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Paternal age and past mating effort by males are often confounded, which can affect our understanding of a father’s age effects.
To our knowledge, only a few studies have standardized mating history when testing for effects of paternal age, and none has
simultaneously disentangled how paternal age and mating history might jointly influence offspring traits. Here, we experimentally
manipulated male mating history to tease apart its effects from those of paternal age on female fertility and offspring traits in
the eastern mosquitofish (Gambusia holbrooki). Male age did not affect female fertility. However, males with greater past mating
effort produced significantly larger broods. Paternal age and mating history interacted to affect sons’ body size: sons sired by old-
virgin males were larger than those sired by old-mated males, but this was not the case for younger fathers. Intriguingly, however,
sons sired by old-virgin males tended to produce fewer sperms than those sired by old-mated males, indicating a potential trade-
off in beneficial paternal effects. Finally, neither paternal age nor mating history affected daughter’s fitness. Our results highlight
that variation in offspring traits attributed to paternal age effect could partly arise due to a father’s mating history, and not simply
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to his chronological age.

Looking for predictable similarities between parents and their
offspring is an age-old concept. The usual source of similarity is
shared genes, but similarities or, indeed, predictable differences
between parents and offspring can also be due to nongenetic
effects of parents on their descendants, formally known as
“parental effects” (Wolf et al. 1999; Badyaev and Uller 2009).
Maternal effects have been studied in a broader range of research
fields, while studies on paternal effects have only become popular
comparatively recently (Rutkowska et al. 2020). This is partly be-
cause the proximate mechanism underpinning maternal effects is
usually obvious: namely, greater provisioning of eggs or transfer
of nutrients to offspring after birth (e.g., providing more maternal
care; Mousseau and Fox 1998). This is less often the case for pa-
ternal effects given that males usually do little more than transfer
sperm when mating, and then have no subsequent interactions
with their offspring (Bonduriansky and Day 2018). Even so,

there is evidence that paternal effect can arise due to variation
among fathers in, for instance, paternal age, social interactions,
body condition, and the environment they have experienced
(e.g., diet, temperature, stress; Curley et al. 2011; Rando 2012;
Bonduriansky and
Day 2013; Crean and Bonduriansky 2014). Paternal effects
have been documented for a range of offspring traits, and these
can be attributed to either direct effects of the paternal environ-
ment (i.e., paternal care or levels of parental investment) or to
indirect mechanisms (e.g., changes in ejaculate traits that affect
early offspring development, or epigenetic changes to the pater-
nal genome that offspring then inherit which affect subsequent
gene expression; Crean and Bonduriansky 2014; Evans et al.
2019). Theory suggests that variation in offspring traits due to
paternal effects can have major consequences for evolution by
sexual selection (e.g., Wolf et al. 1999; Bonduriansky and Day
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2013), and the general rate of evolution (Badyaev and Uller 2009;
Roper et al. 2021). It is, therefore, important to identify paternal
effects, specify their origins, and distinguish them from other
sources of variation among offspring (Crean and Bonduriansky
2014; Rutkowska et al. 2020).

Male age is a paternal characteristic that is known to be re-
lated to offspring traits that affect their fitness (Priest et al. 2002;
Bonduriansky et al. 2008; Noguera et al. 2018; Lee et al. 2019;
Cholewa et al. 2021; Noguera 2021; also reviewed in Monaghan
et al. 2020). General life-history theory predicts that, older indi-
viduals tend to invest more than younger individuals into their
current reproduction, as the potential opportunity cost for future
reproduction decreases over time (Williams 1966). This can re-
sult in higher quality offspring due to improved paternal care or
other forms of provisioning of offspring by older males (Brooks
and Kemp 2001). In contrast, classical evolutionary theories of
ageing explain senescence as a consequence of the strength of
natural selection declining with age (Medawar 1952; Hamilton
1966; Stearns and Partridge 2001). General theory of senescence
suggests that, all else being equal, offspring fitness should decline
with parental age because older parents are less capable of provi-
sioning offspring and/or are less effective at repairing DNA dam-
age or epigenetic markers that cause offspring to inherit genomes
that function less effectively. Recent theoretical studies, mainly
focusing on maternal age, have attempt to reconcile these oppos-
ing effects of parental age on offspring, and have led to renewed
interest in understanding the effect of parental age on offspring
fitness (Gillespie et al. 2013; Moorad and Nussey 2016; Barks
and Laird 2020; Hernandez et al. 2020).

Both general interest in, and evolutionary theories about,
ageing have given rise to many empirical studies asking how pa-
ternal age is linked to offspring performance. In humans, studies
have generally confirmed that older fathers sire offspring with
lower fitness (Kong et al. 2012; also reviewed in Sartorius and
Nieschlag 2009; Sharma et al. 2015; du Fossé et al. 2020; Fang
et al. 2020). Studies on other animals have, however, given rise
to more equivocal results. Many studies have reported that older
fathers produce lower quality offspring (e.g., bulb mite: Prokop
et al. 2007; mice: Garcia-Palomares et al. 2009; cabbage beetles:
Liuetal. 2011; nerid fly: Wylde et al. 2019; bustards: Vuarin et al.
2019, 2021), partly due to higher offspring mortality rates (e.g.,
ungulates: Ruiz-Lopez et al. 2010; zebra finch: Noguera et al.
2018; mice: Xie et al. 2018; field crickets: Noguera 2021). On
the other hand, some studies have shown that offspring fathered
by older males have better early life and adult performance (e.g.,
fruitflies: Krishna et al. 2012; Lee et al. 2019; European black-
birds: Cholewa et al. 2021), including a higher rate of early life
survival (e.g., butterfly: Ducatez et al. 2012; zebra fish: Johnson
et al. 2018; superb fairy-wren: Cooper et al. 2020) and longevity
(e.g., antler flies: Angell et al. 2022). Other studies simply

