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Traits associated with mating and fertilization success are expected to

senesce with age, but limited information is available on their relative

rates of senescence. In polyandrous species, male reproductive fitness

depends on both mating and fertilization success. Because successful

mating is a prerequisite for post-copulatory sexual selection, ejaculate

traits are expected to senesce faster than pre-copulatory traits, as pre-

copulatory sexual selection is often deemed to be stronger than post-copulatory

sexual selection. This pattern has generally been found in the few empirical

studies conducted so far. We tested this prediction in the guppy (Poecilia reti-
culata), a livebearing fish characterized by intense sperm competition, by

comparing the expression of male sexual traits at two ages (four and nine

months). Contrary to prediction, we found that post-copulatory traits senesced

at a significantly slower rate than pre-copulatory traits. We also looked at

whether early investment in those sexual traits affects longevity, and the inter-

action between sperm age (duration of sperm storage inside the male) and

male age. Our results suggest that the relative senescence rate of pre- and

post-copulatory sexual traits may vary among species with different mating

systems and ecology.
1. Introduction
Senescence is usually defined as the decline in physiological function of an

organism, accompanied by decreasing fertility and increasing mortality.

Despite the growing interest in understanding the proximate and ultimate

causes of senescence in reproductive performance, the majority of studies

have focused on female fertility only, which is often assumed to be the limiting

factor when it comes to producing viable offspring, overlooking the interplay

between senescence and fertility in males (reviewed in [1]). Age-dependent pat-

terns of reproductive investment in early adulthood are central to evolutionary

theories of ageing which predict that the more a male invests into sexually

selected traits and, generally, into reproduction, the sooner he will senesce [2].

The available experimental evidence is in line with this prediction. For example,

in the cricket Teleogryllus commodus, males that invest more in sexual advertise-

ment (calls) early in adulthood have a shorter lifespan [3]. Similarly, in the antler

flies Protopiophila litigata, high mating rate is associated with a shorter lifespan

[4]. Evolutionary theories suggest that the observed trade-off between invest-

ment in early reproduction and ageing rate is most likely owing to within-

population variation in life-history strategies: individuals that invest more into

reproduction early in life, do so at the expense of their somatic maintenance,

resulting in the earlier onset of senescence and/or a faster senescence rate, ulti-

mately resulting in a shorter lifespan (‘disposable soma’ theory, [5]). For

example, a recent study in which the early condition of neriid flies Telostylinus
angusticollis was experimentally manipulated, revealed that high-condition
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males developed fast with an earlier reproductive peak, but

experienced faster reproductive senescence and a shorter

lifespan [6].

To date, studies investigating the interplay between

reproduction and ageing in males have focused mostly on

investment in secondary sexual traits associated with mating

acquisition, such as ornaments, armaments or courtship. By

contrast, the role of sperm production and germline mainten-

ance in determining the rate of ageing has only recently

started to be recognized [7]. In monogamous species the var-

iance in male reproductive success depends primarily on

mate acquisition (pre-copulatory sexual selection), but in

polyandrous species competitive fertilization success (post-

copulatory sexual selection) can explain much of the variance

in male reproductive success [8]. Since traits associated with

access to mates and competitive fertilization success are

costly, a trade-off between ejaculate production and pre-

copulatory traits is predicted [9]. Therefore, for polyandrous

species, evolutionary ageing theories centred on trade-offs

between somatic and reproductive investment in males

should account for a more complex scenario in which invest-

ment in reproduction includes both pre- and post-copulatory

traits. Evidence is growing that ejaculate quality is often com-

promised in older males (e.g. [10–14]), which may have

negative consequences for offspring fitness (but see [14–17]),

but it is still unclear how pre- and post-copulatory traits

senesce relative to each other. Studies of covariation between

pre-and post-copulatory traits are increasing, and there is an

increasing awareness of the role of other factors, such as eco-

logical and mating systems conditions, in influencing the

balance between pre- and post-copulatory investment [8,9].

