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Older males often perform poorly under post-copulatory sexual selection. It
is unclear, however, whether reproductive senescence is because of male age
itself or the accumulated costs of the higher lifetime mating effort that is
usually associated with male age. To date, very few studies have accounted
for mating history and sperm storage when testing the effect of male age on
sperm traits, and none test how age and past mating history influence pater-
nity success under sperm competition. Here, we experimentally manipulate
male mating history to tease apart its effects from that of age on ejaculate
traits and paternity in the mosquitofish, Gambusia holbrooki. We found that
old, naive males had more sperm than old, experienced males, while the
reverse was true for young males. By contrast, neither male age nor
mating history affected sperm velocity. Finally, using artificial insemination
to experimentally control the number of sperm per male, we found that old
males sired significantly more offspring than young males independently of
their mating history. Our results highlight that the general pattern of male
reproductive senescence described in many taxa may often be affected by
two naturally confounding factors, male mating history and sperm age,
rather than male age itself.
1. Introduction
For the past three decades, studies have focused on age as a major factor that
can influence the magnitude and direction of sexual selection on males [1,2].
Ageing is usually characterized by a progressive decline in physiological func-
tion that results in lower reproductive success [3]. Growing interest in ageing in
both humans and other animals has resulted in numerous studies testing the
effects of male age on sperm traits and fertility. Because sperm production is
costly, any decline in general performance with age is expected to reduce the
availability of the resources needed to produce high-quality ejaculates, resulting
in declines in sperm function as males age (reviewed in [4,5]). In support of this,
studies testing the effect of age on sperm quality in humans have shown a gen-
eral pattern of senescence, which includes a reduction in sperm velocity,
motility and number, and an increase in abnormal morphology (reviewed in
[6]). For non-human taxa, the results are mixed: some studies report a decline
in sperm traits with age [7–12], while others demonstrate no significant
change, or even an increase in sperm quality and quantity with age [13–19].
These differences among studies, sometimes even for those on the same species
[11,17], raise questions about confounding factors that might be correlated with
age, and could therefore obscure the direct effect of male age on sperm traits.

The extent of any decline in sperm function with male age could depend on
variation in males’ past mating effort affecting initial sperm production [20] as
well as a subsequently elevated rate of sperm ageing [12]. This is because male
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age and mating history are usually confounded in nature:
older males have generally mated, ejaculated and replenished
their sperm more often, and have made a greater lifetime
reproductive effort [12,21]. In principle, the costs of reproduc-
tion could generate a decline in ejaculate quality [22]
independent of any male age effect. Sperm production [23],
sperm transfer rates [24] and sperm velocity [12] could be
affected by a male’s mating history itself. Older males
might produce fewer and slower sperm owing to their greater
past mating effort rather than their chronological age. Fur-
thermore, older males with a more extensive mating history
might produce sperm that are more vulnerable to post-
meiotic damage, which can negatively affect fertilization
success [4]. Also, effects of sperm ageing can be conflated
with those of male age if older males have sperm that have
been stored for longer leading to greater post-meiotic sperm
ageing, which can affect sperm quality and ultimately fertili-
zation success [12,25]. Therefore, both male mating effort and
post-meiotic sperm senescence need to be experimentally
controlled for to measure the independent, or interactive,
effects of age and past mating effort on male reproductive
success [20,26,27]. To date to our knowledge, no study has
accounted for male mating history when testing whether
male age affects paternity success under sperm competition.

The effects of age on sperm traits only have evolutionary
relevance if these traits (or age itself ) affect male reproductive
success (i.e. fitness). Measuring key sperm traits, such as
sperm length or velocity, is sometimes useful to estimate rela-
tive fertilization success, but the actual determinants of
paternity success are often numerous or unknown [28]. Direct
measures of paternity are, therefore, required. In polyandrous
species, sexual selection occurs both before and after mating:
pre-copulatory female choice and male-male competition are
followed by post-copulatory sperm competition and cryptic
female choice, respectively [29]. Pre-copulatory sexual selection
can, therefore, hinder our ability to test for independent effects
of sperm traits ormale age on success under sperm competition
and, ultimately, a male’s share of paternity [30,31]. To test for
age-dependent changes in sperm competitiveness, it is, there-
fore, necessary to control for variation in reproductive success
owing to pre-copulatory sexual selection [31].