1566 EVOLUTION JULY 2022

report no detectable effect of paternal age on offspring traits (e.g.,
ants: Heinze et al. 2018; fruitflies: Lee et al. 2019; monoandrous
moth: Lai et al. 2020; common gulls: Sepp et al. 2021; burying
beetle: Cope et al. 2021). These equivocal findings about how a
father’s age affects offspring fitness raise concerns that there are
confounding variables that mask any consistent, direct effect of
male age on offspring fitness. This gives rise to a question: how
does male age itself affect offspring fitness if we control for ob-
vious sources of variation?

One factor that might play an important role in determining
the correlation between a father’s age and his offspring perfor-
mance is his past reproductive effort (review: Johnson and Gem-
mell 2012; Monaghan et al. 2020). After all, in nature, older
males are likely to have made more mating effort in the past
than have younger males, which might result in a decline in pa-
ternal investment due to the well-known costs of reproduction.
Most studies testing for a trade-off between past mating effort
and subsequent paternal investment have shown a decline in di-
rect paternal provisioning of offspring (review: Stiver and Alonzo
2009). In species without paternal care, however, a father’s ejac-
ulate can also transmit environmental information to offspring
via nongenetic or epigenetic mechanisms (Bonduriansky and Day
2018; Evans et al. 2019). In mice, for example, sperm from ag-
ing males and body tissue from their offspring both contain some
promoters that are methylated in the same way, and these pro-
moters are involved in the regulation of evolutionarily conserved
longevity pathways (Xie et al. 2018). Moreover, repeated mating
leads to more frequent replenishment of sperm (i.e., higher rates
of meiosis), which could create more frequent DNA damage and
the accumulation of deleterious germline mutations that are in-
herited by offspring as a by-product of greater paternal mating
effect (reviewed in: Pizzari et al. 2008; Ruiz-Loépez et al. 2010;
Simon and Lewis 2011; Velando et al. 2011; Monaghan and
Metcalfe 2019). It is, therefore, necessary to tease apart how male
age and mating effort affect offspring quality to determine the
extent, if any, to which changes in offspring fitness that are at-
tributed to male age are, in fact, due to a male’s past mating ef-
fort.

To explicitly test for paternal effects attributable to male
age and/or their mating history, it is important to consider other
sources of variation that might affect paternal investment. For in-
stance, maternal age in Gambusia holbrooki can affect offspring
size (Vega-Trejo et al. 2018). Therefore, experimental elimina-
tion of any assortative mating based on age can better control
for the influence of confounding maternal effect. This can be
done by minimizing variation in female age and mating status
and randomly assigning females to males (Aich et al. 2020a). Fe-
male preference in the form of cryptic female choice can also
lead to maternal provisioning that affects fitness-related traits
in offspring (i.e., differential allocation; Benowitz et al. 2013;
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Alonzo et al. 2016). Using artificial insemination in a laboratory
environment can eliminate differential maternal allocation that is
based on female assessment of mates (Evans et al. 2003; Alonzo
et al. 2016). Finally, stochastic variation in male resources, such
as food availability, can affect paternal investment (e.g., ejaculate
content), which might, in turn, affects a male’s effect on female
fecundity and offspring fitness (Macartney et al. 2018). The ex-
perimental minimization of such variation allows for more pow-
erful tests of the effects of male age and past mating effort on
their mate’s breeding performance and offspring traits.

Here, we disentangle the effects of paternal age and mating
effort on both female reproductive output and a series of offspring
fitness components in the eastern mosquitofish (G. holbrooki)
by experimentally manipulating the mating history of young and
old males. In the laboratory, we bred males in groups that were
12 weeks apart in age to generate “old” and “young” males. These
two age classes of males were then provided with one of two
different mating treatments. One group of males had full access
to females with whom they could mate freely. They became our
old and young mated males with high mating effort. The other
group of males only had visual contact with females without be-
ing able to mate. These became our old and young naive males
with lower mating effort. We collected equal numbers of sperm
bundles from each male and then artificially inseminated two vir-
gin females per male. We minimized variation in female age to
quantify any effects that are attributable to paternal age or mating
history (Vega-Trejo et al. 2018).

We tested for the independent effects of sire age and past
mating effort (and their interaction) on their mate’s breeding suc-
cess (i.e., any effect on female fecundity). More importantly, we
then tested for any paternal effects on: early offspring survival,
growth, and immunocompetence; sons’ attractiveness, mating be-
havior and ejaculate traits; and daughters’ fecundity.

Methods

ORIGIN AND MAINTENANCE OF THE FISH

To examine the effects of paternal age and mating history on their
mate’s breeding success and the fitness of any offspring sired in
G. holbrooki, we bred “young” and “old” males in the laboratory.
We then assigned males in each age group to one of two mating
treatments. The full details of the methods used to produce old
and young males with different mating histories are described
in Aich et al. (2020a). In brief, we produced “old” males from
the offspring of a population of 400 breeding adult males and fe-
males. We then raised them in individual tanks and recorded their
date of birth and date of maturity. We then used a new set of 400
breeding adult males and females 12 weeks later to rear a second
set of offspring to produce “young” males. Mosquitofish females
have an average postmaturation lifespan of 12—15 months, but far
less for males (see Aich et al. 2021a for details). Autumn-born

females in this species often breed alongside their spring-born
offspring the following year, but this seasonal overlap is absent
for males (Pyke 2005; Kahn et al. 2013). In our field popula-
tion, it is unlikely that adult male mosquitofish live longer than
6 months. The time to maturity itself varies from 25 to 120 days
in the laboratory (Vega-Trejo et al. 2016). We, therefore, selected
an age difference whereby “old” males had been adults for 12-13
weeks longer than “young” males.