Even so, the effect of age on the direction and strength of

this covariation has been overlooked by theoreticians and

empiricists [1]. This is unfortunate as the relative fitness

return of allocating energy to pre- or post-copulatory traits

is likely to be age-dependent, shaping a different and asyn-

chronous pattern of senescence of traits in response to

different selection pressures.

Another factor which is likely to be age-dependent is the

rate of sperm senescence during sperm storage. ‘Post-meiotic’

sperm senescence (sensu [18]), occurs when mature sperm

cells are stored by the male before release. Sperm storage

(whose duration depends on a male’s mating rate), can lead

to post-meiotic sperm senescence which has well known

negative consequences for a male’s fertilization success

([19,20], but see [21]) and offspring fitness (reviewed in

[18,22]). Since sperm senescence is driven mainly by oxi-

dative stress during storage within the male, post-meiotic

patterns of senescence are expected to follow those predicted

at the organismal level, with sperm senescence being exacer-

bated by increased oxidative stress at the organismal level

and therefore expected to be more pronounced in older

males [18,22]. In support of this, in Brown Norway rats,

sperm from old males are more susceptible to oxidative

stress than sperm from younger males [23], whereas in the

jungle fowl older males sperm show higher DNA damage

possibly owing to a reduced level of antioxidants in seminal

fluid [24].

Here, we use a longitudinal approach to provide a com-

prehensive investigation into the relative ageing of pre- and

post-copulatory traits, and between organismal (male) and

post-meiotic sperm ageing, in a freshwater fish, the guppy

(Poecilia reticulata). Although laborious, a longitudinal
approach is necessary to account for selective mortality, to

separate within- and between-individual effects of age, and

to unravel individual life-history strategies [25]. We assessed

traits associated with pre- and post-copulatory success in

individual males at two different ages and we recorded

their lifespan. Furthermore, we assessed sperm quality at

two different post-meiotic ages for both young and old

males, by experimentally controlling the duration of male

sperm storage [20]. Our design takes advantage of the exten-

sive previous knowledge of male traits involved in pre- and

post-copulatory selection and their genetic architecture in

guppies. Males exhibit different colour spots (namely,

orange and iridescent) that attract females, with more colour-

ful males being more successful [26–28]. Among these

ornaments, the area and brightness of orange spots are par-

ticularly important in mate attraction ([28–30], for specific

studies in the population used here see [31]) probably

owing to their association with carotenoid availability

[32,33]. Moreover, male colour area at sexual maturation

has high heritability [34–36]. Males vary in their ejaculate

quality, with large genetic variation among males for both

sperm number [37,38] and swimming velocity [35], traits

that are positively associated with fertilization success [39].

In our study, we first examined how the expression of

traits associated with pre- and post-copulatory reproductive

success change with male age and relative to each other.

Second, we test how the post-meiotic age of sperm cells inter-

acts with male age to affect sperm performance. Third, we

investigated whether reproductive investment in early adult-

hood (pre- and post-copulatory traits) is associated with

lifespan.
2. Methods
(a) Fish maintenance
Fish used for this experiment were descendants of wild guppies

captured from the Tacarigua River in Trinidad. Water tempera-

ture was maintained at 26+18C and illumination was

provided with a 12 L : 12 D cycle. All fish were fed a mix of Arte-
mia salina nauplii and commercial dry food (Duplarin). To obtain

experimental males of known age reared under the same devel-

opmental conditions, more than 50 gravid females from several

different tanks were isolated from the stock population, and up

to three babies from each female born within a period of 4 days

were collected and moved to a larger tank. The age of

experimental fish is therefore known +2 days. Juveniles were

maintained under the same conditions as the laboratory stock

until sexual maturity (three months). Upon sexual maturation

males were isolated in 3 l tanks in light- and temperature-

controlled conditions in a recirculating water system (Tecniplast).

This system guaranteed the same water quality (e.g. temperature

and pH) across all tanks. Every second week throughout the dur-

ation of the experiment, males were provided with one non-virgin

female for 7 days. This enabled us to standardize mating opportu-

nities and social history among males and, at the same time, to

naturally stimulate sperm production (without females males

tend to slow down sperm production, [40,41]).