Here, we conduct an experimental study to test for inde-
pendent, and interactive, effects of male age and mating
history on sperm traits and sperm competitiveness in eastern
mosquitofish, Gambusia holbrooki. A recent longitudinal study
on mosquitofish showed that sperm velocity declines with
male age, and that while older males produce more sperm,
males with higher past mating effort produce fewer sperm
[12]. These results imply that male age and mating history
will interact to determine ejaculate quality in G. holbrooki.
Our current study aims to test those findings using cross-sec-
tional data. We raised fish to create groups of young and old
virgin males. We then experimentally manipulated their
mating effort by allowing them to either freely interact and
mate with females, or by allowing them only visual and olfac-
tory contact with females. We stripped sperm from males
before and after they were placed in their mating treatment
to test for age-dependent changes in sperm traits in response
to past mating effort, and we also partially controlled for
variation in post-meiotic sperm age [12,25].

Crucially, we test whether any age-dependent variation in
sperm traits translates into fitness by measuring paternity
under sperm competition. To do this, we artificially
inseminated females with equal numbers of sperm from
four types of males (young or old with high or low past
mating effort). We used artificial insemination to eliminate
pre-copulatory sexual selection to ensure that paternity differ-
ences reflect male performance under sperm competition. We
hypothesized that if the measured sperm traits capture func-
tional changes in sperm performance with age, older males
with inferior sperm traits will be weaker sperm competitors
and gain less paternity. If, however, age-related declines in eja-
culate quality observed in previous studies are because of
greater past mating effort by older males, then older males
in our study might even have higher quality ejaculates as we
controlled for an effect of past mating effort. Furthermore, if
more sexually active males are constantly replenishing their
sperm reserves, this could increase the rate of accumulation
of germline mutations and damage spermatogenic tissue
resulting in a decline in sperm function that is independent
of male age, lowering the fertilization success of our high
mating effort treatment males [4,32].
2. Methods
(a) Origin and maintenance of the fish
All stock fish were maintained in single-sex 90 l tanks at densities
of ≤50 individuals per tank and fed ad libitum twice daily, with
commercial fish flakes in the morning and Artemia salina nauplii
in the afternoon. They were kept under a 14 : 10 h photoperiod at
28 ± 1°C.

(b) Manipulating male age and mating history
To examine the effects of male age and mating history on sperm
traits and reproductive success, we bred ‘young’ and ‘old’ males
in the laboratory and then assigned males in each age class to
one of two mating treatments (full methodological details in
[33]). In brief, ‘old’ and ‘young’ males were bred from laboratory
stocks in batches 12 weeks apart. In each batch, up to 10 newborn
fish from each stock female (200 females contributed to each batch,
400 females in total) were reared in stock tanks at less than 50 fish
per 90 l. The maximum age difference of fish within a tank was 15
days. After four weeks, offspring were inspected three times
weekly to determine their sex. Immature males were transferred
to male-only tanks to ensure virginity. Males were transferred to
individual 1 l tanks when they reached sexual maturity.