After creating these two sets of adult males, we then
included an experimental mating treatment. We manipulated
whether or not each male could mate with a female. “Naive”
males were allowed visual contact with a female, but with a mesh
barrier separating them from the female to prevent any mating.
Therefore, naive males had a low past mating effort. In con-
trast, “mated” males were housed with a female that they could
mate: these males had higher past mating effort. Equal num-
bers of “young” and “old” males were assigned to each mating
treatment for 2 weeks, to create four treatments (“old/mated”;
“young/mated”; “old/Naive”; and “young/Naive”; n = 63 x 4
treatments = 252 males). Male exposure to females for a pro-
longed period, even in the absence of mating, might be costly for
males, because sexually primed males produce more sperm (e.g.,
guppies: Cattelan et al. 2016) or the perception of female can af-
fect survival and physiological cost (e.g., Drosophila: Harvanek
et al. 2017). However, this pattern is absent in mosquitofish,
where the availability of females does not affect male sperm pro-
duction rate (Chung et al. 2019). Each test male was housed in a
7 L tank (17 x 28 x 15 cm) with a female. Each male was pro-
vided with a new female after 7 days to maintain his sexual in-
terest, and avoid any “Coolidge effect” (Vega-Trejo et al. 2014).
The females that we used in this part of the experiment were col-
lected from the wild 3 months earlier, and held in 90 L female-
only aquaria until used.

After 2 weeks in their assigned mating treatment, all males
were isolated for 5 days to replenish their sperm reserves (O’Dea
et al. 2014) before we collected sperm to artificially inseminate
virgin females. We collected sperms when the old and young
males were approximately 15 and 3 weeks postmaturity, respec-
tively. This age difference is biologically relevant as a previ-
ous study have found a significant decline in sperm traits (i.e.,
sperm replenishment rate and sperm velocity) from weeks 3 to
14 (Vega-Trejo et al. 2019), which also fits with the natural lifes-
pan of mosquitofish males in the field (Kahn et al. 2013). The
females that were used in this part of the experiment were virgin,
laboratory-born offspring of wild-caught mothers.

SPERM COLLECTION AND ARTIFICIAL
INSEMINATION

We used artificial insemination (AI) to quantify the ability of
males to achieve successful fertilization of a virgin female. We
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then tested for differences among the four types of males in their
paternal effects on offspring traits related to fitness.

The males were stripped of sperm before being put in the
mating treatment to reduce variation in sperm age (i.e., all sperm
were a maximum of 19 days old). The process of stripping males
to obtain sperm followed the methods of Vega-Trejo et al. (2016).
Each male was anaesthetized and placed under a dissecting mi-
croscope on a glass slide coated with 1% polyvinyl alcohol so-
lution. The gonopodium was swung forward and gentle pressure
was applied to the abdomen to eject all the available sperm. The
fish was then removed from the slide and 100 pL of 0.9% NaCl
solution pipetted onto the ejaculate to keep it hydrated. From each
ejaculate, we collected two separate samples of 10 sperm bundles
and then artificially inseminated two virgin females per male.
To artificially inseminate a virgin female, she was anaesthetized
by putting her in an ice-slurry, then she was placed ventral side
up in a polystyrene cradle. Using a micropipette, we injected 10
bundles of sperm into her gonopore, following the protocol of
Marsh et al. (2017). Previous study on these four types of exper-
imental males found no difference in sperm velocity (Aich et al.
2021b).

EFFECT OF MALE AGE AND MATING HISTORY ON
FEMALE FERTILITY

After insemination, females were transferred to individual
1 L aquaria containing a mesh barrier to provide a refuge for
newborn fry. After 18 days (the gestation period for G. hol-
brooki is usually 22-25 days: Pyke 2005), tanks were inspected
twice daily for the presence of offspring. For each female, we
recorded whether or not she gave birth, her gestation period
(days to give birth after AI), and the brood size (number of
offspring).

EFFECT OF MALE AGE AND MATING HISTORY ON
OFFSPRING TRAITS

The size of offspring at birth was recorded by photographing
them from above in a petri dish placed over 1 mm graph paper.
We then transferred the offspring to individual 1 L tank, where
they grew until mature. Average time to maturity for offspring
was 87.3 & 30.4 days (sons: 90.2 + 25 days, n = 184; daugh-
ters: 83.8 & 35.6 days, n = 152). We rephotographed offspring
21 days later to measure their growth rate. We also recorded
offspring early- and late-life survival (before 21 days and from
21 days to adulthood). Offspring were inspected three times a
week for sexual maturation. For sons, this was defined by the
presence of a fully formed gonopodium (including distal spines);
and for daughters by the presence of a visible gravid spot on
the ventral flank. We recorded the time to maturity and body
size 5 weeks after maturity for all surviving offspring. Upon
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maturity, we also measured sex-specific offspring traits related to
fitness.