(b) Overview of the experimental design
A total of 68 males were assessed for body size, pre- and post-

copulatory traits when four months old (‘young’) and nine

months old (‘old’), and lifespan. These selected ages effectively

reflect young and old males for this species, as male life
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expectancy rarely exceed one year of age in the wild or in labora-

tory conditions [10,42–44]. At each age, sperm traits were

assessed as fresh (recently produced, 3 days) or stored (12

days). Tanks were checked daily throughout the experiment

and any death recorded to estimate lifespan (+24 h).

(c) Male body size and coloration
Each male was photographed to measure coloration

(pre-copulatory reproductive investment) and body size (see

the electronic supplementary material for details). Body size

(standard length, SL) and the area of coloured spots were

measured from digital photographs using IMAGEJ software

(http://rsbweb.nih.gov/ij/download.html), while brightness of

orange spots was estimated on colour spectra obtained using the

software COLOURWORKER (http://colourworker.com/index.html).

(d) Ejaculate analysis
Sperm number and sperm swimming velocity were measured for

each male at two sperm ages following standard procedures (see

[19]). At each age, sperm were assessed fresh and after a period

of storage inside the male. Thus, males were initially stripped of

ejaculate to empty their sperm reserves (sperm discarded) and

then sperm sampled at 3 days (‘fresh’) and at 12 days (‘stored’)

after initial stripping (for detailed methods see [19,20]). During

this period males were not given any access to females, and

the order in which the two tests (3 or 12 days) were performed

was randomized (i.e. in half of the males the fresh sperm assay

was performed first and in the other half the stored sperm was

performed first). Briefly, each male was anaesthetized in a

water bath with the anaesthetic MS-222 and placed on a slide

under a dissecting microscope with a drop of saline solution

(0.9% NaCl). Ejaculate was obtained by applying a gentle

pressure to the side of the fish abdomen. Sperm number was esti-

mated following the method described in [41] and sperm velocity

(curvilinear sperm velocity, VCL, mm s21) was assessed using a

computer-assisted sperm analysis (CEROS, Hamilton-Thorne

Research, Beverly, MA, USA) following previous protocols (for

details see [20]). Sperm velocity measurements were based on

an average of 121.1+3.9 s.e. sperm tracks per sample.

(e) Statistical analyses
All analyses were performed in R, version 3.3.2 [45]. Means are

presented+ standard error (s.e.). The significance of fixed effects

in linear mixed models was calculated from F statistics with the

‘lmerTest’ package and Satterthwaite’s approximation to calcu-

late the denominator degrees of freedom. The distribution of

residuals from the models was checked to ensure model assump-

tions were met. In the male age � sperm age analysis, values for

fresh and stored sperm assays were used, while in the other ana-

lyses, to avoid collinearity (see correlation matrix in the electronic

supplementary material, table S1), only one measure (average

between fresh and stored) was used for sperm velocity and

number.

(i) Male age � sperm age
To analyse how sperm number and sperm velocity were affected

by male age and sperm age, we carried out a linear mixed model

that included male age (young or old), sperm cell age (fresh or

stored), and their interaction. Male identity (ID) was included

as random factor to account for the multiple data collected

from the same male.

(ii) Relative senescence in pre- and post-copulatory traits
To compare traits with different scales we calculate the relative

senescence in pre- and post-copulatory traits as the percentage
difference between the trait measured at nine months (old

males) and that measured at four months (young). We then con-

ducted one sample t-tests for each variable to test whether the

decline in pre- and post-copulatory traits differed significantly

from zero. Senescence in sperm production and sperm velocity

was calculated as stored minus fresh sperm value (sperm cell

senescence), and the difference in old minus young male value

(male senescence). The difference in the overall decline of pre-

versus post-copulatory traits was tested using a linear mixed

model, where pre- or post-copulatory was included as fixed

effect, and trait and male ID as random factors.