When old males were approximately 12 weeks post-maturity
and young males were 0 weeks post-maturity, we experimentally
manipulated their mating effort. ‘Naive’ males were allowed
visual and olfactory contact with a female, but physical contact
was prevented because she was on the other side of a mesh
barrier. Naive males, therefore, had a low past mating effort.
By contrast, ‘mated’ males were housed with a female with
whom they could freely interact and mate: these males had
higher past mating effort. For both treatments, males were
housed individually in 7 l tanks, and females were rotated
through the tanks every 7 days to ensure males retained a
sexual interest in prospective mates. Equal numbers of ‘young’
and ‘old’ males were assigned to each mating treatment for
two weeks to create four treatments (‘old/mated’; ‘young/
mated’; ‘old/naive’ and ‘young/naive’; n = 72 * 4 treatments =
288 males). Prior to entering the mating treatment, males were
anaesthetized in an ice-water slurry, then injected with different
coloured elastomer tags for individual identification (see [34]).
Four males (one per treatment) were randomly marked with a
different coloured elastomer tag to create ‘blocks’ of males that
were matched for age and had their traits measured on the
same day. This ensured a post-maturity age difference of 12–13
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Figure 1. Schematic diagram of the sperm collection method on (a) day 0 and (b) day 19. (a) On day 0, sperm from individual males were collected for sperm trait
assays; 2 × 3 bundles were collected for sperm velocity, and the rest for the sperm count. (b) On day 19, 2 × 10 bundles sperm per male per block (one per
treatment: old–naive, old–mated, young–naive, young–mated) were collected to test for sperm competition success ( paternity) via artificial insemination;
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weeks between young and old males in each block. This age
difference was chosen because we recently found a significant
decline in sperm traits from weeks 3 to 14 after maturation [12].

(c) Sperm traits
We measured sperm traits before males were placed into their
mating treatment (day 0), and again after they had experienced
the two-week mating treatment plus 4 days in isolation to replen-
ish their sperm reserves (day 19) [35]. The male spermatogenic
cycle in Gambusia takes longer than 4 days (days in isolation to
replenish sperm) [36], hence treatment effect was retained
during sample collection on day 19. Sperm measurements
were, therefore, taken when the old and young males were
approximately 12 then 15 weeks, or 0 then 3 weeks, post-matur-
ity, respectively. The collection of sperm on day 0 helped to
reduce variation in post-meiotic sperm age when remeasuring
traits on day 19. That is, sperm from both naive and experienced
males could not be more than 19 days old, although sperm age
could still vary depending on sperm release and replenishment
during the mating history treatment. We stripped sperm follow-
ing the methods of [37]. Briefly, on day 0, we collected two
separate samples of three sperm bundles from a male’s ejaculate
for sperm velocity assays. The remainder of the ejaculate was
used for sperm counts (figure 1a). On day 19, we first collected
two separate samples of 10 sperm bundles from each male’s ejacu-
late for artificial insemination (see below). We then collected
sperm bundles for sperm velocity and count assays as described
for day 0 (figure 1b). Sperm number and velocity were measured
following [37]. Full details are provided in the electronic sup-
plementary material.

(d) Paternity success following sperm competition
To determine male reproductive success under sperm compe-
tition, we artificially inseminated two virgin females with the
sperm of a block of four males (one per treatment). In four
blocks, we inseminated up to three additional females to increase
the likelihood of offspring production. Two sets of 10 sperm bun-
dles per male were collected on day 19 (figure 1b). We then
combined one set of sperm bundles from the four males (total =
40 sperm bundles) in a microcentrifuge tube, which was gently
tapped downwards so that we can collect all the sperm mixture
settled at the bottom. To artificially inseminate a female, she was
anaesthetized in an ice-slurry, and placed ventral side up in
a polystyrene cradle. Using a 3 µl micropipette, the sperm
mixture was then injected into her gonopore (see [38]). This pro-
cedure was then repeated to artificially inseminate two females
per block. Following the artificial insemination, males were
euthanized for later DNA extraction.

Inseminated females were transferred to individual 1 l tanks
and checked twice daily for offspring. In total, 58 females from 39
blocks produced 210 offspring. Once a female gave birth, she and
her offspring were euthanized for paternity testing. DNA was
extracted from the tail muscle/caudal fin of adults, and from
the whole body (excluding the head and abdomen) of fry. To
assign paternity, we then genotyped single-nucleotide poly-
morphism (SNP) for all the putative sires, females and
offspring using DArTseq [39]. From these SNPs, a Hamming dis-
tance matrix was calculated. Each offspring was lined up against
its four potential sires, and Hamming distance values were com-
pared. The sire with the lowest value was considered a match.
See the electronic supplementary material for details.