MEASUREMENT OF SON’S FITNESS
Attractiveness and mating behavior

We measured the attractiveness of sons 4 weeks after they
had matured. We ran a two-choice trial where a virgin female
could choose between the focal male (son) and a nonfocal male
of average size. At the start of each trial, a female was placed in a
clear plastic cylinder in the center of a three-compartment choice
tank (49 x 20 x 22cm). A single male was placed in each end
compartments, and these were separated from the middle com-
partment by a fixed mesh screen and a removable opaque screen
(to minimize male-male and male—female interactions before
the trial). After a 5 min acclimation period, the opaque screens
were removed and the female was released from the cylinder. We
recorded her movements for 10 min (Booksmythe et al. 2013).
Male attractiveness was then quantified as the time she spent
<6 cm from each male compartment (equivalent to approxi-
mately two male body lengths). At the end of the trial, the male
compartments were covered with opaque screens, and the males
were switched between compartments, the female was returned to
the central cylinder and the fishes were left for 5 minutes. Then
the screens were again removed from the male compartments and
the focal female was released and her movements recorded for
another 10 min. This process allowed us to quantify the repeata-
bility of her choice, and account for any side bias or female later-
alization (Vinogradov et al. 2021).

Following the choice trials, the focal male was placed in a
3 L tank with a virgin female to observe his mating behavior.
After 10 min to acclimate, the focal male was observed for 10
min and his behavior was recorded, namely: time spent within
two body lengths of the female and the number of copulation
attempts.

Investment in ejaculates

After the behavior trial, the sons were given 1 week to re-
plenish their sperm before we measured their sperm velocity and
sperm count. Each son was stripped following the method de-
scribed above for sires. For sperm velocity assays, two samples
of three individual sperm bundles were extracted using a 3 pL
pipette and transferred to a microtube containing 2 pL of exten-
der medium (207 mM NaCl, 5.4 mM KCl, 1.3 mM CaCl,, 0.49
mM MgCl,, 0.41 mM MgSO,, 10 mM Tris, pH 7.5). For sperm
count measures, the remainder of the ejaculate was transferred
to a 1.5 mL Eppendorf tube containing 100—900 p.L of extender
medium using a 100 wL pipette, with the quantity of extender
medium used depending on the amount of ejaculate released by
the male.

To estimate sperm velocity, we analyzed the two samples
per ejaculate per male. For each sample, we collected 3 pL of
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diluted sperm (see above) and place it in the center of a cell of
a 12-cell multitest slide (MP Biomedicals, Aurora, OH, USA).
The sample was then activated using activator medium (3 pL
solution of 150 mM KCI and 2 mg/mL bovine serum albumin)
and covered with a coverslip. We analyzed sperm velocity within
30 s of activation. We recorded two standard measures of sperm
velocity: (1) average path velocity (VAP), which estimates the
average velocity of sperm cells over a smoothed cell path and
(2) curvilinear velocity (VCL), the actual velocity along the tra-
jectory using a CEROS Sperm Tracker. We only analyzed VCL,
which is the more biologically relevant measure (Boschetto et al.
2011). VCL and VAP were highly correlated (r = 0.99, N = 177,
p <0.00001). Sperm velocities for each son were calculated as the
average of the two samples, weighting by the number of sperm
tracked per sample (Aich et al. 2020b).

To measure total sperm count, we vortexed the contents of
the 1.5 mL Eppendorf tube for 1 min to break up sperm bun-
dles and distribute the sperm evenly throughout the sample. We
then pipetted 3 L of solution onto a 20-micron capillary slide
(Leja) and used the CEROS Sperm Tracker to count the num-
ber of sperm in five separate fields of view under the microscope
(100x magnification). We used the average of these five subsam-
ples for further analyses. We estimated the total size of a male’s
sperm reserves by multiplying the count by the appropriate dilu-
tion factor. We also corrected for the six bundles (2 x 3 bundles)
that were removed from each sample to estimate sperm velocity.

MEASUREMENT OF DAUGHTERS’ FITNESS

Five weeks after maturity, daughters were euthanized in MS222
to estimate their reproductive investment. Individuals were pho-
tographed laterally alongside a scale bar, and then dissected, their
eggs transferred to a glass slide, counted and photographed under
a dissecting microscope with a reference scale following Aich
et al. (2020b). From these images, we measured eggs using the
ImagelJ tool and calculated their average diameter.

MEASUREMENT OF OFFSPRING IMMUNE RESPONSE

We estimated the immunocompetence of offspring of both sexes
using a phytohaemagglutinin injection assay (PHA test) follow-
ing Iglesias-Carrasco et al. (2018). The PHA test measures T-
cell-dependent immunocompetence in vivo, and has been used in
many vertebrates including G. holbrooki (Iglesias-Carrasco et al.
2019). After the measurement of sperm traits, sons were anes-
thetized in iced water and we measured the thickness of their
body between the dorsal and caudal fin with a pressure-sensitive
spessimeter (accuracy: 0.01 mm; we use an average of five mea-
surements per fish). Immediately afterwards we injected 0.01 mg
of PHA dissolved in 0.01 mL PBS which causes swelling of the
skin due to the immune response that disappears after around
72 h (Iglesias-Carrasco et al. 2018). The sons were then placed

back in their individual aquaria. After 24 h, we again anaes-
thetized the males and measured their body thickness at the same
point to calculate the difference between pre- and postinjection
measures (i.e., the degree of inflammation). The immunity re-
sponse of the daughters was measured using the same method 5
weeks after their maturity, on the day before they were dissected
to count eggs. All individuals behaved normally and fed after re-
covering from the anesthesia.

All experimental procedures were performed and trials were
scored by UA who was blinded to paternal age and mating treat-
ment. At the conclusion of the experiment, all focal individuals
were euthanized in MS222 as Australian legislation prevents the

release of pest species into the wild.

