal sperm storage to paternal age (reviewed in 

Pizzari et al, 2008, Sanghvi et al, 2024). In fruit flies for example, experimental males are 

often unmated until they are used to sire progeny (e.g. Aguilar et al, 2023; Mossman et al, 

2019; Nystrand and Dowling, 2014; Price and Hansen, 1998; Priest et al, 2002). Male fruit 

flies are characterised by spermatogenesis throughout their adult life (Bjork et al, 2007; Sepil 

et al, 2020) and low rates of sperm loss (Demarco et al, 2014; Santos et al, 2023). These 

might lead to the accumulation of deteriorating sperm within the male reproductive tract, 

such that old virgin fathers have more deteriorated sperm than young virgin fathers. Only few 

studies have attempted to separate paternal age versus sperm storage effects, albeit in other 

species. For example, Gasparini et al (2019) report independent negative effects of both, 

paternal age and sperm storage duration, on paternal fertility in guppies; Jones et al (2004) 

show interactive effects between paternal age and sperm storage duration on paternal 

fertilisation success, in hide beetles; Vega-Trejo et al (2019) show no deleterious effects of 

paternal age or sperm storage duration on paternal sperm traits, in mosquitofish; while 

Meunier et al (2022) show deleterious effects of paternal age but not of sperm storage 
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duration on sperm traits and offspring survival, in bustards. None of these studies however, 

measured offspring lifetime reproductive success (a better metric of evolutionary fitness), as 

we were able to do in the present study. 

The lack of a paternal age effect in our study could also reflect deleterious effects 

being balanced by beneficial effects of having old fathers (Sanghvi et al, 2023). For instance, 

fathers who have survived to older ages might represent a biased subset of fathers with alleles 

that confer longer lifespans (due to viability selection: Brooks and Kemp, 2001; Hansen and 

Price, 1995; Johnson and Gemmell, 2012; Kokko, 1998). Similarly, fathers of poor 

reproductive value could selectively disappear with age (Bouwhuis et al, 2009; Hamalainen 

et al, 2014; Sanghvi et al, 2022), leading to old surviving fathers having alleles for higher 

reproductive output. These processes (selective disappearance and viability selection) might 

have underestimated paternal age effects in our study, due to fathers being sampled cross-

sectionally, rather than the same fathers being sampled longitudinally across life. The lack of 

a paternal age effect in our study could also occur due to female-driven processes. For 

example, female fruit flies might bias fertilisation toward good quality sperm via cryptic 

female choice (e.g Hadlow et al, 2023; reviewed in Firman et al, 2017; Sanghvi et al, 2024; 

Vuarin et al, 2019). Here, even if the ejaculates of old males contained more deteriorated 

sperm than ejaculates of young males, females could select for higher quality sperm from the 

ejaculates of old [and young] males, thus buffering deleterious paternal age effects.  

 We did not find evidence that old fathers who stored sperm for long durations, 

produce lower quality offspring than other treatments (H2). Old males are hypothesized to 

have poorer DNA repair machinery than young males (Chen et al, 2023; Gorbunova et al, 

2007; Selvaratnam et al, 2015; Weirich-Schwaiger et al, 1994), which could lead to old 

fathers being worse at repairing sperm damage than young fathers (Pizzari et al, 2008). The 

lack of an interaction between paternal age and sperm storage duration in our study could be 
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due to sperm storage for eight days not being sufficient to increase mutation load in paternal 

sperm, or old fathers being able to repair DNA damage in mature sperm, well enough to 

ameliorate deleterious effects of sperm storage.  

We found weak evidence for deleterious effects of paternal sperm storage duration on 

the early-life reproductive output of sons. Several studies have demonstrated that storage of 

mature sperm can deteriorate sperm (Agarwal et al, 2016; Brindle et al, 2023; Cattelan and 

Gasparini, 2021; Comar et al, 2017; Gasparini et al, 2014, 2019; Hettyey et al, 2012; Levitas 

et al, 2005; Radhakrishnan and Fedorka, 2011), and lead to offspring having lower fitness 

(Gasparini et al, 2017; Wagner et al, 2004; White et al, 2008). Other studies however, have 

not obtained evidence for such deleterious effects (Firman et al, 2015; Hotzy et al, 2020; 

Meunier et al, 2022; Vega-Trejo et al, 2019). There are several explanations for only a weak 

effect of paternal sperm storage duration on offspring observed in our study. First, sperm 

could to some extent be re-absorbed or lost in fathers, leading to low levels of sperm damage 

despite long durations of sexual rest (Pizzari et al, 2008; Reinhardt and Siva-Jothy, 2005; 

Reinhardt, 2007). Second, a weak effect could indicate sperm not being stratified in males 

(Reinhardt, 2007), causing fresh and stored sperm to be mixed in paternal ejaculates, whereby 

fathers with 8 days of sexual rest would have ejaculates of sperm varying in ages between 

zero and eight days. Third, not all stored sperm might have been ejaculated by F0 males in 

our stripping assay, leading to less effective sperm storage treatments. Fourth, if sperm 

haploid genomes are expressed in fruit flies, selection on sperm haplotypes could lead to the 

death of poor-quality sperm in fathers who stored sperm for long durations (Alavioon et al, 

2017; Immler, 2019; Otto et al, 2015). This selective death (thus lack of fertilisation capacity) 

of old sperm, could buffer deleterious effects of paternal sperm storage duration on offspring. 

Fifth, females could be actively ejecting sperm stored for longer durations in males, thus 

buffering the effects of sperm storage (Reinhardt and Siva-Jothy, 2005; Snook and Hosken, 
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2004). In our study, the effect of sperm storage on the reproductive output of sons was 

significant, despite its magnitude being small. This statistical significance could be an artefact 

of having a large sample size (of ~180 sons per treatment) rather than a true biological 

pattern. We only manipulated sperm storage duration in fathers, but future studies can 

investigate whether sperm storage in mothers (reviewed in Orr and Brennan, 2015) also 

influence offspring phenotypes.  

 We predicted (H3) that deleterious effects of old paternal age would be more severe 

for old than young offspring (Brengdahl et al, 2023; Moorad and Promislow, 2008; reviewed 

in Monaghan et al, 2020). Such an interaction could occur if senescence in offspring 

exacerbates effects of deleterious mutations inherited from old parents (Chen et al, 2023; 

Girard et al, 2016; Kong et al, 2012; Yatsenko and Turek, 2018). Studies on fruit flies show 

that male germlines accumulate mutations with age (Garcia et al, 2010; Wang et al, 2022), 

that age-specific mutation accumulation can lead to accelerated senescence (Brengdahl et al, 

2020; Yampolsky et al, 2000), and that old fathers have a higher germline mutation load than 

young fathers (Witt et al, 2023). A lack of support for the predicted interactive effect in our 

study might indicate that inherited mutations from old fathers in fruit flies are mostly 

selectively neutral (reviewed in de Jong et al, 2023) in their fitness effects, rather than 

deleterious, as predicted by the mutation accumulation hypothesis of senescence (Moorad and 

Promislow, 2008). In daughters, selective disappearance could have further masked such an 

interactive effect, because daughters of worse reproductive quality selectively died with age. 

Overall, we encourage future studies to not only quantify age-dependent mutation rates and 

epigenetic changes in old paternal sperm (e.g. Oakes et a, 2003; Suvorov et al, 2020), but also 

investigate their inter-generational phenotypic effects.  

 We did not find paternal age to have sex-specific effects on offspring (H4), likely due 

to an overall absence of paternal age effects altogether in our study. This lack of evidence 
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could also be due to mechanisms of inheritance causing sex-specific paternal age effects, 

being absent in fruit flies. Lastly, we did not find evidence that fathers who produced more 

offspring also produced offspring of poorer quality (H5). Instead, paternal fecundity co-

varied positively with the survival and reproductive output of their sons. These results might 

be explained by heterogeneity in paternal condition, such that fathers who can acquire more 

resources are able to invest in both, offspring production (e.g. via higher ejaculate 

production) and offspring quality (e.g. via sperm repair) without trade-offs (Reznick et al, 

2000; Roff and Fairbairn, 2007). Due to these covariances being apparent only in sons but not 

in daughters, these results might alternatively be explained by sex-specific heritability of 

fitness-components (Calsbeek et al, 2015; Connallon, 2012; Weiss et al, 2006) in fruit flies.  
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Conclusions 

Our study challenges the commonly held prediction that older fathers produce lower quality 

offspring, and we find no evidence for deleterious paternal age effects. The absence of a 

paternal age effect persists irrespective of the age of sons and daughters, or the duration of 

paternal sperm storage. These results call for a re-evaluation of the causes and consequences 

of paternal age effects, under a framework that incorporates selective disappearance, 

condition dependence, life-history trade-offs, and variable paternal mating rates. We 

emphasize that sperm damage during sperm storage in fathers, might be an under-appreciated 

modulator of offspring phenotypic variation, especially in species where low male mating 

rates and long-term female sperm storage are commonplace. The interactive influence of 

male age and sexual rest on male reproductive output and his offspring’s phenotypes, might 

be crucial in modulating female sperm ejection (Wagner et al, 2004), mate choice (Johnson 

and Gemmell, 2012), polyandry, and last-male sperm precedence (Snook and Hosken, 2014). 

Overall, we highlight the importance of simultaneously understanding various mechanisms 

by which advancing organismal age might directly (e.g. sex-specific inheritance, mutation 

accumulation) or indirectly (e.g. sperm storage, selective disappearance, trade-offs, condition 

dependence) influence offspring. 

 

 

Data availability 
All code and data are available at OSF: https://osf.io/gq9j2/ under DOI 10.17605/OSF.IO/GQ9J2. 
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Appendix 1: F0 stripping assay 
To create our four paternal treatments, we used old and young experimental F0 males, and 

kept each male with 10 females in a vial for 24 hours, to deplete males of their ejaculate. This 

was done so that after depletion of ejaculates, males would produce sperm of a known 

maximum post-meitoic storage duration. After 24 hours of being with a female, we kept 

males in individual vials allowing either two or eight days of sexual rest. For all F0 males 

used in the stripping assay (and eventually in the paternal treatments), we ensured that the 10 

females associated with him, collectively, produced at least one offspring. This was done to 

ensure that all the F0 males that were to be used in subsequent parts of the experiment in the 

four paternal treatments, were fertile. 

In addition to this stripping assay, we tested whether F0 males had mated with the females 

they were kept with, in the stripping assay. For this, we chose a random subset of F0 males 

(see Table S1 for sample sizes), and collected each of the 10 females he was with, on 

individual vials. For each male, we recorded the number of associated stripping females he 

was with, which produced an offspring (Figure S2A). On average, males from all four 

paternal treatments produced offspring with >9 out of 10 females (Figure S2A). This 

“stripping fertility” assay, was done using eggs laid by females within 24 hours of mating. 

Next, we chose another subset of F0 males (see Table S1 for sample sizes) and moved each of 

the ten females he was with into individual vials for 24 hours for egg laying. This “stripping 

counts” assay was done three days after the F0 “stripping fertility” assay. We then counted all 

the offspring that emerged from laid eggs. This “stripping counts” assay was done to ensure 

that males did not maintain their level of offspring production across all 10 females, and 

instead showed a large variation in how many offspring they produced with each female 

(Figure S2B, S2C), with many females producing very few offspring. Such a pattern in 

female fecundity would be indicative of males having lower numbers of remaining sperm 

when mating with each successive female through a mating sequence (Douglas et al, 2020; 

Hopkins et al, 2019; Linklater et al, 2007; Loyau et al, 2010; Macartney et al, 2021; Sirot et 

al, 2009; Figure S2B, S2C). On the other hand, maintenance of offspring production across 

females would indicate that males still had a lot of sperm stored, making our stripping assay 

ineffective in creating the two sperm storage duration treatments.  

 

 

To further ensure that ten matings were sufficient to deplete males of their sperm reserves, we 

used a transgenic line of Drosophila melanogaster males that express green fluorescent 

protein in their sperm heads at the Mst35Ba and Mst35Bb loci (Manier et al, 2010). We 

dissected two virgin males who were 6-days old and compared the numbers of sperm in their 

seminal vesicles to two, 6-day old males who had been with 10 females in a vial for 24 hours. 

Visual comparison indicated many sperm in the virgin males’ seminal vesicles but almost no 

sperm in the mated males’ seminal vesicles (Images 1a and 1b respectively).  
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Image 1: A. GFP tagged sperm heads (bright green lines) in the seminal vesicles of virgin males that 

were six days old. B. GFP tagged sperm heads (bright green lines) in the seminal vesicles of six-day 

old males, who were kept in a vial with 10 females for 24 hours. Images taken using a Nikon 

Eclipse50i fluorescence microscope (magnification = 10x objective, 10x eyepiece, wavelength = 

480nm) with a chromix HD camera, under UV light from a CoolLED pe300 light source  

 

 

 

 

 

 

 

 

 

A 

B 



219 
 

Appendix 2: Supplementary figures 

 
Figure S1: Survival probabilities of F0 males (kept in single-sex groups of 10) from replicates R1 and 

R2 used in our experiment. Initial sample size = ~370 for both replicates. Median lifespan is ~ 45 

days. “+” shows censoring, shaded areas show 95% C.I. 
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Figure S2: A- number of females fertilized by F0 males (fathers) in the stripping assay (>9 out of 10 females on average; means and SE along with raw data 

presented). B- When all 10 stripping females from a subset of males were put on individual vials, and the number of offspring they produced counted, there 

was a large amount of variation in the number of offspring across females. For each F0 male assayed, we ranked females he was kept with, ascendingly from 

one to ten, based on the number of offspring they produced. This ranking was assumed to be the order in which females mated to a male, such that males 

produced fewer offspring with each successive female in a mating sequence. Dark lines show means of each F0 age group, light lines show individual males. 