(iii) Longevity and reproductive investment
The effect of early investment in reproductive traits on lifespan

was analysed with a model selection approach using the

‘glmulti’ package. Standardized factors (values minus the mean

and then divided by the standard deviation) included in the

possible models were: body size (SL), pre-copulatory traits

(area of orange and iridescent and orange brightness), and

post-copulatory traits (sperm velocity and number), all measured

at young age. All possible models were ranked based on

Akaike’s information criterion modified for small sample sizes

(AICc), and the best models (within 2 units) are reported along

with their Akaike weight. The model-averaged parameter esti-

mates (‘unconditional’) are reported for each factor. These

estimates provide an indication of the importance of each predic-

tor, and it is equal to the sum of the weights/probabilities for the

models in which it appears.
3. Results
(a) Male age � sperm cell age
Sperm production and velocity were negatively affected by

both male age and sperm age (table 1). There was a trend

( p ¼ 0.052) for fresh, but not stored, sperm to swim more

slowly in old than young males (figure 1). The mean decline

of each trait considered and corresponding t-tests are

reported in the electronic supplementary material, table S2.

(b) Relative senescence in pre- and post-copulatory
traits

On average, the pattern of senescence was more marked in

pre-copulatory traits than post-copulatory traits (figure 2).

Specifically, the relative decline was significantly different

from zero in all pre-copulatory traits ( p , 0.001 for all

traits). By contrast, for post-copulatory traits (sperm velocity

and sperm number, averaged between fresh and stored

sperm values) the relative decline was not significantly differ-

ent from zero ( p ¼ 0.081 and 0.067, respectively, see also the

electronic supplementary material, table S2). The relative

decline for pre-copulatory traits was on average four times

larger than the decline in post-copulatory traits (23% versus

6%, respectively), with this difference being highly significant

(F ¼ 13.758, p , 0.001). Effect sizes (Cohen’s d, [46]) of the

difference between old and young trait values are reported

in the electronic supplementary material, table S3, and are

depicted in figure 2b.

(c) Longevity and reproductive investment
Our analysis on the association between reproductive trait

expression at four months and longevity returned five

models with an AICc value less than two units above that

http://rsbweb.nih.gov/ij/download.html
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http://colourworker.com/index.html


Table 1. Results from mixed model investigating the effect of male and sperm age on sperm number and sperm swimming velocity. (Young male and fresh
sperm are reference groups for the estimates. Significant p-values are reported in italics.)

sperm number sperm velocity

estimate (s.e.) F p estimate (s.e.) F p

male age 20.3279 (0.492) 6.162 0.014 27.778 (2.207) 9.221 0.003

sperm age 4.6650 (0.423) 163.918 ,0.001 213.890 (1.933) 49.460 ,0.001

male age � sperm age 21.0790 (0.678) 2.519 0.115 6.053 (3.089) 3.839 0.052
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of the best model (table 2a). The relative importance of the

predictors, considering all possible combinations, is reported

in table 2b. A plot of the relative importance of the model

terms across all possible models is reported in the electronic

supplementary material, figure S1.
286:20182873
4. Discussion
Our longitudinal study on reproductive investment in male

guppies revealed senescence in a number of pre- and post-

copulatory traits as males aged. Differently from previous

work on other species [11,47,48] however, our comparison

of senescence rate between pre- and post-copulatory traits

shows that the senescence was more pronounced in male

pre-copulatory traits (ornaments) than in post-copulatory

traits (sperm traits). Furthermore, lifespan was positively cor-

related with sperm production but negatively with orange

coloration, suggesting different ageing trajectories associated

with pre- and post-copulatory investment in early adulthood

or different pattern of life-history trade-offs.

(a) Senescence of pre- and post-copulatory traits
We found evidence of senescence (within-individual decline

of values with male age) for a number of pre- and the post-

copulatory sexual traits. A previous study on another

guppy population showed an increase in orange and irides-

cent coloration with age [43], while in our study the area

(and brightness) of orange and iridescent spots was reduced

in older males. These contrasting results may be owing to

differences among populations in the strength of selection

on pre- and post-copulatory traits. We also found a small

increase in body size with age, in agreement with previous

studies, showing that male guppies continue to grow

throughout their life albeit at a very low rate [43,49]. Sperm

quality declined with male age, confirming previous work

[10], and in line with evidence from many taxa that older

males produce lower quality sperm owing to senescence of

the germline [14,17]. In our study, the number of sperm pro-

duced decreased with male age, suggesting a decrease in the

amount of spermatogenic tissue and/or its efficiency in older

males. This finding is, however, different to that of [10,49],

which is most likely owing to the methods used. In the pre-

sent study, we controlled for the number of days left to

replenish sperm reserve and male mating history, while in

earlier studies males were kept in large mixed groups. The

increase in sperm count in old males reported by these

studies [10,49] may therefore be explained by the lower

mating rate of old males. A slower mating rate is expected

to increase male sperm reserves [50], which is confirmed by
the positive association between the number of sperm and