STATISTICAL ANALYSES
All analyses were performed in RStudio version 3.6.0. (R Core
Team 2019) using either Ime4 (Bates et al. 2015) or glmmTMB
(Brooks et al. 2017) package. We quantified the effect of paternal
age and past mating effort on female fertility traits, and offspring
fitness using linear mixed effect models, and generalized linear
mixed effect models. In all models analyzing offspring traits for
both sexes, we included paternal age, mating history, and off-
spring sex as fixed factors. Initial models included all two-way
interactions. For tractability of interpretation, we excluded three-
way interactions. We included male (paternal) ID as a random
factor for all the female traits we measured as we inseminated two
females per male. For all the offspring traits, we included both
paternal and maternal ID as random factors to account for the
measurement of several offspring per brood. We excluded non-
significant interactions from final models to test for main effects.
If any interaction was significant, we retained it in our final model
and conducted post-hoc pairwise comparison tests using the em-
means package (Lenth R. and Lenth M. R. 2018). In all relevant
cases we tested for, and dealt with overdispersion and zero in-
flation. For all count and continuous data, we choose the error
distribution that best fit the data. All model terms were tested for
significance using the Anova function in the car package specify-
ing Type III Wald chi-square tests.

Female fertility traits

We assessed the effect of paternal age and past mating ef-
fort on female fertility traits, namely, (a) whether the female gave
birth, and if she did, (b) the gestation period, and (c) the brood
size. We included male age, past mating effort, and their two-
way interaction as fixed effects, mean-centered female body size
was a covariate, and male (paternal) ID was a random factor. We
assumed a binomial error distribution for the success or failure of
the female giving birth. Data for both female gestation period and
first brood size were right skewed and zero-inflated. We, there-
fore, used negative-binomial models with zero inflation to analy-

ses female gestation period and first brood size.

EVOLUTION JULY 2022 1569

85U8017 SUOWWIOD /111D 8]qed![dde aup Aq peusenob ae spiie YO ‘@SN JO SNl 10} Areiq18UIUO A8] 1M UO (SUORIPUOD-pUR-SWLBYLI0O" AB|IM"AeIq | U1 UO//SdNL) SUORIPUOD pue SWwie | 3y} 885 *[2202/TT/20] Uo Ariqi]auliuo A8|iM ‘eAlun [euoieN Uelfesisny @y L Aq 861 T 0Ae/TTTT OT/I0p/W0D A8 | M Ake.q 1 puluo//:Sdny wouy papeojumod ‘. ‘220g ‘9v9s8ssT



U. AICH ET AL.

Offspring fitness

To test for the effects of paternal age and past mating ef-
fort on offspring life-history traits, we ran mixed effect models
for: (a) early survival, (b) survival to adulthood, (c) early growth
rate, (d) growth rate to maturity (log-transformed), (e) size at
birth, (f) size at 21 days, and (g) time to maturity. To test for
offspring early survival, we included paternal age, past mating
effort and their interaction as fixed factors. In all other cases,
we also included offspring sex and all two-way interactions as
fixed factors. As stated above, we excluded nonsignificant inter-
actions from the final model to test for main effects. We also in-
cluded mean-centered maternal body size as a fixed covariate,
and paternal and maternal ID as random factors. We ran mod-
els with a binomial error distribution for the success or failure
of early and late survival; Gaussian error distribution for growth
rate and offspring size; and a negative-binomial model for time to
maturity.

We tested the effect of paternal age and past mating ef-
fort on sons’ traits, namely, (a) size at 5 weeks after maturity,
(b) gonopodium size, (c) sperm velocity, (d) sperm count, (e) im-
mune response, (f) time spent near the female, (g) number of cop-
ulation attempts, and (h) attractiveness in the mate choice trials
(proportion of time spent with the focal male). We included pater-
nal age, past mating effort and their two-way interaction as fixed
effects, and paternal and maternal ID as random factors. Moth-
ers’ mean-centered body size was added as covariate for all the
traits. For son’s gonopodium size, we always included their body
size as a covariate as these traits are highly correlated (r = 0.8).
We then ran exploratory analysis for sons’ traits adding mean-
centered sons’ body size as a covariate. This was done to check
if variation in son’s traits was solely mediated by their body size
and if paternal age and mating history effect persisted when sons’
body size is accounted for. We used a Poisson error distribution
for son’s sperm count, negative-binomial error distributions for
the time spent near a female and the number of copulation at-
tempts; a beta-binomial distribution for sons’ attractiveness; and
Gaussian error distributions for the other traits. We included sons’
ID as a random factor for sons’ attractiveness to account for it be-
ing measured twice.

Finally, we tested the effect of paternal age and past mat-
ing effort on daughters’ traits, namely, (a) size at maturity,
(b) immune response, (c) egg size, and (d) number of eggs. Sim-
ilar to the analyses of sons’ traits, we included paternal age,
past mating effort, and their two-way interaction as fixed effects,
and paternal and maternal ID as random factors. Mothers’ mean-
centered body size was included as a covariate for all the traits.
As above, we then ran exploratory analysis for daughters’ traits
adding mean-centered daughters’ body size as an additional co-
variate. Daughters’ body size, immune response, and egg size
were analyzed in models using a Gaussian error structure. We
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used Poisson error distribution and accounted for zero inflation
to analyses the number of eggs produced by daughters.