Shaded areas show 95% C.I. C- Distribution of the number of offspring produced by each of the 10 stripping females a male was kept with, in the stripping-

counts assay. F0 males of 3, 9, 37, and 43 days of age were assigned to YO, YY, OO, OY paternal treatments, respectively. 
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Figure S3. Number of offspring produced by fathers did not affect the number of offspring produced by A) daughters, but had a positive effect on the number 

of offspring produced by B) sons. Last two age groups (i.e. 74 and 88 days old) were excluded in the figure (but included in the model) for sons, due to very 

low sample sizes, and to allow better comparison between sons and daughters, given daughters did not live until 74 days. 
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Figure S4: Effect of paternal age and paternal sperm storage duration on the number of offspring 

produced by sons at different ages. OO: Old paternal age, long paternal sperm storage; OY: Old 

paternal age, short paternal sperm storage; YO: young paternal age, long paternal sperm storage; YY: 

young paternal age, short paternal sperm storage. Means and SE along with raw data presented. Each 

light dot represents measurements on a single son for a given age. 
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Figure S5: Number of offspring produced by fathers had a significant positive effect on the survival of 

their sons (male), but not their daughters (female). Lifespans (Y axis), rather than survival probability 

shown, for simplicity of interpretation, and difficulty of plotting mortality risk hazard function against 

a continuous variable (paternal reproductive output). Shaded areas show 95% C.I. Each light dot 

represents measurements on a single offspring. 

 
 

 

 

 

 

 

 

 

 

 

 



224 
 

Appendix 3: Supplementary tables 
Table S1: Sample sizes used at each step of our experiment, for each of the four paternal treatments 

(OO: Old males, long sperm storage; OY: old males, short sperm storage; YO: young males, long 

sperm storage; YY: young males, short sperm storage). Each row refers to (top to bottom): Number of 

F0 males measured in the F0 stripping-fertility assay, where each of the 10 females were put on 

separate vials to assess the proportion of females that produced an offspring; the number of F0 males 

for whom 10 females from the stripping-counts assay were later kept on individual vials to count the 

number of offspring produced by each female; the number of fathers mated in the F0 mating assay 

whose reproductive output was measured; the number of fathers for whom 3 sons and 3 daughters 

were collected, and later used in the F1 assays. 
 OO OY YO YY 

N_F0 males stripping-fertility assay  40 34 20 25 

N_F0 males stripping-counts assay  31 22 17 24 

N_F0 fathers mated 99 126 101 110 

N_F1 families 59 60 61 61 
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Table S2: Effects of age (Y: young, O: old) and sperm storage duration (Y: short, O: long), on number 

of offspring produced by fathers. Model has zero inflated negative binomial error distribution. Two-

way interaction model used to interpret only two-way interaction effect, main effect model used to 

interpret only main effects. Shaded grey terms were used to interpret associated model effects. 

Significant terms of interest in bold. 

Two-way interaction model     

Dispersion parameter 7.440    

Conditional model: Estimate SE z P 

(Intercept) 4.096 0.131 31.256 <0.001 

Mating duration 0.007 0.005 1.270 0.204 

RepR2 -0.112 0.056 -2.004 0.045 

RepR3 -0.126 0.060 -2.081 0.037 

RepR4 -0.212 0.056 -3.812 <0.001 

Male ageY 0.081 0.062 1.297 0.195 

Sperm storageY 0.022 0.061 0.356 0.722 

Male ageY:Sperm storageY 0.028 0.082 0.343 0.732 

     

Zero -inflation model Estimate SE z P 

(Intercept) -1.852 0.144 -12.890 <0.001 

     

     

Main-effects model     

Conditional model: Estimate SE z P 

(Intercept) 4.088 0.129 31.670 <0.001 

RepR2 -0.112 0.056 -2.000 0.046 

RepR3 -0.125 0.060 -2.070 0.039 

RepR4 -0.212 0.056 -3.810 <0.001 

Mating duration 0.007 0.005 1.270 0.204 

Male ageY 0.096 0.045 2.130 0.033 

Sperm storageY 0.036 0.045 0.810 0.419 
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Table S3: Effects of paternal age (Y: young, O: old) and paternal sperm storage duration (Y: short, O: 

long), on age-dependent reproductive output of daughters. Shaded grey terms used to interpret 

associated model effects. Significant terms of interest in bold. F0_ID = paternal ID, F1_ID = offspring 

ID. 
Three-way interaction model 

Fixed effects Estimate SE z P 

(Intercept) 4.182 0.087 47.860 <0.001 

RepR2 0.013 0.031 0.410 0.679 

RepR3 -0.123 0.039 -3.150 0.002 

RepR4 -0.004 0.040 -0.100 0.920 

Daughter’s lifespan 0.003 0.001 2.680 0.007 

Paternal fecundity 0.000 0.001 0.040 0.969 

Paternal ageY 0.045 0.056 0.800 0.421 

Paternal sperm storageY 0.028 0.056 0.500 0.615 

Daughter's age -0.020 0.004 -5.160 <0.001 

I(Daughter's age^2) 0.000 0.000 -3.380 0.001 

Paternal ageY* Paternal sperm storageY -0.053 0.078 -0.680 0.495 

Paternal ageY*Daughter's age -0.004 0.003 -1.260 0.209 

Paternal sperm storageY*Daughter's age 0.002 0.003 0.530 0.597 

Paternal ageY* Paternal sperm storageY*Daughter's age 0.001 0.005 0.300 0.761 

      

Random effects Variance SD   

F0_ID/F1_ID 0.000 0.000   

F0_ID 0.002 0.040   

Two-way interaction model 

Fixed effects Estimate SE z P 

(Intercept) 4.186 0.087 48.320 <0.001 

RepR2 0.013 0.031 0.410 0.683 

RepR3 -0.123 0.039 -3.150 0.002 

RepR4 -0.004 0.040 -0.100 0.922 

Daughter’s lifespan 0.003 0.001 2.690 0.007 

Paternal fecundity 0.000 0.001 0.050 0.957 

Paternal ageY 0.035 0.046 0.770 0.442 

Paternal sperm storageY 0.018 0.046 0.400 0.689 

Daughter's age -0.020 0.004 -5.420 0.000 

I(Daughter's age^2) 0.000 0.000 -3.450 0.001 

Paternal ageY*Paternal sperm storageY -0.035 0.049 -0.700 0.481 

Paternal ageY*Daughter's age -0.004 0.002 -1.510 0.130 

Paternal sperm storageY*Daughter's age 0.003 0.002 1.110 0.268 
     

Random effects Variance SD   

F0_ID/F1_ID 0.000 0.001   

F0_ID 0.002 0.040   

Main-effects model 

Fixed effects Estimate SE z P 

(Intercept) 4.205 0.081 52.070 <0.001 

RepR2 0.012 0.031 0.400 0.689 

RepR3 -0.123 0.039 -3.150 0.002 

RepR4 -0.005 0.039 -0.140 0.891 

Daughter’s lifespan 0.003 0.001 2.710 0.007 

Paternal fecundity 0.000 0.001 -0.020 0.984 

Paternal ageY -0.028 0.025 -1.140 0.254 

Paternal sperm storageY 0.035 0.024 1.430 0.153 

Daughter's age -0.021 0.003 -6.050 <0.001 
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I(Daughter's age^2) 0.000 0.000 -3.410 0.001 
     

Random effects Variance SD   

F0_ID/F1_ID 0.000 0.000   

F0_ID 0.001 0.035   
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Table S4: Effects of paternal age (Y: young, O: old) and paternal sperm storage duration (Y: short, O: 

long), on number of offspring produced by sons. Shaded grey terms used to interpret associated model 

effects. Significant terms of interest in bold. F0_ID = paternal ID, F1_ID = offspring ID. 

 
Three-way interaction model 

Fixed effects Estimate SE z P 

(Intercept) 3.850 0.085 45.570 <0.001 

RepR2 -0.021 0.029 -0.720 0.473 

RepR3 0.102 0.035 2.950 0.003 

RepR4 0.123 0.035 3.570 <0.001 

Son’s lifespan 0.001 0.001 1.770 0.077 

Paternal fecundity 0.002 0.001 2.900 0.004 

Paternal ageY -0.065 0.055 -1.180 0.238 

Paternal Sperm storageY 0.009 0.055 0.160 0.875 

Son’s age -0.004 0.001 -3.420 0.001 

Paternal ageY* Paternal Sperm storageY 0.066 0.077 0.850 0.394 

Paternal ageY* Son’s age 0.002 0.002 1.450 0.148 

Paternal Sperm storageY * Son’s age 0.001 0.002 0.740 0.458 

Paternal ageY* Paternal Sperm storageY * Son’s age -0.002 0.002 -0.910 0.361 
     

Random effects Variance SD   

F0_ID/F1_ID 0.000 0.000   

F0_ID 0.000 0.000   

 

Two-way interaction model 

 

Fixed effects Estimate SE z P 

(Intercept) 3.835 0.083 46.340 <0.001 

RepR2 -0.021 0.029 -0.720 0.469 

RepR3 0.102 0.035 2.960 0.003 

RepR4 0.123 0.035 3.570 <0.001 

Son’s lifespan 0.001 0.001 1.740 0.083 

Paternal fecundity 0.002 0.001 2.940 0.003 

Paternal ageY -0.036 0.045 -0.800 0.422 

Paternal Sperm storageY 0.038 0.045 0.850 0.398 

Son’s age -0.004 0.001 -3.410 0.001 

Paternal ageY* Paternal Sperm storageY 0.009 0.045 0.200 0.845 

Paternal ageY*Son’s age 0.001 0.001 1.130 0.257 

Paternal Sperm storageY *Son’s age 0.000 0.001 0.120 0.906 
     

Random effects Variance SD   

F0_ID/F1_ID 0.000 0.000   

F0_ID 0.000 0.000   

Main-effects model 

Fixed effects Estimate SE z P 

(Intercept) 3.817 0.079 48.270 <0.001 

RepR2 -0.021 0.029 -0.730 0.468 

RepR3 0.101 0.035 2.940 0.003 

RepR4 0.123 0.034 3.550 <0.001 

Son’s lifespan 0.001 0.001 1.660 0.097 

Paternal fecundity 0.002 0.001 2.930 0.003 

Paternal ageY 0.004 0.023 0.160 0.875 

Paternal Sperm storageY 0.046 0.023 2.030 0.043 

Son’s age -0.003 0.001 -4.430 <0.001 
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Random effects Variance SD   

F0_ID/F1_ID 0.000 0.000   

F0_ID 0.000 0.001   
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Table S5: Effects of paternal age (Y: young, O: old) and paternal sperm storage duration (Y: short, O: 

long), on the age-dependent mortality risk for daughters. Shaded terms used to interpret associated 

model effects. Significant terms of interest in bold. F0_ID = paternal ID. 

Two-way interaction model coef exp(coef) se(coef) z P 

RepR2 -0.503 0.605 0.120 -4.190 0.000 

RepR3 0.103 1.108 0.145 0.710 0.480 

RepR4 0.151 1.163 0.147 1.030 0.310 

Paternal fecundity 0.002 1.002 0.003 0.500 0.610 

Paternal ageY -0.059 0.943 0.135 -0.430 0.660 

Paternal sperm storageY 0.039 1.040 0.136 0.290 0.770 

Paternal_ageY*Paternal sperm storageY -0.004 0.996 0.190 -0.020 0.980 

      

Random effects SD Variance    

F0_ID 0.354 0.125    

      

Main-effects model coef exp(coef) se(coef) z P 

RepR2 -0.503 0.605 0.120 -4.200 0.000 

RepR3 0.102 1.108 0.145 0.710 0.480 

RepR4 0.151 1.162 0.147 1.030 0.310 

Paternal fecundity 0.002 1.002 0.003 0.500 0.610 

Paternal ageY -0.061 0.941 0.096 -0.630 0.530 

Paternal sperm storageY 0.037 1.037 0.094 0.390 0.700 

 

Table S6: Effects of paternal age (Y: young, O: old) and paternal sperm storage duration (Y: short, O: 

long), on the age-dependent mortality risk for sons. Shaded grey terms used to interpret associated 

model effects. Significant terms of interest in bold. 

Two-way interaction model coef exp(coef) se(coef) z P 

RepR2 0.402 1.496 0.140 2.880 0.004 

RepR3 0.464 1.591 0.167 2.790 0.005 

RepR4 0.168 1.183 0.170 0.990 0.320 

Paternal fecundity -0.009 0.991 0.004 -2.200 0.028 

Paternal ageY 0.066 1.068 0.156 0.430 0.670 

Paternal sperm storageY 0.220 1.245 0.157 1.400 0.160 

Paternal_ageY*Paternal sperm storageY -0.298 0.742 0.219 -1.360 0.170 

      

Random effects SD Variance    

F0_ID 0.539 0.290    

      

Main-effects model coef exp(coef) se(coef) z P 

RepR2 0.388 1.473 0.140 2.760 0.006 

RepR3 0.454 1.574 0.168 2.700 0.007 

RepR4 0.150 1.162 0.171 0.880 0.380 

Paternal fecundity -0.009 0.991 0.004 -2.260 0.024 

Paternal ageY -0.086 0.918 0.110 -0.780 0.440 

Paternal sperm storageY 0.065 1.067 0.110 0.590 0.550 
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Chapter 6 
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you stronger? Effects of 

paternal age at conception on 
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Abstract 

Advancing male age is often hypothesised to reduce both, male fertility and offspring quality 

due to reproductive senescence. However, the effects of advancing male age on reproductive 

output and offspring quality are not always deleterious. For example, older fathers might 

buffer effects of reproductive senescence by terminally investing in reproduction. Similarly, 

males that survive to reproduce at an old age, might carry alleles that confer high viability 

(viability selection) which are then inherited by offspring, or might have high reproductive 

potential (selective disappearance). Differentiating these mechanisms requires an integrated 

experimental study of paternal survival and reproductive performance, as well as offspring 

quality, which is currently lacking. Using a cross-sectional study in Drosophila melanogaster, 

we test the effects of paternal age at conception (PAC) on paternal survival and reproductive 

success, and on the lifespans of sons. We discover that mating at an old age is linked with 

decreased future male survival, suggesting that mating-induced mortality is possibly due to 

old fathers being frail. We find no evidence for terminal investment, and show that 

reproductive senescence in fathers does not onset until their late-adult life. Additionally, we 

find that as a father’s lifespan increases, his probability of siring offspring increases, for older 

PAC treatments only. Lastly, we show that sons born to older fathers live longer than those 

born to younger fathers, due to viability selection. Collectively, our results suggest that 

advancing paternal age is not necessarily associated with deleterious effects for offspring, and 

may even lead to older fathers producing longer-lived offspring.  