All sperm and paternity data were collected blind to male
treatment.

(e) Statistical analysis
To analyse the effect of male age and mating history on sperm
traits and sperm competition, we ran linear mixed effect models
and generalized linear mixed effect models in R v. 3.6.0 [40]
using the lme4 [41] or glmmTMB package [42]. We always
checked the distribution of residuals to ensure that they met
model assumptions. Negative-binomial error structures were
chosen over Poisson errors if the former gave a better fit to the
model. Model terms were tested for significance using the
Anova function in the car package specifying Type III Wald chi-
square tests. All tests were two-tailed unless otherwise stated.
Finally, where relevant, we conducted post hoc pairwise compari-
sons between the fourmale treatments using Tukey’s tests. See the
electronic supplementary material for all model syntax.

(i) Effects of male age and mating history on sperm traits
We ran separatemodels for sperm count and spermvelocity (VCL)
for sperm traits on day 0 and day 19, respectively, to test for the
effect of male age alone (day 0), and then test for effects of both
age and mating treatment on sperm traits (day 19). In the day 0
model, male age was a fixed factor, male body size (standardized
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across the full dataset;mean = 0, s.d. = 1)was a fixed covariate, and
block identity (ID) was a random factor.

On day 19, we initially treated male age, mating history and
whether or not the tag was yellow/red as fixed factors. We
initially included the interaction between mating history and
tag colour because red/yellow affected male attractiveness in
an earlier study [33] and tag colour might, therefore, affect a
male’s mating rate (only possible for mated treatment males),
hence sperm traits on day 19. However, we removed the
mating history*tag colour from final models as it was always
non-significant (see the electronic supplementary material,
table S1). We retained the main effect of tag colour in the final
model and added the interaction between male age and mating
history. If it was non-significant, it too was dropped from the
model to test for the main effects of male age and mating history.
Male body size was standardized across the full dataset and
included as a fixed covariate in all models. Block ID was a
random factor.

We then tested for the repeatability of male sperm count and
velocity for day 0 and day 19 at the level of male identity using
the ‘rptR’ package [43]. We did this as we were interested in
whether day 0 sperm traits predicted day 19 sperm traits inde-
pendent of any effect of male age/mating treatment. For sperm
count, we added male body size (standardized across the data-
set) as a covariate: previous studies on Gambusia have shown
that male body size is associated with sperm count but not
sperm velocity [12]. Again, by including male size, we are testing
for repeatability of sperm count that is not simply attributable to
variation in male size.

(ii) Effects of male age and mating history on male paternity
success following sperm competition

To assess male success under sperm competition, we used the
number of offspring sired by each male with each female as the
dependent variable in a generalized linear mixed model specify-
ing a negative-binomial distribution of the residuals, accounting
for overdispersion. Similar to the models for sperm traits
described above, we initially treated male age, mating history,
and whether or not the tag was yellow/red as fixed factors, and
included the interaction between tag colour and mating history.
Again, this interaction was non-significant (see the electronic sup-
plementary material, results), so we excluded it from further
analysis. We then included the interaction between male age
and mating history. It was not significant and we excluded it
from the model to test for the main effects of male age and
mating history. We always included block-centred male body
size (i.e. male size – mean size of males in block) as a covariate.
Male ID, female ID and block ID were treated as random factors.