the time since the last stripping (i.e. stored sperm . fresh

sperm) that we found in the present study. Consistent with

recent work, we also found that male sperm storage nega-

tively affected sperm quality [19,20]. Together, these results

highlight the importance of controlling mating rate and

sperm age to disentangle pre- from post-meiotic effects in

studying ageing of reproductive function. Sperm ageing is

indeed seldom considered in ageing studies, despite evidence

mounting that many post-copulatory traits are affected by

ageing inside the male body across different taxa (e.g.

[19,20,51,52]), and therefore urging researchers to control

the length of sperm storage in ageing experiments [18,22].

(b) Male age � sperm cell age
Sperm reserves declined with male age, and, as expected,

increased with the length of storage (the longer from the

initial stripping, the more sperm accumulate). There was no

significant interaction between sperm storage and male age.

Sperm velocity declined with both male and sperm age,

and despite the non-significant interaction between the two,

the trend suggests that post-meiotic sperm senescence was

more pronounced in young than old males (figure 1b). This

trend may suggest a differential investment in stored sperm

protection by old males, but a larger sample size is needed

to confirm this result.

(c) Relative senescence between pre- and
post-copulatory traits

Patterns of covariation between pre- and post-copulatory

traits have been studied extensively [8,9,53]. However, covar-

iation of these traits with age has seldom been considered,

and even more rarely empirically measured [1]. Only few

studies, as far as we know, have looked at this and both

found that in birds, sperm quality declines more rapidly

with age than traits associated with mate attraction

[11,47,48]. In particular, Preston et al. [11] found that

‘showy’ males (that displayed more) continue displaying at

higher rates at old age, when their sperm quality declines

markedly. A similar pattern was shown in Drosophila melano-
gaster, in which mating success shows a strong decline when

males are six weeks old, whereas sperm competitiveness is

already reduced at four weeks age [48], and in the mite Rhi-
zoglyphus robini, in which the negative effect of age was

stronger for post-copulatory than for pre-copulatory success

[12]. Interestingly, we found a similar pattern but in the

opposite direction, with males continuing to invest highly

in sperm traits at old age when their pre-copulatory traits
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decline markedly (but see [43] for a contrasting senescence

pattern of precopulatory traits in a different guppy popu-

lation). The rate of senescence we found in guppies

markedly differed between pre- and post-copulatory traits,

with a relative decline of pre-copulatory traits being, on aver-

age, four times larger than that of post-copulatory traits. One

exception may be Caenorhabditis elegans, in which male

mating success has been reported to decline with age more

rapidly than sperm quality and number [54]. In the C. elegans
mating system however, most of the individuals in natural

populations are hermaphrodites and male mating success is

high only when hermaphrodites are sperm-depleted [55],

making it difficult to compare findings with gonochoristic

species.

There are several non-mutually exclusive explanations for

this pattern. We suggest that maintaining competitive ejacu-

lates is more crucial for male guppy reproductive success

than maintaining competitive attractive traits. This con-

clusion may seem counterintuitive, as the advantage of

producing competitive ejaculates is only realized upon

mating, but, as we will discuss, different fitness benefits

associated with pre- and post-copulatory traits could explain

the pattern we observed. As stressed by Lüpold et al. [56]

when looking at patterns of (co)variance it is important to

consider the marginal benefit associated with the relative

investment into pre- and post-copulatory traits. In the

guppy, both episodes of sexual selection are important [28].