 

Keywords: senescence, viability selection, Lansing effect, terminal investment, life-history 

trade-offs, pleiotropy 
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Introduction 

Reproductive senescence is the age-dependent decline in the reproductive output of 

organisms (Monaghan et al, 2008; Rose and Charlesworth, 1980). This leads old individuals 

to have lower gamete quality and quantity (Dean et al, 2010; Gasparini et al, 2010), thus 

lower fecundity and fertility (Naciri et al, 2022; Sepil et al, 2020), and produce fewer 

offspring, than young individuals. For instance, old males across different species often have 

smaller ejaculate sizes (Cornwallis et al, 2014; Sanghvi et al, 2024), poorer quality sperm 

(Gasparini et al, 2019; Johnson et al, 2015), and lower abundance of seminal fluid proteins 

(Fricke et al, 2023), than young males. A growing body of literature however, challenges 

these patterns by documenting that advancing male age does not necessarily result in male 

reproductive senescence (Aich et al, 2022; Baudisch and Stott, 2019; Brooks and Kemp, 

2001; Cooper et al, 2020, 2021; Finch, 2009; Forslund and Part, 1995; Heinze et al, 2018; 

Johnson and Gemmell, 2012; Jones et al, 2014; Jones and Vaupel, 2017; Lee and Chu, 2023; 

Moullec et al, 2023; Sandfoss et al, 2023; Segami et al, 2021; Vega-Trejo et al, 2019). In 

some cases, advancing age may even be associated with increased reproductive output (e.g. 

Avent et al, 2008; Girndt et al, 2019; Lifjeld et al, 2022; Prathibha et al, 2011; Sanghvi et al, 

2024; Santhosh and Krishna, 2013; Verspoor et al, 2015).  

Several mechanisms explain why old males might have a reproductive output similar 

to-, or higher than, young males. At a population level, between individual heterogeneity in 

quality might lead to selective disappearance of poor-quality individuals. Here, longer living 

males could represent a non-random cohort with higher reproductive quality (Bouwhuis et al, 

2009; Hamalainen et al, 2014; Sanghvi et al, 2022; Sultanova et al, 2023), thus masking 

reproductive senescence. Alternatively, according to the terminal investment hypothesis, old 

males, males who perceive themselves as close to dying, or old males close to dying, might 

allocate proportionally more resources such as ejaculates, to a single current reproductive 
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event than young males (Duffield et al, 2017; Farchmin et al, 2020; Moullec et al, 2023). This 

is because as future survival prospects of organisms decline, individuals are hypothesized to 

invest more in current than future reproductive opportunities (Creighton et al, 2009; Duffield 

et al, 2018; Froy et al, 2013; Part et al, 1992; Velando et al, 2006).  

In addition to impacting a male’s own reproductive output, reproductive senescence in 

males can also influence the phenotypes of the offspring via paternal age effects (Priest et al, 

2007; Schroeder et al, 2015). For instance, offspring sired by old fathers are reported to have 

poorer development (Janecka et al, 2017; Preston et al, 2015), early-life performance (Fay et 

al, 2016), and reproductive output (Arslan, 2017; Nystrand and Dowling, 2014; Vuarin et al, 

2021), than offspring of young fathers. Notably, offspring born to old fathers often have 

shorter lifespans than those born to young fathers (Crow, 2003; Monaghan et al, 2020; 

Sharma et al, 2015), a phenomenon known as the ‘Lansing effect’ (Ivimey-Cook et al, 2023; 

Lansing, 1947). While these paternal age effects might be caused by age-dependent changes 

in paternal care (Benowitz et al, 2013; Cope et al, 2022), in species without care, these effects 

likely occur via age-dependent deterioration in ejaculates (Monaghan and Metcalfe, 2019) or 

differential resource allocation by females (Harris and Uller, 2009).  

In contrast to negative effects of old fathers, few studies report no effects of paternal 

age on offspring quality (Heinze et al, 2018; Sparks et al, 2022; also see chapter 5 of my 

thesis). Others yet show that old fathers can produce larger (Aguilar et al, 2023; Mirrhosseini 

et al, 2014; Pappert et al, 2023), longer lived (Angell et al, 2022; Johnson et al, 2018; Krishna 

et al, 2012; Lee et al, 2019; Priest et al, 2002), and more fecund (Krishna et al, 2012; Sparks 

et al, 2022) offspring than young fathers (also see Kroeger et al, 2020 for beneficial maternal 

age effects). Thus, some mechanisms have been proposed to explain why old fathers produce 

higher quality offspring compared to young fathers. Males who mate at an old age are 

predicted to have, on average, longer lifespans than males who mate at younger ages 
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(Mueller, 2004). If differences in survival between individuals are due to intrinsic reasons, 

older fathers would carry alleles that confer higher viability (Bowen et al, 2006; Chen and 

Maklakov, 2012; Kokko and Lindstrom, 1996; Reznick et al, 2004). Consequently, offspring 

born to older fathers would inherit these alleles, leading to old fathers producing longer-lived 

offspring, as predicted by the viability selection hypothesis (Beck et al, 2002; Brooks and 

Kemp, 2001; Hansen and Price, 1995; Kokko, 1998; Johnson and Gemmell, 2012). However, 

this positive relationship between paternal age, and paternal or offspring lifespan, might be 

buffered when old males are frail and die soon after mating, or under high extrinsic mortality 

(Kokko and Lindstrom, 1996). 

The effects of paternal age at conception and paternal lifespan on paternal 

reproductive output and offspring lifespan are unlikely to be independent. Non-mutually 

exclusive processes (effects on male reproductive output: reproductive senescence, selective 

disappearance, terminal investment; effects on offspring quality: Lansing effect, viability 

selection), might co-occur and interact with each other to shape the life-history of fathers and 

their offspring. For example, higher paternal allocation toward producing offspring of high 

quality, could come at the cost of lower allocation toward producing many offspring, or 

fathers living longer, due to life-history trade-offs (e.g. Johnson et al, 2018; Lemaitre et al, 

2015; Travers et al, 2021). Different processes could further interact to shape patterns of 

ageing in animals. For instance, selective disappearance might lead to beneficial effects of 

advancing age on reproductive output until mid-life. However, from mid- to late-life, these 

age-dependent improvements could be outweighed or balanced by deleterious effects of 

senescence, leading to curvilinear shapes of ageing (e.g. Cooper et al, 2020; Jones et al, 2014; 

McCleery et al, 2008; Reid et al, 2010; Sanghvi et al, 2024; Torres et al, 2011), or no overall 

effects of age (e.g. Cooper et al, 2021). Only few studies (on wild populations) have 

attempted to disentangle the confounding effects of paternal age at conception and paternal 
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lifespan (e.g. Reid et al, 2010; Torres et al, 2011). While valuable for their ecological 

relevance, these studies on wild populations have limited control over confounding factors 

such as maternal ageing and male mating history (a crucial modulator of male survival and 

reproductive output: Aich et al, 2022; Jones and Elgar, 2004; Partridge and Andrews, 1985; 

Paukku and Kotiaho, 2005).  

Using cross-sectional sampling of fathers at different ages in the fruit fly, Drosophila 

melanogaster, we test the effects of paternal age at conception (PAC) on paternal survival 

(aim 1), paternal reproductive output (aim 2), and the lifespans of sons (aim 3). A cross-

sectional design allows us to test whether between-individual variation in lifespan and 

reproduction, therefore population-level processes such as viability selection and selective 

disappearance, explain the influence of PAC on offspring phenotypes. We first investigate the 

influence of PAC on paternal lifespan and future survival (aim 1). The relationship between 

PAC and paternal lifespan is often assumed to be positive. However, this relationship might 

be non-linear, due to processes not usually accounted for (Appendix 1). For instance, males 

who mate when old might be frail, thus incur more severe costs of mating and die soon after 

mating, than males who mate at a young age. Such age-dependent frailty could lead to a 

lower ceiling for maximum lifespan in males who mate when old than in males who mate 

when young, therefore buffering the expected positive relationship between PAC and paternal 

lifespan. Next, we investigate whether a male’s age at conception affects his reproductive 

output (aim 2, Appendix 2). Consistent with reproductive senescence, old males might have a 

lower reproductive output than young males. However, between-individual heterogeneity 

arising when males are sampled cross-sectionally, might mask reproductive senescence at a 

population-level. For example, when male mortality is non-random and lifespan and 

reproductive output co-vary positively, males with low reproductive output might die earlier 

than males with high reproductive output. Such selective disappearance would lead to an 
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increase in reproductive output with advancing age. Further, terminal investment could lead 

old males, males who are close to dying, or old males close to dying, to invest more in a 

current reproductive event, than young males or males far away from dying. Finally, we 

investigate how PAC affects the lifespans of offspring, focussing on sons (aim 3, Appendix 

2). Here, in line with Lansing effects, old fathers might produce shorter-lived sons than young 

fathers. However, if old fathers have alleles that confer longer lifespans, then a cross-

sectional sampling of paternal ages could lead to sons born to old fathers living for longer, 

than those born to young fathers, due to viability selection.  

 

Methods 

Stock population 

To investigate how PAC affects paternal survival and reproductive output, as well as the 

lifespan of sons, we first set up a population of experimental males. To do this, we collected 

300 virgin males (henceforth “unmated experimental males”) within 6 hours of eclosion on 

ice, and placed them in individual vials. These 300 males were collected from a stock 

population cage of lab-adapted, outbred, wildtype Dahomey D. melanogaster flies 

maintained in our lab since the 1970s. Unmated experimental flies were reared using a 

standard larval density method at 25°C and 45% r.h. (Clancy and Kennington, 2001). All flies 

in our experiment were maintained on a 12:12 hour light cycle, and fed with Lewis medium 

supplemented with ad libitum live yeast (Lewis, 1960). Under these conditions, male flies in 

our lab have median and maximum lifespans of ~45 days and ~90 days, respectively.  

 

Experimental design 

We first generated different PAC treatments of experimental fathers, by sampling fathers 

using a cross-sectional design. A cross-sectional sampling approach was employed for two 
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reasons. First, we were interested in testing whether between-individual heterogeneity in 

paternal lifespan might buffer the deleterious effects of advancing paternal age. Here, only a 

cross-sectional design could create heterogeneity in paternal lifespan for different PAC 

treatments. Our second reason for cross-sectional sampling was to prevent paternal age from 

confounding with paternal mating history, which inevitably occurs when fathers are sampled 

longitudinally (Aich et al, 2022). 

Every two weeks (starting at 4 days of age), we chose between 25 to 37 surviving 

males from the 300 unmated experimental males (sample sizes in Table S1). In total, we 

generated a total of six PAC treatments, with males of the following ages (in days): 4, 18, 32, 

46, 60, 74 (see Table S1 for sample sizes). We generated random numbers on MS Excel 

(‘randbetween’ function) to randomise our choice of males. The chosen experimental males 

were placed in a vial with a young (4 days old) virgin female of Dahomey background. 

Chosen experimental males were mated only once with the female, and males that did not 

mate within four hours (5 in total across all PAC treatments) were censored. Each mating was 

observed and mating latency and copulation duration recorded. After mating, the males were 

transferred into a new vial and kept individually until they died, and monitored daily to 

record their lifespans within 1 day of error. All fathers in our experiment, mated only once 

across their lifespan. The mated females were left in the mating vial for another 24 hours 

following exposure to the male, to lay eggs, after which the females were discarded. These 

vials were left at 25°C and 45% r.h for 9 to 10 days, until offspring emerged (pupae in all 

vials emerged).  

Within six hours of emergence, three sons were selected haphazardly from each 

parental pair and moved into a separate vial. All three sons from a parental pair were kept 

together until death. The remaining offspring from each parental pair were frozen at -20°C on 

the fourth day after eclosion began, and their numbers counted. We additionally recorded the 
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survival of the unmated experimental males each day, to compare the survival of mated 

versus unmated males. All experimental flies, including unmated males and sons, were put in 

new food vials once every four days, using an aspirator. 

 

Data analysis 

We used R v3.5.2 for all analyses (See HTML supplement for code and full model outputs), 

and packages lme4 (Bates et al, 2014), glmmTMB (Brooks et al, 2014), lavaan (Rosseel, 

2012), and nlme (Pinheiro et al, 2017) for building models. P values for all linear models 

were calculated using Satterthwaite’s method. All linear models were checked for model 

assumptions of normality and homoscedasticity of residuals using the stats package (R core 

team, 2012). All generalised linear models were checked for overdispersion using DHARMa 

(Hartig and Hartig, 2017). We interpreted main effects only when two-way interactions were 

non-significant (following Engqvist 2005), by fitting a model with the interaction removed. 

PAC was modelled as a continuous, not categorical variable, in all our models. 

 

Aim 1: Effects of PAC on paternal survival 

First, we investigated the effects of increasing PAC on paternal lifespan (see Appendix 1 and 

2 for hypotheses and predictions). For this, we created a linear model with PAC as a fixed 

effect, and paternal lifespan as the dependent variable. Our data violated linear model 

assumptions of homogenous variance, due to lower variance in paternal lifespans for older 

PAC treatments. Thus, we specified a heterogeneous variance structure using the function gls 

(Pinheiro et al, 2017). A model with heterogenous variance structure was a better fit to the 

data than one without (ΔAIC = 7.817; ΔDF = 5).  

Second, we tested whether mortality risk differed between mated (i.e. fathers) and 

unmated experimental males. For this, we compared survival probability between unmated 
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experimental males and fathers who mated when young (4 days old). Young, rather than older 

fathers were chosen for this comparison because we wished to compare actuarial senescence 

patterns across the entire lifetime of mated versus unmated males. Using old fathers would 

not allow this comparison, because older fathers by definition, survived to older ages. We 

modelled data using Cox proportional hazards in the coxme (Therneau and Therneau, 2015) 

and survival (Therneau and Lumley, 2013) packages, with male lifespan as the dependent 

variable, and treatment (4 day old mated versus unmated) as a fixed effect.  

