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Abstract
Males of many species evolved the capability of adjusting their ejaculate phenotype 
in response to social cues to match the expected mating conditions. When females 
store sperm for a prolonged time, the expected fitness return of plastic adjustments 
of ejaculate phenotype may depend on the interval between mating and fertiliza-
tion. Although prolonged female sperm storage (FSS) increases the opportunity for 
sperm competition, as a consequence of the longer temporal overlap of ejaculates 
from several males, it may also create variable selective forces on ejaculate pheno-
type, for example by exposing trade-offs between sperm velocity and sperm sur-
vival. We evaluated the relationship between the plasticity of ejaculate quality and 
FSS in the guppy, Poecilia reticulata, a polyandrous live-bearing fish in which females 
store sperm for several months and where stored sperm contribute significantly to 
a male's lifelong reproductive success. In this species, males respond to the percep-
tion of future mating opportunities by increasing the quantity (number) and quality 
(swimming velocity) of ready-to-use sperm (an anticipatory response called ‘sperm 
priming’). Here we investigated (a) the effect of sperm priming on in vitro sperm vi-
ability at stripping and its temporal decline (as an estimate of sperm survival), and 
(b) the in vivo competitive fertilization success in relation to female sperm storage 
using artificial insemination. As expected, sperm-primed males produced more nu-
merous and faster sperm, but with a reduced in vitro sperm viability at stripping and 
after 4  hr, compared with their counterparts. Artificial insemination revealed that 
the small (nonsignificant) advantage of primed sperm when fertilization immediately 
follows insemination is reversed when eggs are fertilized by female-stored sperm, 
weeks after insemination. By suggesting a plastic trade-off between sperm velocity 
and viability, these results demonstrate that prolonged female sperm storage gener-
ates divergent selection pressures on ejaculate phenotype.
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1  | INTRODUC TION

Polyandry is widespread in nature (Taylor, Price, & Wedell,  2014), 
and the resulting competition for egg fertilization (i.e., sperm com-
petition) has strong evolutionary consequences (Parker,  1970; 
Parker & Birkhead, 2013). Selection on ejaculates to maximize fer-
tilization success has driven a dramatic increase in testis invest-
ment (Baker & Shackelford,  2018; Møller & Briskie,  1995; Ramm, 
Parker, & Stockley, 2005; Rowley, Daly-Engel, & Fitzpatrick, 2018; 
Soulsbury, 2010), often accompanied by a diversification of sperm 
size, shape, structure and performance (Lüpold & Pitnick,  2018; 
Pizzari & Parker,  2009), as well as of other components of the 
ejaculate (Birkhead, Hosken, & Pitnick,  2009, Hopkins, Sepil, 
& Wigby,  2017, Poiani,  2006, see Simmons & Fitzpatrick,  2012 
for a review). Ejaculate production entails significant costs 
(Dewsbury,  1982; Olsson, Madson, & Shine,  1997; Pitnick,  1996; 
Thomsen et al., 2006), and theory predicts that males should stra-
tegically allocate their ejaculate reserves across subsequent matings 
in response to the expected fitness return of each given mating (Ball 
& Parker, 1996; Parker, 2016; Parker, Ball, Stockley, & Gage, 1997; 
Parker & Pizzari, 2010). There has been accumulating empirical evi-
dence that males strategically invest in their ejaculates as a response 
to different levels of sperm competition or female quality (Kelly & 
Jennions,  2011; Wedell, Gage, & Parker,  2002). Typically, ejacu-
late plastic responses include the number of the sperm produced 
and/or used during matings (Firman, Garcia-Gonzalez, Simmons, & 
Andre,  2018; Kelly & Jennions,  2011), sperm performances such 
as motility and velocity (Cornwallis & Birkhead,  2007; Gasparini, 
Peretti, & Pilastro,  2009; Kilgallon & Simmons,  2005; Rudolfsen, 
Figenschou, Folstad, Tveiten, & Figenschou, 2006), and changes in 
the composition of the seminal fluids (Bartlett, Steeves, Gemmell, & 
Rosengrave, 2017; Ramm et al., 2015; Simmons & Lovegrove, 2017; 
Sloan, Lovegrove, & Simmons, 2018; Wigby et al., 2009).