To test whether sperm velocity alone predicts a male’s share
of paternity under sperm competition, we ran a generalized
linear mixed model. The number of offspring sired by each
male with each female was the dependent variable, and we
assumed a negative-binomial distribution of the residuals, with
sperm velocity at day 19 as the only fixed covariate, and male
ID, female ID and block ID as random factors. We did not
include sperm number as a predictor because our experimental
design involved artificially inseminating females with approxi-
mately the same number of sperm from each male.
3. Results
(a) Sperm number
When measured prior to any mating (i.e. day 0), older males
produced significantly more sperm than younger males
(x21 ¼ 180, p≤ 0.001; electronic supplementary material,
table S2; figure 2a). In addition, larger males produced sig-
nificantly more sperm (x21 ¼ 7:828, p≤ 0.001). After the
mating experience treatment (i.e. day 19), the interaction
between male age and mating history had a significant
effect on the number of sperm produced (x21 ¼ 6:502, p =
0.011; electronic supplementary material, table S2; figure 2b).
Post hoc pairwise comparisons revealed that old, naive males
with low past mating effort produced significantly more
sperm than those with higher past mating effort, or young
males regardless of mating treatment (electronic supplemen-
tary material, table S3; figure 2b). Again, larger males
produced significantly more sperm (x21 ¼ 15:044, p < 0.001).

(b) Sperm velocity
When stripped prior to any mating (i.e. day 0), the sperm of
younger males had significantly higher velocity than that of
older males (electronic supplementary material, table S2;
figure 3a; x21 ¼ 39:21, p≤ 0.001). Unlike the case for sperm
number, male body size did not affect sperm velocity
(x21 ¼ 0:069, p = 0.792).

After the mating experience treatment (i.e. day 19), there
was no significant interaction between male age and their



120

80
sp

er
m

 v
el

oc
ity

-V
C

L
 (

mm
 s

–1
)

40

120

80

40

young mated naive

old
treatment

young
naivemated

age

old

(a) (b)

Figure 3. The effect of male age on sperm velocity (a) before mating treatment (unaccounted post-meiotic sperm age: day 0) and (b) after mating treatment
(better accounted for post-meiotic sperm age: day 19). Boxplots show median (horizontal line) and interquartile range of raw data (n = 72 × 4 = 287, 285).

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

288:20210979

5

 D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//r

oy
al

so
ci

et
yp

ub
lis

hi
ng

.o
rg

/ o
n 

07
 J

ul
y 

20
22

 

mating history affecting sperm velocity (electronic sup-
plementary material, table S4; figure 3b; x21 ¼ 1:467, p =
0.226). Furthermore, male age effect was marginally non-sig-
nificant, while mating history did not affect sperm velocity
(x21 ¼ 3:085, p = 0.08; x21 ¼ 0:602 , p = 0.438, respectively).
There was also no detectable effect of male body size
on sperm velocity (x21 ¼ 2:438, p= 0.118; see the electronic
supplementary material, table S2).

(c) Repeatability of sperm traits
Even after controlling for body size, sperm number were
repeatable among males measured on days 0 and 19 (R =
0.262; confidence interval (CI) = 0.182, 0.338; p = less than
0.001). However, sperm velocity was not repeatable (R =
0.059; CI = 0, 0.17; p = 0.164).

(d) Paternity success under sperm competition: artificial
insemination

Older males sired significantly more offspring than younger
males (electronic supplementary material, table S5; figure 4;
x21 ¼ 6:24, p = 0.012). However, there was no effect of past
mating effort (x21 ¼ 0:804, p = 0.370) and no interaction
between male age and their past mating effort (x21 ¼ 0:798,
p = 0.372, electronic supplementary material, table S4) affect-
ing paternity. Male body size relative to that of his rivals
did not affect the number of offspring sired (x21 ¼ 0:16, p =
0.689). This is, perhaps, unsurprising given that all males pro-
vided approximately equal amounts of sperm (i.e. 10 sperm
bundles).