Third, we compared whether mortality risk due to mating differed between young and 

old males, using a Cox proportional hazards model. For this, we used two approaches. In our 

first approach, we used a generalised linear model with binomial error distribution. Here, we 

compared the proportion of males that were alive (1) or dead (0) as our dependent variable, in 

each PAC treatment (fixed effect), three days after mating. Here, we additionally included 

number of offspring each male produced as a fixed effect to test for potential trade-offs 

between paternal mortality risk and offspring production (Lemaitre et al, 2015). However, 

differences in survival soon after mating, between different PAC treatments could, in 

principle, be explained by actuarial senescence alone. We thus used a second approach to 

specifically test whether mortality risk differed between old and young males due to mating 

per se, by removing effects of actuarial senescence. To do this, we compared survival 

probabilities between males who mated when 60 days (i.e. old PAC) old and males mated 

when 4 days old (i.e. young PAC), while only using data of males from both PAC treatments 

that survived beyond 60 days. Similarly, we also compared survival probabilities between 

males who mated when 74 days old versus 4 days old, but only using data on males from 

both PAC treatments that survived beyond 74 days. Out of the 25 fathers initially assigned to 

the 4 day old treatment, 14 (56%) and 6 (24%) survived beyond 60 and 74 days, respectively.  
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Aim 2: Effects of PAC on paternal reproductive output 

We tested the effect of PAC on paternal probability of siring an offspring (𝑃𝑠), and on the 

number of offspring sired (𝑁𝑠) when only considering fathers who sired offspring. To do this, 

we used a hurdle generalised linear model with truncated negative binomial error distribution 

(Brooks et al, 2017), and number of offspring as our dependent variable. A hurdle model 

allowed us to first, compare the 𝑃𝑠 of fathers (i.e. zero inflation model). Then, using only data 

on fathers that sired offspring (conditional model), compare the 𝑁𝑠 of fathers. PAC, paternal 

lifespan, their interaction, a quadratic effect of PAC, paternal copulation duration, and mating 

latency, were included as fixed effects. PAC was included to test for senescence, while 

paternal lifespan was included to test for selective disappearance (van de Pol and Verhulst, 

2006). Copulation duration was included to account for males potentially producing more 

offspring due to transferring more sperm by copulating for longer (Dore et al, 2021). Latency 

was included to account for differences in female pre-mating preference for males, where 

females who take longer to mate (i.e. less prefer a male), might produce fewer offspring than 

females who take shorter to mate. In the same model, we also included a quadratic term for 

PAC, to test for curvilinear patterns of ageing. This model would allow us to test for the 

effects of reproductive senescence, as well as selective disappearance, by testing whether 

within each PAC treatment, fathers with longer lifespans sired more offspring than fathers 

with shorter lifespans. We conducted a sensitivity analysis to ensure that the patterns 

observed for reproductive ageing were not driven by the oldest age group (i.e. 74-day old 

males), by re-analysing the data but excluding the 74-day old males, as this age group had 

few data points (Table S1).  

We then investigated whether observed patterns in paternal reproduction could be due 

to terminal investment. Terminal investment could occur solely as a response to advancing 

male age, proximity to death, or due to an interaction between male age and proximity to 
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death (reviewed in Duffield et al, 2017; Foo et al, 2023). We thus first tested whether old 

fathers who were close to dying produced more offspring than old fathers not close to dying, 

or young fathers. For this, we calculated the number of days elapsed between a male’s death 

and the day he mated, henceforth called “days to death”. Then, using a generalised linear 

model with zero-inflated negative binomial error distribution, we tested how the interaction 

between days to death and PAC (fixed effects), affected the number of offspring produced 

(using all data, including fathers who produced zero offspring) by fathers (dependent 

variable). Here, we additionally included paternal copulation duration as a fixed effect. We 

then tested whether fathers who were close to dying or fathers who were old, produced more 

offspring than fathers who were not close to dying or than young fathers respectively, by 

removing the interaction term in the model specified above. 

 

Aim 3: Effects of PAC on lifespans of sons 

We investigated the effects of PAC on the lifespans of sons, and whether the observed effects 

were due to fathers in older PAC treatments living longer, as predicted by the viability 

selection hypothesis. For this, we used three approaches. In our first approach, we tested how 

PAC affected the lifespans of sons (dependent variable) using a linear model. Here, we 

included PAC as fixed effect and paternal ID as a random effect. We also included the 

number of offspring produced as fixed effect to test for trade-offs between paternal 

investment in offspring lifespan versus number (Johnson et al, 2018). Our models had 

heterogenous variance structure specified, as this structure yielded a better fit to the data than 

a model without heterogenous variance (ΔAIC= 25.66; ΔDF= 1).  

In our second approach, we tested whether PAC had a significant effect on the 

lifespans of sons, after isolating the variance explained by paternal lifespan. This was done to 

test whether the effect of PAC on lifespans of sons, observed in our first approach, was 
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mediated by paternal lifespan (i.e. indirectly) as predicted by the viability selection 

hypothesis. We first built a model with paternal lifespan as a fixed effect, paternal ID as a 

random effect, and the lifespan of each son as our dependent variable. Then, we used 

residuals from this model as the dependent variable, and included PAC and the number of 

offspring produced by fathers as fixed effects, and paternal ID as a random effect. Such a 

method of residualizing allowed us to test the effects of a PAC while isolating the effects of 

paternal lifespan which was a collinear predictor (Dormann et al, 2013). This model had a 

heterogeneous variance structure specified as described above.  

 In our third approach, we conducted a path analysis using a structural equation model 

in the package lavaan (Rosseel, 2012). This approach was used to obtain a better 

understanding of the path of causality for how PAC affects lifespans of sons. We modelled 

the direct effect of PAC on son lifespan and its indirect effect via the influence of paternal 

lifespan. In this model, we also included covariances between number of offspring produced 

by fathers with paternal lifespan and with lifespans of sons, to account for trade-offs between 

offspring quality and number, and between investment in reproduction versus survival by 

fathers. For all three approaches used for analysing the effects of PAC on son’ lifespans, we 

additionally conducted sensitivity analyses. In these, we excluded data on sons from the 74-

day PAC treatment, owing to the small sample size of this treatment.  

 

Results 

Aim 1: Effects of PAC on paternal survival 

Increased paternal age at conception (PAC) was associated with an increase in the average 

lifespan of fathers (t = 3.072; P = 0.003, R2 = 4.3%, Figure 1). Paternal lifespan increased by 

0.125 days with an increase of one day in PAC. 
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There was no significant difference in survival probabilities between the unmated 

experimental males, and those who mated at 4 days old (z = 1.574, P = 0.115, Figure 2 and 

3A). When comparing only males who mated, males in older PAC treatments had a lower 

probability of surviving beyond three days after mating, than males in younger PAC 

treatments (z = -3.544, P < 0.001, Table S2, Figure S1). For instance, within 3 days after 

mating, males who mated when ‘old’ (i.e. at 60 or 74 days old) experienced >50% mortality, 

compared to no deaths in ‘young’ PAC treatments (i.e. 4, 18, and 32 days old). While this 

result could be due to age-specific effects of mating stress, it could also be a consequence of 

actuarial senescence, whereby older PAC have an overall lower age-dependent survival 

probability than young PAC treatments (z = -2.067, P = 0.038, Figure S2). We thus further 

tested whether the difference in mortality rates between old and young PAC treatments was 

specifically due to mating. Males who mated at 60 days of age had a significantly lower 

probability of surviving past 60 days of age than males who mated at 4 days of age, when 

only data on males that survived past 60 days of age in both PAC treatments were used (P = 

0.045, Figure 3A). Similarly, males who mated at 74 days of age were less likely to survive 

past 74 days of age than males who mated at 4 days of age (P = 0.066, Figure 3B). 

Collectively, these results indicate that while advancing PAC is associated with fathers having 

longer lifespans, the strength of this effect is buffered by old fathers experiencing higher 

mortality associated with mating stress, compared to fathers who mated when young.  
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Figure 1: Males who conceive at older ages have longer lifespans on average. Violin plots 

show smoothed distribution of data, while dark line and shaded areas show regression line 

and 95% C.I. Lower Y axis limit set to 25 because no deaths occurred before 25 days of age. 

Sample size of fathers across the six PAC treatments (from 4 to 74 days) is: 25, 25, 26, 26, 

37, 5, respectively.  
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Figure 2: Males who mated at 4 days of age (N=25) did not have a significantly different 

survival probability compared to the unmated experimental males (N=300). “+” indicates 

censored individuals. Shaded area shows 95% C.I. Dotted lines show age at median survival 

probability.  

 

 

Figure 3: A- Males who mated at 60 days of age (N=37) had a lower survival probability than 

males who mated at 4 days of age but survived beyond 60 days of age (N=14). B- Males who 

mated at 74 days of age (N=5) had a lower survival probability than males who mated at 4 
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days of age but survived beyond 74 days of age (N=6). Dotted lines show age at median 

survival probability. 

 

Aim 2: Effects of PAC on paternal reproductive output 

We found a significant interaction between PAC and paternal lifespan, on the probability of 

siring offspring (i.e. 𝑃𝑠: z = -2.336, P = 0.020, Table S3). Specifically, 𝑃𝑠  increased with 

paternal lifespan, but only for fathers who conceived at older ages (Figure 4A). When the 

interaction term between PAC and paternal lifespan was removed, there was an overall 

positive effect of increasing paternal lifespan leading to a higher 𝑃𝑠 (z = -2.526, P = 0.012). 

However, a model with the interaction term provided a marginally better fit to the data than a 

model without this term (ΔAIC= 1.4; ΔDF= 2; P = 0.065). When investigating variation in 

𝑁𝑠 (i.e. number of offspring sired by fathers, who produced at least one offspring), we found 

no significant effects of the interaction between PAC and paternal lifespan (z = 0.562, P= 

0.574, Table S3), and no significant effect of paternal lifespan (z = 0.963; P = 0.336) on 

paternal 𝑁𝑠. However, we found a significant quadratic effect of PAC on 𝑁𝑠 (z = -3.902, P < 

0.001, Figure 4B).  

Our sensitivity analysis (i.e. a model without data from 74-day old PAC) showed a 

significant quadratic effect of PAC on 𝑁𝑠 (z = -2.084, P = 0.037).  However, the shape of PAC 

on 𝑁𝑠 from the sensitivity analysis was shallower (Figure S3, S4) than the original model that 

included data from 74-day old males. Furthermore, a model with a quadratic and linear term 

for PAC was no better fit to the data than a model without the quadratic term (ΔAIC= 0.6; 

ΔDF= 2; P = 0.1). This suggests that a decline in 𝑁𝑠 late in life and an overall quadratic effect 

of reproductive ageing, are most likely driven by low 𝑁𝑠 in the 74-day PAC treatment. 

 We found a significant interaction between days to death and PAC to affect number of 

offspring sired by fathers. A model with an interaction term between PAC and days to death 

provided a better fit to the data than a model with the interaction removed (ΔAIC = 2.8, ΔDF 
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= 1, P = 0.027). Specifically, old males who died soon after mating sired fewer offspring than 

old males who died later after mating, or than young males (z = 2.201, P = 0.027; Table S4). 

When averaged across other variables, males who were closer to dying did not produce more 

offspring than males who were not close to dying (z = 0.167, P = 0.867). Collectively, these 

results on reproductive output indicate that reproductive senescence in fathers becomes 

apparent only in late-adult life; that life-history traits of survival and reproductive output 

show pleiotropic interactions that depend on the age of the father; and that there is no 

evidence for terminal investment or selective disappearance.  
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Figure 4: A: Paternal age at conception interacted with paternal lifespan to affect the probability of siring an offspring (𝑃𝑠). B: Paternal age at 

conception affected the number of offspring sired (𝑁𝑠: after excluding fathers who did not produce offspring) in a quadratic way. Shaded areas 

represent 95% C.I. Sample size of fathers across the six PAC treatments (from 4 to 74 days) is: 25, 25, 26, 26, 37, 5, respectively.
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Aim 3: Effects of PAC on lifespans of sons 

In our first approach, we tested for the effects of PAC on lifespans of sons without accounting for 

effects of paternal lifespan. We found a significant positive effect of PAC on the lifespans of sons 

(t = 2.532; P= 0.013; Table S5, Figure 5, Figure S5), even when the 74- days old PAC treatment 

was excluded (t = 2.983; P = 0.004). Lifespans of sons increased by ~0.1 days with each day of 

increase in PAC. The number of offspring produced by fathers had no effect on the lifespans of 

sons (t = 0.054, P = 0.957). In our second approach, we tested for the effects of PAC on residuals 

from a model that first tested for effects of paternal lifespans on lifespans of sons. Here, we 

found no significant effects of PAC on these residuals (t = 1.532; P = 0.129), including in our 

sensitivity analysis where data of sons from the 74-day old PAC treatment were excluded (t = 

1.923; P = 0.057). In our third approach (Figure S6; Table S6), our path analysis suggested 

significant direct effects of PAC on sons’ lifespan (z = 2.443, P = 0.015) and on paternal lifespan 

(z = 4.662, P < 0.001). This path analysis also revealed marginally non-significant effects of 

paternal lifespan on sons’ lifespan (z = 1.920, P = 0.055), as well as marginally non-significant 

indirect effects of PAC on sons’ lifespans via the effect of paternal lifespan (z = 1.776, P = 

0.076). Results from our sensitivity analysis, where sons belonging to the 74-day old PAC 

treatment were excluded, showed qualitatively similar results. Specifically, increasing PAC 

significantly increased paternal (z = 4.245, P < 0.001) and sons’ lifespans (z = 2.723, P = 0.006); 

paternal lifespan positively correlated with lifespan of sons (z = 1.994, P = 0.046); and there was 

a trend for PAC to influence sons’ lifespans via the indirect effect of PAC on paternal lifespans (z 

= 1.808, P = 0.071). Collectively, our results for aim 3 indicate that the positive effects of 

advancing PAC on the lifespans of sons is partly due to older fathers living longer. This result is 
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in line with the viability selection hypothesis rather than Lansing effects, and is not due to trade-

offs between paternal reproductive output and sons’ lifespans. 