We conducted 22 separate tests for female and offspring
traits. We accounted for multiple testing for each main factor
(paternal age and mating effort) and their interaction, for three
datasets (females, sons, and daughters) using the Benjamini-
Hochberg False Discovery Rate method with a false discovery
rate of 10% (Benjamini and Hochberg 1995). Two initially sta-
tistically significant results when we used a conservative alpha
value of 0.01 remained significant based on the false discovery
rate analysis. Two other results where the initial p value was
0.01 < p < 0.05 was not significant based on the false discov-
ery rate analysis. We, therefore, describe 0.01 < p < 0.05 as
moderate-to-weak evidence using the reporting approach of Muff
et al. (2021), and we advise readers to interpret this result with
caution.

RESULTS

FEMALE FERTILITY TRAITS

Following Al, we found no evidence of an interaction between
paternal age and mating history affecting their partner’s fer-
tility, gestation period, or brood size (all p > 0.05). There
was no evidence that male age nor a male’s past mating his-
tory had an effect on their partner’s fertility (x,> = 0.516, p
= 0.472 and x,> = 0.532, p = 0.466, respectively) or gesta-
tion period (x;> = 0.019, p = 0.892 and y;> = 2.082, p =
0.149, respectively). A female’s body size also had no effect
on her fertility or gestation period (both p > 0.05). Although
paternal age had no effect on brood size (x> = 0.336, p =
0.562), there was strong evidence that females inseminated by
previously mated males produced larger broods (x;% = 7.284,
p = 0.007; Fig. 1). Larger females also tended to produce a
larger brood (1% = 3.998, p = 0.046). The model details and
parameter estimates are in Supporting information Tables S1
and S2.

OFFSPRING EARLY-LIFE TRAITS

There was no evidence of interactions between paternal age and
mating history affecting any of the seven measured offspring
early-life traits, namely early survival and survival to adulthood,
early growth rate, growth rate to maturity, size at birth, size at
21 days, and time to maturity (all p > 0.05, Supporting infor-
mation Table S1). Likewise, there was no evidence of the two-
way interaction between offspring sex and either paternal age
or past mating history affecting these offspring traits (all p >
0.05, Supporting information Tables S3, S4). There were also no
main effects of paternal age or past mating history on any of the
offspring early-life traits (all p > 0.05, Supporting information
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Figure 1. The effect of paternal age and mating history on female
brood size. Error bars represent the 95% confidence interval of the
mean (n = 118 broods of 91 fathers).

Table S2). Similarly, maternal body size had no significant effect
on offspring early-life traits (Supporting information Table S2).
In contrast, our data provided evidence that sons and daugh-
ters differed for three of the seven offspring early-life traits
(Supporting information Table S2). Daughters had both a higher
early-growth rate and growth rate to maturity (x> = 8.987, p
=0.003 and ¥ ;2 = 124.890, p < 0.0001, respectively), and ma-
tured sooner than sons (¥ ;% = 13.117, p = 0.0002). Daughters
also tended to be larger at 21 days (x1? = 6.113, p = 0.013).
Sons and daughters did not, however, differ in their survivability
or size at birth (all p > 0.05, Supporting information Table S2).

OFFSPRING ADULT TRAITS: SONS

We found strong evidence that paternal age and mating history
had an interactive effect on a son’s adult body size (Support-
ing information Table S5). Sons of old, naive males were larger
than those of young, naive males, while the pattern was reversed
for the sons of old and young mated males (x> = 6.787, p =
0.009; Fig. 2). However, post-hoc pairwise comparison did not
reveal any difference among the four paternal treatment groups
(all p > 0.05, Supporting information Table S6). Similarly, we
found some weak evidence that paternal age and past mating
history had an interactive effect on a son’s sperm count (Fig.
3, Supporting information Table S5): sons of old, mated males
produced more sperm than those of old, naive males, while the
pattern was reversed for sons sired by young mated versus naive
males (x ;% = 3.912, p = 0.048). Again, post-hoc pairwise com-
parison did not reveal any difference among the four paternal
treatment groups (all p > 0.05 Supporting information Table S7).
There was no evidence of an interaction between paternal age
and mating history affecting a son’s gonopodium length, sperm
velocity, immune response, mating behavior, or attractiveness

301 age x mating history, p= 0.009
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Figure 2. The interactive effect of paternal age and mating his-
tory on sons’ body size postmaturity. Error bars represent the 95%
confidence interval of the mean (n = 178 sons from 92 females
sired by 80 males).

207 age x mating history, p= 0.048
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Figure 3. The interactive effect of paternal age and mating his-
tory on sons’ sperm production. Error bars represent the 95% con-
fidence interval of the mean (n = 178 sons from 92 females sired
by 80 males).

(all p > 0.05, Supporting information Table S5). There was also
no evidence that either paternal age or male mating history had
any effect on five of the six traits measured in sons (all p> 0.05,
Supporting information Table S8). The exception was that sons
of older males made slightly more copulation attempts (x> =
4.460, p = 0.033; Fig. 4; Supporting information Table S8); but
the result does not hold if we account for multiple testing. Pater-
nal mating history had no detectable effect on son’s copulation
attempts (x> = 0.59, p = 0.442). Maternal body size had a mod-
erate negative effect on son’s gonopodium size (x> = 5.464, p =
0.019), but none of the other traits were related to maternal body
size (all p > 0.05, Supporting information Table S8).
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Figure 4. The effects of paternal age and mating history on a
son’s number of copulation attempts. Error bars represent the 95%
confidence interval of the mean (n = 178 sons from 92 females
sired by 80 males).

OFFSPRING ADULT TRAITS: DAUGHTERS

There was no evidence of an interaction between paternal age
and mating history affecting a daughter’s adult body size, egg
number, egg size, or immune response (all p > 0.05, Support-
ing information Table S9). Paternal age and past mating history
also had no independent effects on these four traits (all p > 0.05,
see Supporting information Table S10). Similarly, maternal body
size had no detectable effect on daughter’s traits (all p > 0.05,
Supporting information Table S10).