Sperm velocity did not affect a male’s share of paternity
under sperm competition (x21 ¼ 0:662, p = 0.416; also see the
electronic supplementary material, table S6).
4. Discussion
Studies testing for an effect of male age on sperm traits and
fertilization success have shown a general pattern of decline,
but this pattern is not universal [20]. Variation in results
among studies could potentially be driven by three major
factors that are often overlooked. First, studies testing for
age-related changes in sperm traits rarely standardize male
mating history (but see [26,44–46]). Second, sperm traits can
differ between old and young sperm owing to post-meiotic
ageing of the sperm, independent of male age. This is because
sperm quality can be negatively affected when it is stored as
oxidative damage increases over time [25]. Third, and most
importantly, although testing for age-dependent changes in
sperm traits might be a good proxy for relative fertilization
success, reported paternity success is often confounded by
the potential for pre-copulatory sexual selection [29]. As
sexual selection occurs both before and after mating, pre-
copulatory selection (e.g. female choice) could hinder the
ability to test for independent effects of sperm traits on
male fertilization success under sperm competition and, ulti-
mately, their share of paternity [30,31]. Controlling for these
three sources of variation is essential if we want to under-
stand the direct effects of male age on sperm traits and
fitness.

Given these concerns, we experimentally disentangled
male age and mating history in G. holbrooki to test their effects
on sperm traits as well as actual fertilization success while
controlling for pre-copulatory sexual selection. Moreover,
we measured both stored and more recently replenished
sperm to reduce variation owing to differences in post-meio-
tic sperm age. We found that older males consistently
produced more sperm than younger males. We also found
that sperm number was affected by a significant interaction
between a male’s age and his past mating effort. For sperm
velocity, we initially found that prior to mating (day 0),
older males had slower sperm than younger males. However,
sperm velocity did not differ between young and old males
once we better controlled for post-meiotic sperm age by
measuring more recently replenished sperm (day 19). Male
mating history also did not affect sperm velocity. Our result
for velocity contrasts with previous research on mosquitofish
that controlled for sperm age [12]. Most importantly, when
variation in post-meiotic sperm age was minimized and
sperm number was controlled for in our study, older males
sired significantly more offspring independent of the males’
mating history. Our results highlight that the general pattern
of an age-related decline in male reproductive traits that has
been described in many taxa may often result from covaria-
tion with two other key factors, namely male mating
history and sperm age, rather than male age itself. Future
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studies should account for this possibility when testing for
the causes of male reproductive senescence.

(a) Sperm number
Our results indicate that older males do not show senescence
in sperm production. In fact, older males produced signifi-
cantly more sperm than younger males. This is true even
after controlling for greater sperm production by larger
males (although there is minimal post-maturation growth of
male G. holbrooki so age and size are barely correlated [47]).
We also found that male age and mating history had a signifi-
cant interactive effect on sperm number once we controlled
for sperm age. Older males with low past mating effort pro-
duced significantly more sperm than those with high past
mating effort, or than young males regardless of their past
mating effort. This result partly agrees with studies in other
taxa showing an increase in sperm production by older
males [12,16,17,19,44], and lower sperm production by
males with high past mating effort [23,46]. There are two
possible explanations for the observed interaction between
male age and mating history. First, that the longer it is
before males mate, the more resources they accumulate for
sperm production [48]. Second, that older males with low
mating effort invest more into sperm production owing to
their lower residual reproductive value, either because of a
higher risk of dying, or because they are less likely to encoun-
ter fertile females at the end of the breeding season [14,49].
Our results for sperm production corroborate our previous
research [12], indicating that allocation of resources towards
mating subsequently reduces sperm production [30].