  

Figure 5: Increase in paternal age at conception led to an increase in the lifespans of sons. Each 

dot represents the lifespan of a single son, shaded areas show 95% C.I. See figure S5 for means 

and SE. Sample size of fathers across the six PAC treatments (from 4 to 74 days) is: 25, 25, 26, 

26, 37, 5, respectively. 
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Discussion  

Paternal age at conception can affect paternal survival and reproductive success, and the fitness 

of offspring in complex ways, with several hypothesized outcomes. Studying the effects of 

paternal age at a population-level therefore requires simultaneously testing for multiple, non-

mutually exclusive processes (e.g. reproductive senescence, selective disappearance, terminal 

investment, Lansing effect, viability selection, trade-offs). Currently, there is a scarcity of studies 

adopting such an approach. We used experiments in fruit flies to investigate how paternal age at 

conception (PAC) affects the survival (aim 1) and reproductive output (aim 2) of fathers, and the 

lifespans of their sons (aim 3), and show that the effects of PAC are more complex than predicted 

by any single hypothesis (See Appendix 1 and 2 for predictions for each hypothesis). 

 

Aim 1: Effects of PAC on paternal survival 

We found that while increased PAC was associated with higher paternal lifespans, mating itself 

was related to increased mortality in older fathers. Mating is known to be energetically and 

physiologically costly to individuals, and can often reduce overall lifespan (Heinze, 2016; Kemp 

and Rutowski, 2004; Koppik et al, 2018; Partridge and Andrews, 1985; Paukku and Kotiaho, 

2005; Perry and Tse, 2013; Sanghvi et al, 2021; Scharf et al, 2013). We found no differences in 

the overall survival of unmated males and that of the fathers who mated when young. However, 

we found that fathers who mated at older ages had higher mortality than fathers who mated when 

younger (see Clinton and Le Boeuf, 1993, who show the opposite in seals), even after removing 

the effects of actuarial senescence, which has not been previously reported. This result is likely 

due to old males being frailer and physiologically more vulnerable than young males (e.g. Bissett 



253 

 
 

and Howlett, 2019; Minois and LeBourg, 1999), such that the cost of mating affects the survival 

of old males more than young males.  

 

Aim 2: Effects of PAC on paternal reproductive output 

We found significant interactive effects of paternal lifespan and PAC on paternal 𝑃𝑠 (the 

probability of siring an offspring). Specifically, paternal lifespan covaried positively with 

paternal 𝑃𝑠, but only for fathers who conceived at older ages. This result could be because most 

(>92%) males in the three youngest PAC treatments sired offspring, and there was little variance 

in 𝑃𝑠 for younger PAC treatments. However, infertility became more apparent in older PAC 

treatments, leading to more variance in 𝑃𝑠 for older PAC treatments. Therefore, positive 

covariances (that are less apparent when there is lower variance in dependent variables) between 

paternal lifespans and 𝑃𝑠 in old but not young PAC treatments, might be due to statistical effects 

rather than true biological effects. While the covariance between lifespans and 𝑃𝑠 could have also 

been negative, a positive covariance would be expected if reproductive output is condition-

dependent (Bonduriansky and Brassil, 2005; Chen et al, 2016; Sultanova et al, 2020). Thus, for 

an older male, ceasing of offspring production could be a reliable indication of the individual’s 

proximity to death. However, for young males this would not be so, because of low variance in 

𝑃𝑠. Similarly, this result might indicate that the lifespans of older, but not younger males, might 

be a reliable cue of their reproductive quality (Brooks and Kemp, 2001; Johnson and Gemmell, 

2012). Future studies could investigate whether these patterns hold true, in systems where 

variance in reproductive success is the same for old and young males. 

We found no evidence for the terminal investment hypothesis. Specifically, older males 

who died soon after mating produced fewer offspring than older males who died later, or than 
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young males. This result is inconsistent with some studies in birds and insects, that have found 

older males (Duffield et al, 2018; Farchmin et al, 2020; Velando et al, 2006) and females 

(Creighton et al, 2009; Froy et al, 2013; Part et al, 1992) to invest terminally in reproduction. 

However, males in many of these studies were also immune-challenged (reviewed in Duffield et 

al, 2017), which can cause individuals to perceive themselves as being diseased, which was not 

the case in our study. Moreover, all fathers in our study only mated once. If males perceive their 

remaining reproductive opportunities based on the number of mates previously encountered, then 

the lack of variance in the number of matings for each father imposed by our study, could have 

eliminated variation in the perception of residual reproductive opportunities for fathers, thus 

preventing terminal investment. When averaged across the effects of male age, we found no 

evidence for paternal lifespan co-varying positively with the number of offspring sired by a male 

(𝑁𝑠). While we found evidence for longer lived fathers having a higher probability of producing 

offspring, this result was significant only in older PAC treatments. Evidence for selective 

disappearance would require detecting positive covariances between paternal lifespan and 𝑁𝑠 or 

𝑃𝑠 across all PAC treatments. Our results therefore do not support selective disappearance 

occurring across all PAC treatments in our study.  

Our results showed some evidence for reproductive senescence (also seen in other fruit 

fly studies: Grotewiel et al, 2005; Ruhmann et al, 2018; Sepil et al, 2020). Reproductive 

senescence in our study was driven by old males (46 days and older) being less likely to sire an 

offspring, and the oldest PAC treatments (i.e. 74 days old) siring the fewest numbers of 

offspring. Overall, our results suggest that male reproductive output increases from mid- to adult- 

life, and reproductive senescence onsets in only much later in adult life (Baudisch and Stott, 

2019; Jones et al, 2014; Sanghvi et al, 2024). Future studies should investigate the extent to 
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which the patterns of reproductive senescence observed in our study are due to declines in sperm 

number (Sepil et al, 2020; Gasparini et al, 2010, 2019), sperm performance (Dean et al, 2010; 

Vuarin et al, 2019), seminal fluid quantity (Reinhardt et al, 2019), or changes in seminal fluid 

composition (Fricke et al, 2023). In our study, PAC correlated with the period for which fathers 

remained sexually and socially isolated, therefore we cannot disentangle the role of period of 

isolation on paternal reproductive output. 

 

Aim 3: Effects of PAC on lifespans of sons 

Older fathers produced longer-lived sons, a result that is not in line with the Lansing effect 

(Crow, 2003; Lansing, 1947; Monaghan et al, 2020; Sharma et al, 2015; Wylde et al, 2019). Our 

results contrast with other studies in fruit flies that show a Lansing effect (e.g. Mossman et al, 

2019; Price and Hanson, 1998), whereby offspring born to older fathers have lower survival. 

There could be several reasons for this discrepancy.  

First, fathers in our experiment were kept individually isolated, without exposure to rival 

males, whereas Mossman et al (2019) and Price and Hanson (1998) kept males in single-sexed 

groups. Exposure to rivals has been shown to cause Drosophila males to invest more in sperm 

production (Bjork et al, 2007; Hopkins et al, 2019) at the cost of reduced investment in 

maintaining sperm quality (Koppik et al, 2023; Silva et al, 2019) compared to males kept 

individually. Thus, it is possible that fathers in our experiment would have been able to prevent 

deleterious paternal age effects mediated via deterioration in sperm quality, due to being kept 

individually. Second, lack of exposure to rival males in our study could have reduced the rate of 

sperm production, thus germline cell division and mutation rates in fathers (de Manuel et al, 

2022; Crow, 2000; Girard et al, 2016; Monaghan and Metcalfe, 2019), compared to studies 
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showing Lansing effects that kept males in groups. This possible reduction in germline mutation 

rate could further buffer the effects of paternal age. Third, sons in our experiment were not 

mated. Life-history theory predicts trade-offs between allocating energy to somatic maintenance 

versus reproduction (Lemaitre et al, 2015; Stearns, 1989). Being kept unmated could have 

allowed sons to invest in somatic maintenance, possibly masking deleterious paternal age effects, 

and future studies could test this by repeating our experiments but introducing another treatment 

where sons mate. Fourth, we sampled fathers at extremely old lifespans (i.e. up to 74 days, 

representing >75% of maximum lifespan). However, studies that have shown deleterious paternal 

age effects in D. melanogaster sampled ‘old’ fathers between 14 and 45 days of age (e.g. 

Mossman et al, 2019; Nystrand and Dowling, 2014; Price and Hanson, 1998; Sepil et al, 2020). 

It is possible that at ages as extreme as in our study, deleterious effects of PAC are outweighed 

by positive effects of selection on paternal viability. Fifth, we sampled fathers cross-sectionally 

to create heterogeneity in paternal lifespans between PAC treatments, because we were explicitly 

interested in testing the viability selection hypothesis (Beck and Powell, 2000; Kokko, 1998). 

However, this sampling could have masked within-individual deterioration of sperm, thus the 

Lansing effect, which might be better revealed when fathers are sampled longitudinally.  

Our results provided some support for the viability selection hypothesis (Brooks and 

Kemp, 2001; Hansen and Price, 1995; Kokko, 1998; Johnson and Gemmell, 2012). Specifically, 

fathers that mated when older had longer lifespans, and produced sons with longer lifespans. 

When effects of paternal lifespans on sons’ lifespans were removed (i.e. second statistical 

approach), PAC no longer had a significant effect on the lifespans of sons. These results suggest 

that significant positive effects of PAC on lifespans of sons were driven by paternal lifespans. 

There could however, be other mechanisms which could explain the direct effect of PAC on the 
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lifespans of sons. For instance, poor quality offspring of old fathers, could have experienced 

death at the larval or pupal stage, thus eclosed sons representing a biased sample of high-quality 

offspring (e.g. Sanghvi et al, 2022). Additionally, a sample size of three sons per father might not 

have been representative of the average lifespans of sons, which could have increased noise in 

our results. Unlike Johnson et al (2018), we found no evidence that increased lifespans of sons 

from old males was due to trade-offs between paternal investment in reproductive output versus 

investment in offspring quality (i.e. increased lifespan of sons). Our results overall suggest that 

increasing PAC selects for fathers that have alleles which confer higher viability, which are then 

inherited by the sons of older fathers. Some previous studies have found positive effects of PAC 

on offspring lifespans (Angell et al, 2022; Johnson et al, 2018; Krishna et al, 2012; Lee et al, 

2019; Priest et al, 2002). However, to our knowledge, ours is the first to formally test the 

viability selection hypothesis, by investigating separately, the direct as well as indirect effects 

(via paternal lifespans) of PAC, on offspring lifespans. It is possible that sons from older fathers 

have longer lifespans but lower reproductive output (e.g. Long and Pischedda, 2005), or that 

paternal age effects are sex-specific (Angell et al, 2022; Bouwhuis et al, 2015; Priest et al, 2022; 

Schroeder et al, 2015; Sparks et al, 2022), something future studies ought to investigate. 

Collectively, our results indicate that being born to old fathers need not be deleterious to 

offspring lifespan.  

 

Conclusions 

Our study simultaneously tests various mechanisms that may link PAC to paternal survival (age-

dependent frailty) and reproductive output (reproductive senescence, selective disappearance, 

terminal investment), and offspring lifespans (Lansing effect, viability selection, trade-offs 
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between paternal investment in offspring quality versus quantity). We show that mating at older 

ages can lead to an increased risk of mortality for fathers, thus buffering the magnitude of 

positive covariances between PAC and paternal lifespans. We further reveal that positive 

pleiotropy between survival and reproductive output depends on the age of the father. We also 

find that senescence in reproductive output occurs late in life, and its onset differs for the 

likelihood of producing offspring versus the number of offspring produced. Lastly, we show that 

advancing PAC has a positive effect on the lifespans of sons, and that this effect is likely due to 

older fathers having longer lifespans. Our study highlights that demographic processes such as 

differential mortality risk and viability selection can mask possible within-individual 

deterioration in reproduction. We thus recommend that future studies employ a broader 

theoretical framework that weighs costs of reproducing at an old age against its direct and 

indirect benefits, to better understand organismal health and life-history. Fitness benefits 

provided by old fathers producing longer lived sons, might offset the fitness costs of reduced 

fertility in old fathers. If so, this offset could lead to the evolution of female preference for old 

males (Beck and Powell, 2000; Beck and Promislow, 2007; Beck et al, 2002; Johnson and 

Gemmell, 2012; Kokko and Lindstrom, 1996), and future studies can investigate this exciting but 

relatively unexplored avenue of research.  

 

Data archiving 

Data and all associated code are available on OSF with DOI: 10.17605/OSF.IO/38CXN at 

https://osf.io/38cxn/. Supplementary information is provided as a separate word file, along with this 

manuscript. 
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Supplementary information 

 
Appendix 1: Effects of paternal age on paternal survival (hypotheses and 

predictions) 
It is commonly assumed that as age at conception increases, lifespan should increase, i.e., fathers 

who mate at an older age should have higher lifespans (H1A). A corollary prediction is that at 

older age groups, there should be lower variances in lifespan. These predictions are based on the 

fact that individuals who mate at an older age have a lower limit for what lifespans they can 

have, because they have by definition survived to the age at which they conceive. For instance, if 

males mate at age 60 days, all males have survived until at least 60 days of age. If all individuals 

have a similar upper limit to lifespans, irrespective of the age at which they mate, then older ages 

of conception would have lower variance but higher means in lifespans. This leads to the effects 

of age at conception on lifespan to look as follows (Figure A): 

 
Figure A: Advancing age at conception leads to higher means but lower variance in lifespan of older 

individuals 

However, this prediction has two assumptions which are not usually explicitly tested. The 

first assumption is that individuals in a population start dying from birth onwards. Thus, all age 

classes at which individuals conceive offspring, would have experienced some mortality, even if 

the rate of mortality would only increase after maturity. However, it is possible that death in a 

population does not occur until a certain age (e.g. if survival curves are sigmoid shaped, and risk 

of mortality only increases after a certain age). Here, the lower limit for lifespans for various 

ages at conception might be the same. For instance, if in a population, males mate at ages 10, 20, 

30, 40 ….  to 90 days of age, but no males die until 40 days of age, then for males who mate at 

ages 10, 20, 30, and 40 days, the bottom limit of lifespan will be 40 days of age. This can lead to 

effects of age at conception on lifespan to look as follows (Figure B):  



265 

 
 

 
Figure B: Advancing age at conception leads to higher means but lower variance in lifespan of older 

individuals, however, mortality does not occur until a certain age, thus age at conception groups until that 

age have the same average lifespans. 