Exploratory analysis with son’s and daughter’s body size
added as covariates did not alter the effects of paternal age and
mating history described in the previous models (Supporting in-
formation Table S11-S14). However, son’s and daughter’s body
size were strongly related to some traits (Supporting information
Table S12, S14). Larger sons had higher sperm velocity (x> =
262.921, p < 0.0001), a greater sperm count (x1% = 1072300,
p < 0.0001), and a marginally stronger immune response (¥ ;>
= 4.032, p = 0.045), while there was no effect of a son’s body
size on his mating behavior or attractiveness (all p > 0.05, Sup-
porting information Table S12). Larger daughters produced larger
eggs (x12 = 26.390, p < 0.0001), but a daughter’s body size did
not affect her fecundity or immune response (x;> = 0.150, p =
0.699, and x ;2 = 0.016, p = 0.898 respectively; Supporting in-
formation Table S14).

Discussion

Most theories about the evolution of aging do not consider the
possibility that the fitness of offspring might depend on parental
age. Recently, however, there has been renewed theoretical inter-
est in how offspring quality varies with parental age, especially
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that of mothers (Gillespie et al. 2013; Moorad and Nussey 2016;
Barks and Laird 2020; review in Roper et al. 2021). Experimental
studies testing for paternal age effect on offspring survival and fit-
ness have shown a general decline associated with older fathers,
but this pattern is not universal (Monaghan et al. 2020; Angell
et al. 2022). Variation in results among correlational studies could
potentially be driven by maternal effects and by other factors con-
founded with paternal age that are often overlooked (Johnson and
Gemmell 2012; Vega-Trejo et al. 2018; Cholewa et al. 2021; Aich
et al. 2020b). Here, we experimentally separated the effects of pa-
ternal age and past mating history on fertility and key offspring
life-history traits in G. holbrooki using Al of sperm from four
different types of males. We could, therefore, determine whether
paternal age, past mating effort, or their interaction affect off-
spring fitness when variation due to maternal effect (i.e., maternal
age, mating status, and differential allocation) and paternal ejac-
ulate size was experimentally controlled. We found no decline in
realized female fecundity due to greater male age. However, fe-
males produced larger brood when inseminated with ejaculates of
males with greater past mating effort. We also found that neither
paternal age nor past mating effort influenced offspring survival
and other early-life traits. There were, however, interactions be-
tween paternal age and mating history that affected some traits of
sons. Sons of old, naive males were larger than those of old, pre-
viously mated male, while the opposite was true for the sons of
young males. There was also weak evidence that an interaction
between paternal age and mating history affected son’s sperm
count. There were no comparable interactions affecting daugh-
ter’s traits. Finally, like their fathers, sons of older males tended
to make more copulation attempts than those of younger males.
Overall, we found no consistent evidence that older males pro-
duce less successful offspring. This study, in conjunction with
others on G. holbrooki (e.g., Aich et al. 2020b) does, however,
provide some evidence for paternal effects.

We found no effect of male age on female fertility (i.e.,
breeding success, gestation period, and brood size). This result
contrast with other studies that generally report lower female fer-
tility when paired with older males (e.g., zebra fish: Johnson
et al. 2018; houbara bustards: Preston et al. 2015; Vuarin et al.
2019; broad-horned flour beetle: Okada et al. 2020; spider mites:
Morita et al. 2021; but see: Queensland fruit fly: Tasnin et al.
2021). However, our result is not totally unexpected as we used
Als to control for sperm number, which might mediate male age
effects on fecundity in other studies. Also, a previous study on
mosquitofish has shown that, on average, old and young males
with either higher or lower past mating effort produce sperm with
similar swimming speeds (Aich et al. 2021b). Our results further
agree with studies in other taxa that experimentally controlled for
male mating history, and then found no detectable effect of male
age on female fertility (e.g., Mexican Fruit Fly: Pérez-Staples
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et al. 2010; monandrous moth: Lai et al. 2020). Unexpectedly,
in contrast to our earlier study (Aich et al. 2020b), we found
that female G. holbrooki had larger brood when inseminated by
males with greater past mating effort. One distinction between
our current study and the earlier one is that mated males in our
current study were in the mating treatment for 2 weeks rather
than for their entire life. These males, therefore, incurred lower
costs of repeatedly mating and replenishing sperm (Chung et al.
2021). It is possible that the assigned period of mating was in-
sufficient to reveal negative effects associated with repeated mat-
ing for some traits. Although, we minimized variation in post-
meiotic sperm age, and sperm velocity did not differ with mating
treatment (Aich et al. 2021b), differences in other ejaculate traits,
such as sperm viability and seminal fluid content, might explain
the larger brood size of females mated to more experienced males
(Borziak et al. 2016; Cardozo et al. 2020; Ramm 2020; Sepil et al.
2020; Cattelan and Gasparini 2021).

Paternal age, mating history, and their interaction had no ef-
fect on the survival, early-life traits, or immunity of offspring
in G. holbrooki. These results are in contrast to other studies
that have reported an effect of paternal age on offspring early-
life traits in a wide range of taxa (reviewed in Monaghan et al.
2020; also see Cooper et al. 2020; Depeux et al. 2020; Vuarin
et al. 2021; Travers et al. 2021). However, our results align with
an earlier study on G. holbrooki which found no paternal effect,
but reported a maternal age effect on offspring early-life traits
(Vega-Trejo et al. 2018). This highlights the importance of stan-
dardizing maternal age, when explicitly testing for paternal age
effect. In contrast, we found no detectable effect of paternal mat-
ing history on offspring life-history traits which is inconsistent
with a previous experimental study on G, holbrooki that reported
greater past male mating effort extends daughters’ time to matu-
rity (Aich et al. 2020b). This earlier study manipulated lifetime
male mating effort, which suggests that higher levels of past re-
productive investment are more likely to have detrimental effects
on offspring life-history traits. If so, this again raises the concern
that paternal effects attributed to male age per se based on cor-
relational data could really be due to older males having mated
more often than younger males.