(b) Sperm velocity
We recorded lower sperm velocity in older than younger
males when measuring sperm on day 0. It is probable that
the sperm of older males at this time had been stored for
longer, on average, than that of younger males. Previous
studies in poeciliids have shown swimming speed is slower
in stored than fresh sperm in guppies [25], although not in
mosquitofish [12]. However, after better controlling for
sperm age by only examining sperm produced over a
19-day period (days 0 to 19), we found no difference in
sperm velocity among young and old males with either
high or low past mating effort. These results suggest that,
post-meiotic sperm ageing has no effect over short time
periods and also that if large scale variation in post-meiotic
sperm age is not experimentally accounted for or minimized,
the observed decline in sperm quality with male age that has
been recorded in many taxa could result from post-meiotic
sperm senescence rather than the production of lower quality
sperm by older males (reviewed in [4,48]). This also aligns
with several studies that report no significant effect of male
age on sperm velocity (guppies [16] and zebrafish [17], horse-
shoe crab [50], bluethroat [51]). However, it contrasts with
recent longitudinal studies on fishes that have found sperm
velocity declines with male age independently of their
mating history or sperm age (zebrafish [11], mosquitofish
[12] and guppies [45]). These differences among studies
could be owing to how males are treated prior to measure-
ment. In our current study, old males were isolated from
females until they were placed in their mating treatments,
whereas previous longitudinal studies regularly exposed
males to females. Exposure to females for a prolonged
period, even in the absence of mating, might be costly for
males, because sexually primed males produce more sperm
[52]. Therefore, older males with greater exposure to females
may show higher post-meiotic sperm senescence owing to the
accumulation of deleterious mutations in germline cells,
which lower sperm velocity [4,12,30].
(c) Paternity success
Independent of their mating history, old males sired signifi-
cantly more offspring under sperm competition than did
young males. This result contradicts the pattern seen in the
handful of other studies that have also removed the potential
for pre-copulatory sexual selection. However, none of these
studies disentangled the effect of mating history from that
of male age. For example, under artificial insemination
younger males sire more offspring in feral fowls [10], and
in bustards [31], while there is no effect of male age in gup-
pies [16] or salmon [53]. Our finding that older male
G. holbrooki had higher fertilization success is intriguing
because we controlled for the number of sperm inseminated
per male, and there was no effect of male age on sperm vel-
ocity (day 19). The absence of a direct correlation between
sperm velocity and paternity success might seem surprising
[28,54], but it has been documented in other species too
(e.g. bluethroat [51], guppies [16]). In an earlier study, we
also found no correlation between sperm velocity and pater-
nity when investigating inbreeding in G. holbrooki. Inbreeding
had no effect on sperm velocity, but outbred males gained
more paternity when females were artificially inseminated
with a sperm mixture from an inbred and outbred male
[38]. However, the effect of sperm velocity on paternity suc-
cess may be seen in later broods (e.g. guppies [55]). One
explanation for the higher paternity success of older males
in our current study is that these males did not incur the
costs of repeatedly mating throughout adulthood. This
might reduce the rate of senescence of ejaculate traits that
affect sperm competitiveness. Given that we controlled for
sperm number per male in our artificial inseminations, and
that sperm velocity did not decline with age, differences in
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other ejaculate traits, namely sperm morphology, sperm via-
bility and seminal fluid content, must explain the higher
fertilization success of older males [46,56–58]. We rec-
ommend that future studies measure a greater range of
ejaculate traits when testing for the effect of age and mating
history on male reproductive senescence.
lishing.org/journal/rspb
Proc.R.Soc.B

288:20210979
5. Conclusion
We provide experimental evidence based on sperm counts
that males invest less into ejaculates when there are more
opportunities to mate. Our findings also suggest that post-
meiotic sperm age and male mating history should be con-
trolled for when testing for an effect of male age on sperm
traits in species where male age is likely to be correlated
with sperm age or mating history. The failure to do so
could exaggerate the extent to which old and young males
differ in sperm quality. Finally, we found that older male
G. holbrooki gained higher paternity success under sperm
competition. It is plausible that there might be genetic
benefits of mating with, and being fertilized by, older males
if age is positively correlated with heritable variation in
fitness (i.e. owing to greater survival of higher quality
males [59]). However, there might also be costs if offspring
sired by older males are of lower quality owing to non-gen-
etic paternal effects. Although challenging, future studies
should also attempt to experimentally test for the indepen-
dent effects of paternal age and mating history on offspring
fitness.
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