 

The second assumption is that the upper limit for lifespans across all ages of conception 

is the same. That is, irrespective of at what age individuals reproduce, they have the same 

probability of surviving until the upper limit of lifespan for that population. This however might 

not always be true. For instance, if older males are frailer than younger males, males mated when 

old might have a lower ceiling for longevity. An example of this is if mating related stress 

increases mortality in males who are more vulnerable (e.g. old mated males), thus reduces 

lifespans of males who mate when old but not when they mate young. This can lead to effects of 

age at conception on lifespan to look like Figure C.  
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Figure C: Advancing age at conception leads to higher means but lower variance in lifespan of older 

individuals. However, males who mate when older experience higher mating-related stress due to being 

frailer. 

Combining the effects of assumption 1 and 2, we get a complex relationship between age 

at conception and lifespan (Figure D), which is quite different from the commonly held 

prediction in Figure A. What this complex relationship would look like in our data is presented in 

Figure E.   

 
Figure D: Advancing age at conception leads to higher means but lower variance in lifespan of older 

individuals. However, males who mate when older, experience higher mating-related stress due to being 

frailer, and mortality does not occur until a certain age, thus age at conception groups until that age have 

the same average lifespans. This leads to a complex relationship between age at conception and lifespan.  
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 Figure E: (Left) Based on our experimental design, if there is no age-dependent frailty or late onset of 

death, then advancing paternal age at conception leads to a linear increase in lifespans of fathers. (Right) 

However, if males who mate when older experience higher mating-induced mortality due to being frailer 

(creating a lower ceiling for lifespan with increasing PAC), and if death does not occur until a certain age 

(say 32 days), then a non-linear relationship between PAC and paternal lifespan ensues. Range of (max-

min), and mean lifespans for, each PAC group shown, assuming that the mean is the middle value of the 

range. 
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Appendix 2: Graphical predictions for different hypotheses in each of the three 

aims, for how paternal lifespan, PAC, paternal reproductive output, and offspring 

lifespans, might be linked. 
Note that presented graphs are hypothetical 

 

Aim 1: Effects of PAC on paternal survival  

Age-dependent frailty hypothesis 

Prediction: If mating does not affect survival of males, then unmated males, and males who mate 

when young or when old, should all have same lifespans.  

 
Figure F: No effects of age and/or mating status to affect lifespan. 

 

If mating-stress reduces the survival of males irrespective of the age at which males mate, then 

unmated males should have higher lifespans than mated males.  

 
Figure G: Mating status, but not age, affects lifespan, with unmated males living longer. 
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However, if old are vulnerable to mating stress due to frailty, then mating-related stress should 

reduce the survival of males who mate when old, but not when young. 

  
Figure H: Mating status interacts with age to affect lifespan, with mated, older males living the shortest. 

 

Aim 2: Effects of PAC on paternal lifespan 

Reproductive senescence hypothesis 

Prediction: If reproductive senescence occurs, old males should have lower reproductive output 

than young males.  

 
Figure I: Old males have lower reproductive output than young males due to reproductive senescence 
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Selective disappearance hypothesis 

Prediction: Males who produce fewer offspring will selectively disappear (i.e. die) with age, 

leading to population level increases in reproductive output with advancing male age. Younger 

age groups will contain males of poor and high reproductive output while older age groups will 

contain males of only higher reproductive output, thus have lower variance in reproductive 

output. 

 
Figure J: Reproductive output and lifespan co-vary positively due to positive pleiotropy between life-

history traits 

 

 
Figure K: Positive covariances between reproductive output and survival leads to selective disappearance 

of males and old males having higher reproductive output but lower variance in reproductive output, than 

young males 
 

 

 

Li
fe

sp
an

Reproductive output

0

20

40

60

80

100

120

Young Old

Pa
te

nr
al

 re
pr

od
uc

tiv
e 

ou
tp

ut

Paternal age at conception



271 

 
 

Dynamic terminal investment hypothesis 

Prediction: Older males who are close to dying should invest more in reproduction than young 

males, or than old males who are not close to dying. 

 

 
Figure L: Age at conception and proximity to death would interact to influence likelihood of terminal 

investment. Here, old males who are about to die soon would terminally invest in reproductive output, 

and have higher reproductive output, than old males who are not about to die soon, or than young males. 
 

 

Aim 3: Effects of PAC on sons’ lifespans 

Lansing effect hypothesis 

Prediction: Old fathers produce sons with shorter lifespans 

 
Figure M: Old father produce sons with lower lifespans due to Lansing effect 
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Viability selection hypothesis 

Prediction: Fathers who mate at older ages are on average longer lived (however have lower 

variances in lifespan), and produce sons with longer lifespans (but lower variances in lifespan).  

 
Figure N: Old fathers have longer lifespans but lower variance in lifespans (also corresponding to H1A), 

and produce sons with longer lifespans but lower variance in lifespans, than young fathers. 
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Appendix 3: Tables and model outputs 

 
Table S1: Sample sizes for number of males who were mated at a particular age, and from these, 

the number of males who produced offspring. Note that at age 60 days, a higher number of males 

were selected to mate because of the high rate of infertility of old males. Additionally, at 74 days 

of age, very few males were surviving in the unmated stock population, thus the low sample size. 

PAC (days) N mated N produced offspring 

4 25 25 

18 25 23 

32 26 25 

46 26 15 

60 37 14 

74 5 2 

 

 

 

Table S2: Model output for effects of paternal age at conception (PAC) on probability of 

surviving three days after mating, with paternal offspring production (F1_count) included as a 

covariate. Terms highlighted in grey used for interpretation of interaction and main effects. 

  Estimate SE z P 

(Intercept) 7.726 2.176 3.551 <0.001 

PAC -0.131 0.037 -3.544 <0.001 

F1_count 0.018 0.010 1.764 0.078 
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Table S3: Hurdle model to test interactive effects of paternal age at conception and paternal 

lifespan, on reproductive output of fathers. Zero inflation model tests effects on the probability of 

not producing an offspring. Conditional model tests effects on the number of offspring produced, 

when only data on fathers that produced an offspring were analysed. PAC = paternal age at 

conception, Paternal_LS = paternal lifespan. Terms highlighted in grey used for interpretation of 

interaction and main effects. 

Two-way interaction model: 

Dispersion parameter 6.19    

Conditional model (>0) Estimate SE z P 

(Intercept) 3.928 0.284 13.819 <0.001 

PAC 0.011 0.011 1.021 0.307 

Paternal_LS 0.001 0.004 0.126 0.899 

I(PAC^2) 0.000 0.000 -3.870 <0.001 

Latency 0.000 0.001 -0.092 0.927 

Copulation duration 0.006 0.007 0.951 0.342 

PAC:Paternal_LS 0.000 0.000 0.562 0.574 
     

Zero-inflation model (1 vs 0) Estimate SE z P 

(Intercept) -9.046 5.040 -1.795 0.073 

PAC 0.349 0.129 2.703 0.007 

Paternal_LS 0.094 0.071 1.312 0.190 

I(PAC^2) 0.000 0.001 0.270 0.787 

Latency -0.029 0.012 -2.438 0.015 

Copulation duration -0.089 0.046 -1.937 0.053 

PAC:Paternal_LS -0.004 0.002 -2.336 0.020 

     

 

Main-effects model: 

Conditional model (>0) Estimate SE z P 

(Intercept) 3.829 0.226 16.921 <0.001 

Latency 0.000 0.001 -0.189 0.850 

Copulation duration 0.006 0.007 0.882 0.378 

Paternal_LS 0.002 0.002 0.963 0.336 

PAC 0.016 0.006 2.598 0.009 

I(PAC^2) 0.000 0.000 -3.902 <0.001 
     

Zero-inflation model (1 vs 0) Estimate SE z P 

(Intercept) -0.621 2.335 -0.266 0.790 

Latency -0.023 0.010 -2.229 0.026 

Copulation duration -0.101 0.043 -2.340 0.019 

Paternal_LS -0.065 0.026 -2.526 0.012 

PAC 0.192 0.092 2.081 0.037 

I(PAC^2) -0.001 0.001 -0.993 0.321 
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Table S4: Effects of paternal age at conception and days to death (i.e. time elapsed between death 

and mating) on the number of offspring produced by fathers. PAC = paternal age at conception. 

Terms highlighted in grey used for interpretation of interaction and main effects.  

 Two-way interaction model Estimate SE z P 

(Intercept) 4.204 0.096 43.830 <0.001 

Days_to_death -0.004 0.001 -2.700 0.007 

PAC -0.009 0.002 -6.050 <0.001 

Copulation duration 0.008 0.003 2.970 0.003 

Days_to_death:PAC 0.000 0.000 6.850 <0.001 
     

     

 Main-effects model Estimate SE z P 

(Intercept) 4.008 0.253 15.823 <0.001 

Days_to_death 0.001 0.003 0.167 0.867 

PAC -0.004 0.003 -1.329 0.184 

Copulation duration 0.011 0.008 1.381 0.167 

 

 

 

Table S5: Effects of paternal age at conception on lifespans of sons, without accounting for 

effects of paternal lifespan. Heterogeneous variance function specified as a power function, with 

parameter showing change in variance in lifespans of sons, with the increasing PAC. PAC = 

paternal age at conception, F1_count= number of offspring produced by fathers. Terms 

highlighted in grey used for interpretation of main effects. 

 

Random effects SD     

Paternal ID 4.659     

Residual 22.002     
      

Heterogenous variance  

parameter (power) 
-0.24169     

      

Fixed effects Estimate SE DF t P 

(Intercept) 55.904 3.409 188.000 16.399 <0.001 

F1_count 0.002 0.043 98.000 0.054 0.957 

PAC 0.108 0.042 98.000 2.532 0.013 
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Table S6: Model output from path analysis (structural equation model), showing the direct and 

indirect effects (via paternal lifespan) of paternal age at conception, on lifespans of sons. F1_LS 

= lifespans of sons, PAC = paternal age at conception, Paternal_LS = paternal lifespan, F1_count 

= number of offspring produced by fathers. Terms highlighted in grey used for interpretation of 

effects. 

 
 Estimate SE z P 

 F1_LS ~ PAC (c) 0.094 0.039 2.443 0.015 

Paternal_LS ~ PAC (a) 0.171 0.037 4.662 <0.001 

F1_LS ~ Paternal_LS (b) 0.115 0.060 1.920 0.055 
     

Covariances: Estimate SE z P 

Paternal_LS ~~ F1_count 3.907 12.102 0.323 0.747 

F1_LS ~~ F1_count -0.718 12.272 -0.059 0.953 
     

Variances: Estimate SE z P 

F1_LS 149.855 12.466 12.021 <0.001 

Paternal_LS 145.645 12.116 12.021 <0.001 

F1_count 290.526 24.169 12.021 <0.001 
     

Defined Parameters Estimate SE z P 

a*b (indirect effect) 0.020 0.011 1.776 0.076 

 c + a*b (total effect) 0.114 0.037 3.040 0.002 
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Appendix 4: Supplementary figures  

 
Figure S1: Lower proportion of males are alive 3 days after mating, in older PAC treatments than 

younger PAC treatments. Shaded areas represent 95% C.I.  

 
Figure S2: Survival probability of fathers mated at different ages, and males from the unmated 

experimental population. Fathers who mate at an older age have a lower survival probability at a 

given age than father who mate at a younger age. “+” signs show censored males.  
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Figure S3: (Top) Paternal age at conception affected the number of offspring sired (excluding 

fathers who did not produce offspring) in a quadratic way. However, this effect was likely driven 

by data from PAC of 74 days being lower than other PAC data (also see Figure S4). (Bottom): 

Effects of paternal at conception on number of offspring produced (including fathers who 

produced zero offspring). Means and SE shown. 
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Figure S4: Paternal age at conception affected the number of offspring sired (after excluding 

fathers who did not produce offspring) in a quadratic way (even when PAC group of 74 days was 

excluded). However, excluding data from PAC of age 74 days led to a shallow shape of the 

quadratic curve compared to when this data was included (i.e. Figure 4B). Shaded areas 

represent 95% C.I. 
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Figure S5: Advancing paternal age at conception increased lifespan of offspring. Means and SE 

presented 
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Figure S6: Path analysis showing direct effects of paternal age at conception, and indirect effects 

via paternal lifespan, on sons’ lifespans, along with covariances (dotted) of paternal lifespan, 

lifespans of sons, and number of offspring produced. Values show estimates of models, and 

asterisks represent level of significance.  
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Chapter 7 

Thesis discussion 
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Summary of thesis goals 

My thesis used a combination of comparative approaches (chapters 2 and 3) and experimental 

studies of the fruit fly, Drosophila melanogaster (chapters 4, 5 and 6), to investigate the causes 

and consequences of male reproductive senescence (Figure 1). In addition to chapter-specific 

aims, my thesis had five broad overarching goals: 1. document patterns of ageing at the level of 

the ejaculate using comparative and experimental approaches; 2. interpret patterns observed 

across chapters using predictions from evolutionary hypotheses of senescence; 3. investigate how 

between-individual processes buffer reproductive senescence; 4. investigate the inter-

generational effects of paternal age on offspring; 5. infer the contribution of age-dependent 

changes within different traits and via different pathways in driving male reproductive 

senescence. A synopsis of the main findings of my thesis is outlined in Figure 1. Below I discuss 

findings of my thesis with respect to the five overarching goals.  