These changes in ejaculate composition are expected to confer a 
post-copulatory advantage, that is to increase competitive fertiliza-
tion success under conditions that trigger a male's plastic response. 
Indeed, the few studies in which male ejaculate plasticity has been 
experimentally manipulated confirmed that strategically increased 
sperm or seminal fluid quality is associated with an increased fer-
tilization success (e.g., Bartlett et al., 2017; Wigby et al., 2009). In 
internal fertilizers, however, the actual consequences of ejaculate 
adjustment on competitive fertilization success warrant further 
research, in particular when a substantial delay between insemina-
tion and fertilization can occur, as in species in which females store 
sperm for successive reproductive events (Orr & Brennan,  2015). 
As time between insemination and fertilization increases, the op-
portunity for male  ×  male  ×  female interactions to influence the 
outcome of sperm competition may increase (Firman, Gasparini, 
Manier, & Pizzari, 2017; Lüpold & Pitnick, 2018; Lupold et al., 2013). 
The effect of ejaculate plasticity on the interaction between com-
peting ejaculates and female reproductive tract, however, is difficult 
to be predicted (Ala-Honkola & Manier, 2016; Manier et al., 2010). 
For example, prolonged female sperm storage (FSS) increases the 

probability that ejaculates from several males overlap at the time 
of fertilization (Birkhead & Moller,  1993; Orr & Brennan,  2015). 
One may predict that the competitive advantage of plastic adjust-
ments of sperm quality is enhanced in species with FSS and asso-
ciated high sperm competition. At the same time, prolonged FSS 
is expected to increase the opportunity for cryptic female choice, 
based, for example, on genetic similarity between the female and 
the competitors (Gasparini, Congiu, & Pilastro,  2015; Gasparini & 
Pilastro,  2011). Nondirectional cryptic female choice may reduce, 
or even cancel out the directional male benefits associated with in-
creased ejaculate investment (Gillingham et al., 2009). Furthermore, 
prolonged FSS may result in stronger selection for sperm survival 
over time and weaker selection for sperm velocity, as these two 
components of sperm quality are often traded-off. Across pas-
serine birds, for example, the sperm swimming speed is positively 
correlated with the risk of sperm competition and negatively asso-
ciated with the duration of FSS (Kleven et al., 2009). Evidence of a 
trade-off between sperm swimming velocity and survival has also 
been found within species (Burness, Casselman, Schulte-Hostedde, 
Moyes, & Montgomerie,  2004; Levitan,  2000; Taborsky, Schütz, 
Goffinet, & van Doorn, 2018; Yamamoto et al., 2017), although pos-
itive correlations have also been found (Locatello, Rasotto, Evans, & 
Pilastro, 2006).

As a consequence of FSS, sperm with different phenotypes 
may have different fertilization success in relation to insemination 
timing and duration of storage (Clark & Aronson, 1951). For exam-
ple, in the zebra finch Taeniopygia guttata, sperm length (which is 
closely correlated with swimming velocity) and timing of copulation 
(first or last) interact in influencing subsequent fertilization success 
(Hemmings & Birkhead, 2017). This interaction implies that plastic 
adjustment of ejaculate quality in response to transient social cues 
(like sperm competition level or mate availability) may have different 
fitness outcomes depending on the duration of FSS. Across passer-
ine species, for example, sperm velocity declines, and sperm longev-
ity is expected to increase, as the duration of FSS increases (Kleven 
et al., 2009). Within species, a negative correlation between sperm 
velocity (at the moment of ejaculation) and fertilization success after 
FSS has been found in the live-bearing fish Xiphophorus nigrensis 
(Smith, 2012).