Direct male–male competition before mating is probably

less important and the acquisition of matings mainly

depends on a male’s relative attractiveness (size of colour

spots) and courtship display rate [26]. Males are unable to

monopolize females before or after mating, and under this

scenario it is hypothesized that sexual selection should

equally favour investment in pre- and post-copulatory traits

[56]. However, the decline we observed was far more
pronounced for pre-copulatory traits, suggesting that selec-

tion has instead favoured the evolution of greater

investment in maintaining post-copulatory traits, possibly at

the expense of maintenance of pre-copulatory traits. This pat-

tern is likely to be adaptive for a male guppy, as males face

very high levels of sperm competition in this species, with

more than 95% multiple paternity in the wild [57]. Most

importantly, females store sperm for months and stored

sperm significantly contributes to a male’s reproductive suc-

cess [58] even well beyond his death [59]. The fertilization

success of stored sperm is positively correlated with sperm

velocity [60], indicating that a sustained investment in

sperm quality may be advantageous also when precopulatory

investment declines.

Another important factor that may contribute to explain-

ing the observed pattern of senescence of male colour traits

and sperm traits is the extrinsic mortality under which our

study population has evolved. Lower Tacarigua fish are

characterized by high predation levels [27], and fish from

high predation populations show a strong decline in swim-

ming performance with age [61], suggesting that old fish

may be exposed to higher predation risk. Also, colourful

males are prone to an increased predation risk compared to

duller males [62,63]. Because of these two factors, in high pre-

dation populations a reduction in colour spots size or

brightness as males age may be favoured. Regarding post-

copulatory traits, ejaculate investment and predation risk



Table 2. (a) Summary of the model selection statistics for models predicting lifespan in males. The best five models are reported. Models are ranked by
increasing order of their AICc values, which is the bias-corrected modified Akaike information criterion. Wi is the Akaike weight of the i model. (b) The estimates
and relative importance of the various predictors across all models in the candidate set.

model no. predictors AICc Wi

(a)

1 sperm number þ orange area þ iridescent area 397.2066 0.11696737

2 orange area þ iridescent area 397.5386 0.09907569

3 sperm number þ orange area 397.7287 0.09008931

4 sperm number 398.2882 0.06810509

5 body size (SL) þ orange area þ iridescent area 398.9528 0.04885005

trait unconditional estimate unconditional variance numbers of models importance

(b)

orange area 219.6977 281.4711 32 0.7142

sperm number 14.8834 239.1942 32 0.6152

iridescent area 215.4484 298.5260 32 0.5832

body size (SL) 1.9699 25.3205 32 0.2483

sperm velocity 1.4828 16.9268 32 0.2300

brightness 20.2232 9.4732 32 0.2164

(intercept) 390.6857 124.3882 64 1.0000
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tend to covary positively in natural populations [64],

indirectly suggesting that ejaculate investment is unlikely to

affect extrinsic mortality differently at different ages. If our

hypothesis is true, the pattern of senescence of pre- and post-

copulatory investment should differ among high and low

predation populations (i.e. low predation populations

should show a relatively slower senescence of colour spots).

It has to be noted that we measured the expression of

sexual traits at different ages and not their effect directly on

male reproductive success. Depending on the shape of the fit-

ness function linking trait expression with reproductive

success, the decline in the phenotypic expression of one

sexual trait may or may not be associated with a proportional

effect on reproductive fitness. For example, one may specu-

late that the relatively small age-related decline in ejaculate

quality traits may have a large impact on male fertilization

success, or that, on the other hand, the decline in male color-

ation has a limited effect on male mating success. For several

reasons we think this is unlikely. The decline we observed in

sperm number and velocity is expected to have a minor effect

on a male’s sperm competitive ability. Males transfer, on

average, 0.5 million sperm per mating [65]. Based on the

size of sperm reserves we estimated, a young male may per-

form on average 14 consecutive matings before running out

of sperm, whereas an old male may perform 13 matings.

The risk of sperm depletion is therefore very similar between

the two ages and relevant only in extreme female biased con-

ditions. This is a rare circumstance considering only 10% of

the females in a population are sexually receptive at any

time [26]. Sperm velocity can explain, when the full phenoty-

pic variation is considered and sperm number is controlled

for, about 10% of the variance in fertilization success [39].