 

Pertaining to goal 1, I found that male reproductive senescence at the level of the ejaculate is not 

universal across taxa and is ejaculate-trait specific. Using comparative approaches (chapter 2), I 

showed that advancing age did not consistently lead to senescence in sperm traits. Generally, 

sperm and ejaculate quantity traits senesced at a slower rate than sperm quality traits (chapter 2). 

Surprisingly, ejaculate/sperm quantity traits even improved with advancing age in certain taxa, 

which was likely related to indeterminate growth (e.g. crustacea and fish) or sexual rest (e.g. 

insects). In contrast to sperm traits, seminal fluid quality and composition showed more 

consistent deterioration with age. This deterioration in seminal fluid was starker in seminal fluid 

oxidative stress than in individual seminal fluid proteins (chapter 3). My experiments on fruit 

flies were consistent with the results from the two comparative chapters. Specifically, my results 
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from chapter 4 showed that the decline in reproductive output with age was associated with 

seminal fluid senescence or a decline in sperm quality, rather than a decline in sperm numbers 

with age, in flies. Chapters 2, 3, and 4 combined suggest that senescence might be occurring 

more intensely in seminal fluid than in sperm number. These patterns could be explained by the 

disposable soma hypothesis (Kirkwood and Rose, 1991; Lemaitre et al, 2015). This hypothesis 

predicts that age-dependent maintenance of the germline across all ages is prioritised, over the 

maintenance of somatic tissue (Maklakov and Immler, 2016). This differential investment would 

cause faster declines in seminal fluid (produced by somatic tissue) than in sperm, with advancing 

age. The lack of consistent evidence for senescence in sperm but more consistent senescence in 

seminal fluid traits, could also be due data collected in Chapter 3 having lesser heterogeneity and 

being more taxonomically biased, compared to data in Chapter 2. Results pertaining to goal 1 

generally emphasize that only measuring sperm quantity traits might not be informative about 

male reproductive senescence. 

 

Relating to goal 2, I tested some predictions derived from evolutionary theories of senescence 

(disposable soma, trade-offs, mutations accumulation over generations). Some of my results 

were in line with the disposable-soma hypothesis (chapters 2, 3, 4; see previous paragraph), 

whereby somatic components of the ejaculate (seminal fluid) likely senesced at faster rates than 

gametic components (sperm). However, my results did not support predictions from the life-

history trade-offs hypothesis (Nussey et al, 2006). Specifically, my results showed that fruit fly 

fathers who produced more offspring also survived for longer durations than fathers who 

produced fewer offspring (i.e. no trade-off between survival and reproduction; chapter 5). 

Similarly, daughters who were more fecund lived to longer ages than less fecund daughters 
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(chapter 5). Here, daughters who were more fecund in early life were also more fecund in later 

life, compared to daughters who were less fecund in early life, indicating a lack of early- versus 

late-life reproduction trade-off (chapter 5). I additionally found that fathers who produced more 

offspring also produced sons with longer lifespans and higher fecundity (i.e. no trade-offs 

between offspring quantity and quality; chapter 5). These positive covariances between various 

life-history traits might be explained by heterogeneity in individual quality and condition (Cohen 

et al, 2019; Vedder and Bouwhuis, 2018). Here, individuals of better genetic quality, and/or in 

higher condition (i.e. better environments), would be able to invest more energy in all life-history 

traits, than individuals of low condition/genetic quality who would invest fewer resources across 

life-history traits (Reznick et al, 2000). Additionally, my results are inconsistent with predictions 

derived from the mutation accumulation hypothesis (Lee and Chu, 2023; Rose and Charlesworth, 

2002), because the effects of advancing paternal age on offspring reproduction, did not become 

more apparent in the late-life of offspring (chapter 5).  

 

To address goal 3, I investigated how between-individual processes (selective disappearance and 

viability selection) might influence reproductive senescence. I generally found support for 

between-individual processes buffering the magnitude of reproductive senescence (chapter 5, 6). 

For instance, fruit fly daughters with longer lifespans also produced more offspring than shorter 

lived daughters (chapter 6). Similarly, fathers who survived for longer were on average, more 

fertile than shorter lived fathers (chapter 5). Such selective disappearance has been primarily 

demonstrated in wild animals (e.g. Hayward et al, 2013; Zhang et al, 2015), with evidence from 

lab populations being limited. My results highlight that between-individual processes can drive 
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the patterns observed in lab populations as well, hence the contribution of these processes ought 

to be incorporated in experimental ageing studies.  

 

For goal 4, I investigated paternal age effects on offspring, and compared these inter-generational 

effects (i.e. of paternal age on offspring) to intra-generational effects (i.e. of paternal age on a 

father’s own reproduction). Contrary to expectations, my results did not find evidence for 

advancing paternal age being deleterious to offspring survival or lifetime reproduction (chapters 

5, 6). However, older fathers produced fewer offspring than young fathers, an effect consistently 

observed across my experiments (chapters 4, 5, 6), suggesting that intra-generational effects 

might be primarily driving male reproductive senescence (see goal 5 on how this might happen).  

 

Lastly with regards to goal 5, drawing on evidence emerging from across my thesis, I suggest 

that reproductive senescence in males is likely a result intra-generational processes, i.e. age-

related declines in fertility (chapter 4, 5, 6) and mating success (chapter 4), rather than inter-

generational processes, i.e. older males producing lower quality offspring (chapters 5, 6). My 

results further suggest that declining male fertility is likely caused by senescence in seminal fluid 

quality (i.e. changes in seminal fluid protein composition or quality, or increase in seminal fluid 

oxidative stress) rather than sperm numbers (chapters 2, 3, 4). My thesis highlights the 

importance of partitioning male reproductive output into the influence of different traits, and 

partitioning reproductive senescence into age-dependent changes in fertility versus offspring 

quality. Such an approach can allow a better understanding of the pathways that mediate 

reproductive senescence, and of how senescence influences individual fitness overall.  
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Figure 1: A schematic diagram outlining how various processes and pathways might mediate the influence of male 

age on intra- and inter-generational components of male fitness, as suggested by the results of my thesis. Orange 

boxes represent processes that mediate the effects/outcomes of advancing male age, on male fitness components 

(white boxes). Arrows represent associations for which I have found some evidence (direct or indirect) in my thesis. 

Direction of arrow indicates likely direction of causality.  

 

Thesis limitations 

The general limitations of my thesis might provide opportunities for future research. First, my 

experiments were limited by their sampling method, and mainly focussed on sampling males 

cross-sectionally. While cross-sectional sampling is informative about how demographic 

processes influence reproductive ageing, they cannot elucidate within-individual changes with 

age (Nussey et al, 2008; van de Pol and Verhulst, 2006). Thus, my thesis could have 

underestimated the magnitude of senescence in paternal reproduction as well as paternal age 

effects.  
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Second, my thesis focussed on male-specific reproductive ageing only, and I did not manipulate 

the ages of females. However, female age can interact with male age to affect male reproductive 

ageing, by exacerbating or buffering the deleterious effects of advancing male age (Lemaitre and 

Gaillard, 2017; Tidiere et al, 2018; Wylde et al, 2019). Investigating the influence of both, male 

and female age, simultaneously, is especially relevant in scenarios where males and females mate 

assortatively by age (Bowers et al, 2017; Lenart et al, 2018), and the effects of male and female 

age act concurrently.  

 

Third, I did not directly measure age-related changes in sperm or seminal fluid quality in my 

experiments. Age-related changes in sperm and seminal fluid quality can influence male fertility 

(Meunier et al, 2022; Sepil et al, 2020; Sharma et al, 2015), independent of changes in quantity. 

Measuring sperm quality is especially crucial to elucidate the mechanisms, such as mutation and 

reactive oxygen species accumulation in ejaculates, that contribute towards reproductive 

senescence and deleterious paternal age effects (Monaghan and Metcalfe, 2019). 

 

Fourth, I did not measure age-related changes in male behavioural, cognitive, or secondary 

sexual traits. Male mate finding ability, courtship ability, and courtship song, are affected by 

male age in fruit flies, and can ultimately influence male mating success, thus, reproductive 

success (Hoikkala et al, 2008; Iliadi and Boulianne, 2010; Long et al, 1980; Rezaei et al, 2015). 

For instance, lower rates of senescence in male pre- copulatory traits compared to ejaculate traits, 

could allow males to compensate for reproductive senescence by having increased mating 

success. Therefore, my thesis does not provide a complete picture of the various pathways 

through which advancing male age could influence the fitness of males. 
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Fifth, my experiments were conducted on the fruit fly system, which are lab-adapted. Therefore, 

results from flies might not be applicable to natural systems or other taxa, and might be 

influenced by the ecology of the fly system. For instance, I controlled for mating experience of 

flies in my experiments, by maintaining old and young males as virgins. However, in the wild, 

old males are unlikely to be virgins, and would have had more cumulative mating opportunities 

than young males. Additionally, fruit flies are polygynandrous, with females mating with 

multiple mates (Gowaty, 2012) and sperm competition between males being commonplace (Price 

et al, 1999). However, I did not allow females to remate when measuring reproductive success of 

males in my experiments. Thus, measures of reproductive output (measured as absolute numbers 

of offspring produced without sperm competition), may not be representative of true male 

reproductive ageing patterns. Furthermore, the lack of trade-offs between life-history traits, such 

as survival versus reproduction or offspring quality versus quantity, might be an artefact of the 

fly system. Theory predicts trade-offs between life-history traits to be more apparent under 

resource limitation (Fischer et al, 2011; Roff and Fairbairn, 2007) and less apparent under 

resources abundance (Reznick et al, 2000; Zera and Harshman, 2001). Therefore, my 

experiments being conducted on flies with ad libitum access to food, might have prevented trade-

offs between traits from occurring. Moreover, the lifespans of fruit flies in the wild are 

considerably shorter than those seen in my experiments (Promislow et al, 2022). Therefore, 

sampling males to old ages, such as 40+ days old in my experiments (chapters 4, 5, 6), in the 

absence of predation and extrinsic mortality, may not be realistic (Cordero and Eberhard, 2003). 

 

Sixth, my meta-analysis and review chapters (2, 3) were comparative studies, and did not involve 

experimental manipulation of male age or other moderators. While I found some evidence for 
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advancing male age influencing sperm and seminal fluid traits, whether the links between age 

and ejaculate traits, and between various moderators and ejaculate traits, are causal, cannot be 

inferred from comparative studies. Additionally, my review on seminal fluid ageing was 

qualitative and the results were descriptive, therefore we cannot ascertain the magnitude of 

effects of age on seminal fluid in chapter 3, making the results less useful. 

 

 

Mathematical representation of thesis outcomes 

The aims, outcomes, and limitations of my thesis, highlight three conceptual gaps in male 

reproductive ageing research. First, studies rarely simultaneously compare the intra- and inter-

generational effects of advancing age, i.e. on one’s own reproduction and on offspring quality, 

respectively. Second, studies on ageing seldom simultaneously investigate within-individual 

changes as well as demographic processes. Third, studies do not partition reproductive success 

into the combined influence of different traits. These traits could be related to mating success, 

ejaculate (sperm or seminal fluid) quantity or quality, and even include female-related traits, such 

as female choice. Such a partitioning might be crucial if traits senesce at varying rates or 

differentially contribute towards overall fitness.  

Here, I formalise a single theoretical framework that incorporates these three knowledge gaps, 

which future studies can use to conceptualise reproductive senescence more holistically. While I 

use males as an example, this framework can be extended to female reproductive ageing too. 

 

First, to incorporate intra- and inter- generational effects of advancing paternal age (first gap), a 

father’s age-specific contribution to his overall fitness (Fage) could be calculated as the numbers 
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of grand-offspring he produces at a given age (x). Here, the numbers of grand offspring produced 

at the given age x can be partitioned into the reproductive success (i.e. numbers of offspring 

produced) of the father at age x, multiplied by the lifetime reproductive success (cumulative from 

birth to death) of each offspring he produced at age x. This can be written as follows: 

 

The male’s reproductive success (i.e. number of offspring he produces at age x) is denoted by ‘y’.  

Here, the fitness contribution of a male at age x is given by the number of offspring he produces 

at age x multiplied by the sum of the lifetime reproductive success of each of his offspring (from 

0th offspring to the yth offspring). This formulation incorporates processes studied in chapters 5 

and 6 of my thesis, where male reproductive ageing affects a male’s own reproductive success, 

but also the lifespan (i.e. death) and reproduction of his offspring. In the above formula, male 

reproductive success at age x is derived from a function that describes age-specific changes in 

reproductive success of a male. The reproduce ageing function can be modelled as linear or non-

linear. For realism, I assume that yf, the reproductive success of a male at age x is obtained from 

a quadratic function, where: 
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Similarly, yoff, the reproductive success of each offspring at age x, comes from a quadratic 

function: 

 

Where n, p, are coefficients of the quadratic term, m, q, are coefficients of the linear term, cf, and 

coff are constants determining the intercept.  

 

To now incorporate selective disappearance at the level of the fathers (second gap), we can co-

vary the intercept of the ageing function (cf) positively with paternal lifespan (PLS), such that: 

Cov (PLS, cf). This covariance will lead to longer lived fathers producing more offspring than 

shorter lived fathers, at a given age. Similarly, to incorporate selective disappearance in 

offspring, we can co-vary offspring lifespans with the intercept of the offspring ageing function, 

such that Cov (LSoff, coff). We can further add the process of viability selection, such that older 

fathers on average represent longer-lived fathers, and produce longer lived offspring. Here, 

paternal age at reproduction (x) would co-vary with paternal lifespan, such that: Cov (PLS, x). 

Additionally, paternal lifespan would co-vary with offspring lifespan, such that: Cov (PLS, LSoff). 

These formulations represent processes studied in chapters 5 and 6 in my thesis, where between-

individual heterogeneity in lifespan and reproduction can buffer reproductive senescence. 

 

To address the third conceptual gap, we can compartmentalize male reproductive success at a 

given age x, into the combined influence of male mating success and male paternity share. 