We found some sex-specific paternal effect on offspring late-
life reproductive traits. First, paternal age and past mating history
significantly interacted to determine sons’ adult body size. Sons
of older males with low past mating effort were larger than those
of older fathers with high past mating effort; while the pattern
tended to be reversed for sons of younger fathers. Body size in
mosquitofish is under sexual selection (see Kim et al. 2021 for
a review), although individual studies report mixed results (e.g.,
Bisazza and Marin 1991; Bisazza et al. 2001; Kahn et al. 2010;
Kahn et al. 2012; Booksmythe et al. 2013; Head et al. 2015; Aich
et al. 2020a). Our findings, therefore, support our suggestion that

paternal age and mating history might have independent and/or
interacting effects on offspring fitness. Second, there was very
weak evidence (p = 0.048) that paternal age and past mating his-
tory interacted to affect sons’ sperm counts. There was a trend
for sons of older males with higher past mating effort to pro-
duce more sperm than those of older fathers with low past mating
effort. This suggests that there is a less-clear pattern of trade-
off in the effect of paternal age between son’s size and sperm
count. Third, irrespective of paternal mating history, the sons of
older males, to some extent, made more copulation attempts than
sons of younger males (p = 0.033). This implies there is evi-
dence of epigenetic heritability of this behavioral trait as we have
elsewhere shown that older fathers make more mating attempts
(Aich et al. 2021a). Overall, our results provide evidence that
paternal effects might alter the strength of sexual selection on
precopulatory and postcopulatory reproductive traits, establish-
ing an intergenerational link between ageing and sexual selection
(Monaghan et al. 2020; Vuarin et al. 2021). Finally, we found no
effects of paternal age or mating history on daughters’ reproduc-
tive traits. In an earlier study of G. holbrooki, we also found that
while there was a maternal age effect, paternal age had no effect
on daughters’ traits (Vega-Trejo et al. 2018). In combination with
previous studies on G. holbrooki (Aich et al. 2020b; Vega-Trejo
et al. 2018), our current findings suggest that sex-specific pater-
nal effect can differ depending on the offspring developmental
stages, offspring sex, and interactions between the paternal traits
of age and mating effort. This complexity is important to bear in
mind when considering the contrasting evidence for negative ef-
fects of paternal age from studies of other taxa. Crucially, most of
these studies are correlational and fail to control for male mating
effort or other confounding sources of paternal variation.
Empirical studies based on natural correlations often find
a general decline in offspring quality with greater paternal age
(reviewed in: Johnson and Gemmell 2012; Gaillard and Lemaitre
2017; Monaghan et al. 2020; also see: Noguera 2021; Vuarin
et al. 2021). In our experimental study, we found no robust
evidence of paternal senescence in the ability to sire high-quality
offspring once we disentangled paternal mating history from age.
This difference in results could arise for many reasons. Here, we
note two possibilities as to why there was no negative effect of
paternal age. They are specific to our experimental design, rather
than more obvious differences between correlational and experi-
mental studies related to causality. First, in our study, males were
reproductively isolated from females until they were placed in
a mating treatment for 2 weeks. It is possible that 2 weeks of
mating was too short to reveal interactive negative effects of past
reproductive investment which are then only manifest in older
males (see Poizat et al. 1999; Creighton et al. 2009; Harvanek
et al. 2017). This explanation is further supported by our recent
experimental studies of the same mosquitofish population where
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older males achieved significantly higher paternity success than
young males (Aich et al. 2021a, b). These results are intriguing,
because they support our hypothesis that old male mosquitofish
do not show any decline in reproduction success or offspring
quality once past mating effort is experimentally controlled.
Second, mosquitofish males only provide ejaculates and there
is no paternal provisioning, suggesting that maternal effect will
have a much stronger influence on offspring quality (Curley
et al. 2011; Crean and Bonduriansky 2014) Our decision to use
Al reduced any variation in offspring quality that could arise due
to assortative mating and/or cryptic female choice based on male
age (Alonzo et al. 2016; Firman et al. 2017). We recommend that
future studies account for confounding variations in maternal (or
paternal) traits associated with paternal age that could lead to an
overestimation of any age-dependent decline in offspring traits.

Conclusions

In sum, we have provided experimental evidence that when
parental age and past mating history are experimentally disentan-
gled, there is no obvious decline in offspring fitness when sired by
older males. However, there was weak evidence that older fathers
with low and higher past mating effort had a counter-balancing
effect on two fitness-related traits of their sons, namely their adult
body size and sperm production. Overall, the main and interac-
tive effects of paternal age and mating history suggests there are
paternal effect on offspring phenotypic, reproductive, and behav-
ioral traits in G. holbrooki mediated by age-related changes in
ejaculates, but they are not consistently biased toward greater fit-
ness for the offspring of younger sires. Our study adds to the
growing evidence for complex paternal effects, even in species
lacking parental care. It highlights that there is a clear need for
comparative analyses to identify what factors moderate paternal
age effects and determine whether they elevate or lower offspring
fitness.
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