In our sample the ranges of sperm velocity largely over-

lapped between male ages (108–150 mm s21 in young

males, and 95–154 mm s21 in old males). The mean sperm

velocity difference between young and old males was
4 mm s21, less than 7% of the observed phenotypic range, a

difference which is expected to account for less than 1% of

the variance in postcopulatory success. On the other side,

the decline in pre-copulatory traits (and in particular the

20% decline in orange area) is expected to have a relevant

effect on male mating success, as orange coloration explains

about 65% of the variance in female responsiveness to

males (¼willingness to mate) [66]. However, it is worth

noting that a previous study showed female choice was not

associated with male age once differences in male coloration

among males were taken into account [10], or male size (that

increases with age) (e.g. [29,65]). Also, males can probably

partially compensate for the lower attractiveness with behav-

ioural strategies, such as increasing courtship and/or

selecting the social context in which to court [67], or circum-

venting female choice by forcing copulations [68]. A direct

evaluation of a male’s age on mating success in the guppy

therefore requires to be confirmed by testing males of different

ages in a competitive context [49].

Our results and those of previous studies, highlight the

importance of considering different patterns of senescence in

sexual traits, in particular between traits associated with

mating attraction and ejaculate quality. Clearly, it will be

useful to extend our data to include more time points (we

measured two ages) to clarify how the senescence pattern

changes with time. Sexual traits may show little signs of senes-

cence for most of the male’s adult life and subsequently rapidly

decrease, or senescence may occur at a constant rate, or a com-

bination of the two, as observed in females [61]. Independently

of the pattern of senescence over time, our general (and unex-

pected) conclusions are important: older males show a stronger

age-related reduction in the expression of pre-copulatory traits

than in post-copulatory traits. While classical evolutionary

theory of ageing predicts a uniform pattern of senescence

among traits within populations [69], it seems clear, from

both biomedical empirical research in humans and animals
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[1], that senescence rates are not uniform, but rather reflect a

‘mosaic ageing’ where the decline in different parts of the

body affect different functions at different rates [70]. This

idea can be applied to sexually selected traits and our findings

underline the crucial role of considering both pre- and post-

copulatory traits when studying reproductive investment [1].

(d) Longevity and reproductive investment
Despite the huge interest in senescence and its evolutionary

consequences, theoretical and empirical research centred on

the trade-off between reproduction and lifespan [7] has

rarely included post-copulatory traits (but see [47]). In our

study, we related early investment in both types of traits

with lifespan, predicting that heavy early investment in

reproductive traits should negatively impact lifespan. We

found that the investment in pre-copulatory traits (namely,

orange coloration and iridescent) is negatively associated

with lifespan, in agreement with previous studies (e.g.

[11,71]) suggesting a trade-off between these two com-

ponents. Similarly, early investment in post-copulatory

traits, has been found to be negatively associated with survi-

val. In the fowl (Gallus gallus), for example, males with high

sperm production had a shorter lifespan, suggesting a

trade-off between sperm production and longevity [47].

However, in contrast with previous results we found that

males producing more sperm lived longer. This may indicate

that high sperm production is positively linked with other

characteristics that enhance male survival, like, for example,

swimming performance under strong condition-dependent

selection (see [61]). However, this result is also in agreement

with the hypothesis that showy males have a higher extrinsic
mortality and may therefore be selected to invest less in

somatic and ejaculate maintenance. Despite evidence that

sexual selection affects male ageing and that polyandry is

ubiquitous [72], integrating post-copulatory traits into

ageing research is still in its infancy and theoretical models

and empirical investigations are clearly needed. The few

longitudinal studies in which the senescence rate of pre- and

post-copulatory traits has been compared simultaneously

[11,47] suggest that post-copulatory traits may show faster

senescence. Our study is, to our knowledge, the first to high-

light that the opposite pattern can also occur. Our results

align with previous work indicating that asynchrony [69], in

senescence rate among sexual traits may be the rule [11,73]

and call for more research to understand why species differ

so strikingly in the pattern of senescence of their sexual traits.
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