This can be written as: 

 𝑅𝑆𝑥 = 𝑀𝑥 ∗ 𝑁 ∗ 𝑃𝑥 
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Where the age-specific reproductive success of a male (yf) at age x, is mating success of a male 

(M) at a given age x, multiplied by the average number of eggs the females he mates to have (N), 

multiplied by the proportion of those eggs a male fertilizes on average at age x (P). Here, the 

proportion of a female’s eggs that a male fertilizes (i.e. paternity share) would be a function of 

sperm quality (e.g. sperm viability, velocity), seminal fluid quality and quantity, female sperm 

ejection rates, and sperm number. Instead of deriving age-specific changes in male reproductive 

output (yf) from a general ageing function, yf can be now calculated by deriving Mx and Px from 

independent ageing functions. This formulation represents some of the results from chapter 4, 

where male reproductive success at a given age is likely influenced by age-related changes in 

male mating success, ejaculate quantity, ejaculate quality, and female choice (e.g. sperm ejection) 

in varying degrees.  

 

The mathematical formalisation of the three conceptual gaps highlighted by my thesis, could 

greatly aid future experimental and theoretical ageing research, by providing a general 

framework for male reproductive ageing.  

 

The life-history of sperm 

My thesis investigated male reproductive senescence, however much of the focus of my thesis 

was on sperm and ejaculates. My thesis therefore has led me to draw parallels between individual 

(whole organism) life-history, and sperm life-history, and contemplate about whether such a 

parallel might give us new insights. Below, I discuss some of these parallels, in the hope that 

they provide a new perspective for the study of male reproductive ageing, and generate novel 

hypotheses for studying the biology of sperm. Generally, these parallels emphasize that similar 
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demographic processes might occur at different levels of biological organisation (i.e. the haploid 

gamete and the diploid individual), highlighting the importance of studying life-history at 

different levels of selection.  

 

The first parallel compares within-individual (whole organismal) deterioration with age, and 

within-sperm deterioration with increased sperm storage duration. Sperm are known to 

deteriorate post-meiosis, when stored either in male extragonadal reserves or in female 

reproductive tracts (Pizzari et al, 2008; Reinhardt, 2007; see chapter 5). The molecular 

mechanisms that lead to within-sperm deterioration with time are to some degree similar to the 

mechanisms that cause within-individual deterioration, namely: accumulation of DNA and 

oxidative damage (Barbagallo et al, 2023; Pizzari et al, 2008). Therefore, within-sperm 

deterioration with increased storage duration can be seen as a process akin to within-individual 

deterioration with age.  

 

The second parallel can be made between viability selection and haploid selection. Viability 

selection is when individuals reproducing at an older age are on average longer lived and 

conceive similarly longer-lived offspring, than individuals reproducing at a younger age. This 

can lead to females choosing older males in some species, because these males could have alleles 

conferring higher viability (Johnson and Gemmell, 2012; Kokko, 1998; see chapter 6). This 

process can be akin to haploid selection in sperm. Specifically, when the sperm haploid genome 

is expressed, sperm haplotypes can influence sperm longevity, and fertilisation from longer lived 

sperm might lead to the production of more viable offspring (Alavioon et al, 2017; Immler, 2019; 

Immler and Otto, 2018). In species where the sperm haplotype is expressed post-meiosis or when 
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the sperm phenotype is associated with the sperm haplotype (e.g. Bhutani et al, 2021; Joseph and 

Kirkpatrick, 2004; Wykes et al, 1997), the demographic influence of sperm longevity could be 

conceptually alike that of individual longevity via viability selection (e.g. Crean et al, 2012). 

Hence, females could prolong sperm storage duration to select longer lived sperm and conceive 

longer lived offspring.  

 

The third parallel can be made between selective disappearance and covariances between 

different sperm traits. Selective disappearance is the consequence of positive correlations 

between reproductive output and lifespan, such that longer lived individuals represent a biased 

subset of individuals with a high reproductive value (Nussey et al, 2008; see chapters 5, 6). 

Similarly, if the longevity of individual sperm correlates positively with the fertilisation ability of 

sperm, then ejaculates with older mature-sperm (e.g. due to long durations of post-meiotic sperm 

storage) could contain viable sperm with higher fertilisation ability than ejaculates containing 

younger sperm (Yasui, 1997). Such a process of “selective disappearance” in sperm, might bias 

estimates of sperm quality, when ejaculates are stored for long durations.  

 

The fourth parallel is between sperm accumulation in male extragonadal sperm reserves and 

population growth. Population growth rates are determined by birth rates, death rates, and 

migration (Pearl, 1927; Iannelli and Milner, 2017). In ejaculates, the rate of sperm accumulation 

in extra gonadal male reserves is determined by sperm production rate (akin to birth rate), rate of 

passive sperm loss or loss of sperm viability (akin to death rate), and sperm ejaculation (akin to 

emigration). Therefore, the rate of sperm accumulation with increased duration of sperm storage 

(for instance, when males are kept virgins, as seen in chapters 2 and 4), can be calculated using 
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these three processes. In demographic research, age structure is often incorporated to understand 

age-specific contributions to population growth rates (Iannelli and Milner, 2017). Similarly, at 

the level of ejaculates, the age of the germline can be incorporated to assess germline age-

specific changes in sperm production rates, sperm viability, and sperm loss, and how these 

influence sperm accumulation in extragonadal reserves of males as the germline itself ages. 

Additionally, akin to a population carrying capacity, the maximum numbers of sperm that can 

accumulate in male reserves could be further incorporated. This maximum number would likely 

be a function of the volume of the sperm storage organ (e.g. seminal vesicles in fruit flies) and of 

each mature sperm.  

 

The fifth parallel can be made between organismal life-history strategies, and possible sperm 

strategies. Organismal life-history strategies are usually defined using pace-of-life syndromes. 

These range from organisms developing quickly, reproducing early, and dying young, to 

organisms developing slowly, reproducing late, and dying old (Dammhahn et al, 2019). 

Similarly, variation in the duration of spermatogenesis (akin to development rate), average post-

meitoic age of sperm during fertilisation (akin to age of reproduction), and duration of sperm 

longevity (akin to lifespan), can be used as metrics for classifying possible sperm life-history 

strategies. Such a pace-of-life framework to describe sperm strategies, might explain 

heterogeneity observed in sperm traits (Levitan et al, 2000; Taborsky et al, 2018) and can be used 

to generate novel hypotheses. For instance, a develop-quick, live-fast, die-young strategy in 

sperm might be expected when fertilisation is immediate (akin to early reproduction). However, 

a develop-slow, die-later strategy could occur when fertilisation is delayed, for instance, when 

mature sperm are stored for long durations in vivo.  
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Drawing parallels between the demography of individual whole-organisms and of sperm could 

provide a useful conceptual approach for investigating the diversity in sperm phenotypes and 

fertilisation patterns observed in nature. 

 

Future directions 

Within each chapter, I have provided suggestions for future research directions. Additionally, in 

my ‘thesis limitations’ section, I highlighted shortcomings and knowledge gaps that my thesis 

was unable to address, which future studies could address. Furthermore, in the sections 

‘mathematical representation of thesis outcomes’ and the ‘life-history of sperm’, I suggested new 

perspectives that could provide a guiding framework for future research on male reproductive 

ageing. Below I suggest four additional avenues to guide broader research programs:  

 

Cryptic female choice and male age: In chapter 2, I showed that senescence in male post-

fertilisation reproductive outcomes was lower than senescence in male ejaculate traits. In chapter 

4, I showed that although old and young males transferred similar numbers of sperm to females, 

females mated to old males stored fewer sperm than females mated to young males. Both 

chapters suggest that cryptic female choice (CFC) might alleviate the costs of mating with old 

males (Jones, 2002). CFC has been demonstrated in several contexts (Firman et al, 2017), such 

as females ejecting sperm from less preferred males (Pizzari and Birkhead, 2000) or ejecting 

deteriorated sperm (Reinhardt and Siva-Jothy, 2005; Snook and Hosken, 2004; Wagner et al, 

2004). However, there is surprisingly little evidence for CFC as a causal mechanism that females 

might use to bias fertilisation towards young males. The difficulty partly arises from separating 

sperm competition from CFC in driving observed patterns, whereby fertilisation bias for young 
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males could be a result of young males having more competitive sperm than old males (e.g. 

Vuarin et al, 2019). Future studies could investigate whether CFC via sperm ejection might be a 

mechanism for females to prefer young males. Here, a demonstration of CFC could be possible 

using the fruit fly system, due to the availability of transgenic lines in which females do not eject 

sperm at all (Lee et al, 2015) and lines with green and red fluorescent sperm labels (Manier et al, 

2010). Specifically, wild-type (females can eject sperm) and transgenic females (females do not 

eject sperm) could be mated with young or old males in a 2x2 factorial design, and the 

proportion of sperm stored versus ejected, and the fertilisation success of males, could be 

compared for each of the four treatments. Here, sperm viability assays could first be used to 

investigate the contribution of differential viability of sperm in driving results. Additionally, 

using old and young males with green or red fluorescent protein in sperm, a competitive 

fertilization scenario could be designed to test whether females eject more sperm from old (i.e. 

less preferred) compared to young males.  

 

Sperm versus seminal fluid senescence: I showed that the deleterious effects of advancing age 

on male reproduction can be alleviated by females having young seminal fluid (chapter 4). 

Future studies in fruit flies could manipulate the age of the seminal fluid donor (i.e. son of tudor) 

in addition to the age of the focal (whole ejaculate producing) male. Such an experiment will 

allow us to specifically ask whether it is just the presence of extra seminal fluid that alleviates 

senescence in reproduction, or whether it is both, the presence and age (thus quality, quantity, 

and composition) of the seminal fluid. In other animals, a similar experiment could be conducted 

by first separating sperm and seminal fluid in ejaculates of males (e.g. via centrifugation), and 

then transplanting/mixing the seminal fluid of young or old males with the sperm of young or old 
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males in a 2x2 factorial design. These ejaculates then could be assessed for their quality and 

fertilising ability to assess the relative contribution of sperm and seminal fluid in driving male 

reproductive senescence. If such experiments consistently show improvement in sperm of old 

males when mixed with seminal fluid from young males, then seminal fluid transplantation could 

have groundbreaking biomedical applications (e.g. Eini et al, 2021). 

 

Resource allocation and disposable soma: My thesis (chapters 2, 3 and 4) suggests that sperm 

senesce at slower rates than seminal fluid, indicating that males might have evolved to allocate 

more resources into maintaining the germline than somatic tissue (Maklakov and Immler, 2016). 

Some studies indirectly show that such resource allocation trade-offs might be occurring. For 

instance, Ivimey-Cook et al (2023) show in zebrafish that fasted males and females, upon 

refeeding, have rapid fin growth but also suppress their fertility (due to possible germline-soma 

trade-offs). Chen et al (2020) also show in zebrafish that ablation of the germline leads to faster 

rates of fin (somatic) repair, compared to when the germline is intact. However, in these 

experiments, comparing changes in somatic tissues that do not directly influence fertility (fins), 

versus the germline that directly influences fertility, might not provide a fair comparison. Male 

Drosophila melanogaster offer a promising system to address this shortcoming, where a fair 

comparison can be made by investigating allocation towards gametic and somatic components of 

the ejaculate- sperm and seminal fluid respectively. Here, techniques developed in insects (Levin 

et al, 2017) including fruit flies (O’Brien et al, 2008; Min et al, 2006) can be employed, where 

carbon isotopes in food are used to assess the amount of carbon allocated to different tissues. 

Using male fruit flies, future studies could thus test whether accessory glands receive relatively 

less carbon compared to testes, and whether male age modulates this differential allocation. 
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Sex-specific sperm storage: My thesis showed that prolonged paternal sperm storage duration 

led to reduced reproductive output of sons (chapter 5). Males in certain species store sperm for 

longer durations than in fruit flies (e.g. many months in bats- Sato et al, 2023). Additionally, 

females in some animal species store sperm for many years (e.g. in reptiles and Hymenoptera 

(Gotoh et al, 2023; Orr and Brenan, 2015)). It is yet a mystery how females in these taxa store 

sperm for prolonged durations without sperm becoming inviable. Some studies show 

experimentally that female reproductive fluid alleviates declines in stored sperm (Gasparini et al, 

2013; Hadlow et al, 2023), which might facilitate long-term sperm storage in females. Reinhardt 

and Ribou (2013) show that sperm oxidative damage is higher in sperm stored within males 

compared to females, indicating that female-specific antioxidants might buffer declines in stored-

sperm quality. Additionally, seminal fluid transferred along with sperm by males to females, can 

play a crucial role in protecting the functionality of sperm stored inside females (Holman, 2009; 

King et al, 2011). To effectively investigate adaptations that facilitate sperm storage, studies 

could compare the combined and separate influence of sperm storage in females and males, on 

sperm and offspring quality. Here, species with long-term sperm storage where transgenic lines 

can be developed, such that males do not produce seminal fluid (e.g. fruit flies- Tram and 

Wolfner, 1999) or females do not produce ovarian fluid, could be particularly useful. Changes in 

sperm and offspring quality due to sperm storage in males and/or females, could be compared 

between the transgenic and wildtype lines, to demonstrate the separate and combined roles of 

male and female reproductive fluids in facilitating long-term sperm storage inside females.  
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Conclusions 

Various intricate mechanisms and pathways lead to, modulate, and mediate male reproductive 

senescence. Through comparative and experimental approaches with a special focus on 

ejaculates, I show that male reproductive senescence manifests differently across taxa. I also 

highlight that male reproductive senescence is a consequence of age-related changes in a 

multitude of traits, such as ejaculate traits (sperm and seminal fluid quantity and quality), and 

pre-copulatory traits (such as male mating success). My research emphasizes the importance of 

assaying both inter- and intra-generational effects of advancing male age, the role of 

demographic processes in buffering senescence, and the need to disentangle effects of factors 

confounding with age. The mathematical formalisation of my thesis, and the parallels drawn 

between whole-organism and sperm life-history, provide a novel conceptual foundation and 

theoretical framework for future research on this topic. While my experiments focus on fruit 

flies, the results herein can be relevant across taxa, including humans. Overall, my thesis 

highlights key gaps in ageing research, improves our understanding of the complexities of male 

reproductive ageing, and generates new avenues for future studies. 
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