We investigated how male strategic ejaculate investment and 
FSS interact in determining a male's fertilization success in the 
guppy (Poecilia reticulata). Guppies are live-bearing, internal fer-
tilizing fish characterized by high levels of sperm competition and 
prolonged FSS (Evans & Pilastro, 2011; Schmidt, 1920). Males pro-
duce sperm bundles that can be used to perform heterospermic 
artificial inseminations in which the number of sperm transferred 
during insemination is carefully controlled (Boschetto, Gasparini, 
& Pilastro,  2011; Evans, Zane, Francescato, & Pilastro,  2003). 
Male guppies that are in visual contact with females increase the 
number (‘ready-to-use sperm’; Bozynski & Liley,  2003) and the 
swimming velocity of strippable sperm (Gasparini et al., 2009), as 
compared to males that are isolated from females. This response is 
faster than the spermiogenesis cycle, that is within 3 days versus 
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approx. 1 month (Billard & Puissant, 1969), and is therefore de-
fined ‘sperm priming’ (Bozynski & Liley, 2003). Since sperm num-
ber and velocity are predictors of competitive fertilization success 
in this species (Boschetto et  al.,  2011), this adjustment can be 
assumed to have positive effects on male sperm competitiveness. 
However, increasing the swimming velocity of sperm is expected 
to reduce its longevity, as faster sperm will use up their energy 
reserves at a higher rate (Ball & Parker,  1996; Levitan,  2000; 
Parker,  1998; Pizzari & Parker,  2009). A reduced sperm lifes-
pan may also derive from the oxidative stress associated with a 
higher sperm cell metabolic activity (Reinhardt, 2007). Finally, in-
creased cell maturation rate associated with sperm priming may 
reduce the efficiency of spermatogenesis, resulting in a higher 
incidence of sperm defects (Jewgenow et  al.,  2009; Neubauer, 
Jewgenow, Blottner, Wildt, & Pukazhenthi, 2004). In guppies, fe-
male-stored sperm tend to age and to be outcompeted by freshly 
inseminated sperm: paternity share is equal after simultaneous 
artificial insemination with equal sperm number from two males 
(Evans et al., 2003), it is biased towards the first male if the two 
inseminations are performed 1 day apart (Magris, Cardozo, Santi, 
Devigili, & Pilastro, 2017), but it becomes strongly biased towards 
the last male, if the two inseminations are 1 month, or more, apart 
(Gasparini, Daymond, & Evans,  2018; Schmidt,  1920). However, 
males can continue to fertilize eggs through their female-stored 
sperm months after their death (López-Sepulcre, Gordon, 
Paterson, Bentzen, & Reznick, 2013), suggesting that the sperm 
of some males may be able to survive for prolonged time in female 
sperm storage organs and occasionally outcompete more freshly 
inseminated sperm. Sperm velocity is associated with a greater 
fertilization success both at mating (Boschetto et al., 2011) and 
after 1 month of female storage (Devigili, Di Nisio, Grapputo, & 
Pilastro, 2016).

We tested the prediction that increased sperm production and 
velocity entails sperm viability and survival costs, affecting fertil-
ization success after FSS. To this end, we maintained two groups 
of male guppies either in visual and chemical contact with females 
(female-present group, FP hereafter) or in a completely female-de-
prived environment for 5 days (female-absent group, FA), a condi-
tion in which males have, on average, a lower sperm number and 
slower swimming sperm (Bozynski & Liley, 2003; Cattelan, Evans, 
Pilastro, & Gasparini,  2016; Cattelan & Pilastro,  2018; Devigili, 
Doldán-Martelli, & Pilastro,  2015; Gasparini et  al.,  2009). Firstly, 
we assessed the effect of sperm priming on in vitro sperm viability 
at stripping and 4 hr after sperm activation (as measure of sperm 
survival, modified from Gasparini & Evans, 2013). Secondly, we ar-
tificially inseminated virgin females with an equal number of sperm 
bundles from pairs of males. Each pair consisted of one randomly 
chosen male from each experimental group (FP and FA). We then 
assessed the effect of sperm priming on paternity share in the first 
brood, whose eggs are fertilized by freshly inseminated sperm, with 
that obtained in the subsequent brood, which is separated tempo-
rally by circa 1 month and whose eggs are therefore fertilized by 
female-stored sperm.

2  | MATERIAL S AND METHODS

2.1 | Study species

The guppies used in this experiment were descendants of wild-
caught fish from the lower part of Tacarigua River, Trinidad. Males 
and females used in the experiments derived from large stock 
tanks (150 L), each containing approx. 50 individuals of each sex. 
Individuals have been rotated across tanks during all storage pe-
riod in order to maintain an adequate outbreeding (see Devigili 
et  al.,  2016, for an estimate of heterozygosity in the labora-
tory population). Fish were raised under controlled temperature 
(26 ± 1°C) and illumination (12:12-hr light/dark cycle) conditions 
and fed twice daily on a mixed diet of brine shrimp nauplii and 
dry food. Virgin females used for the artificial insemination ex-
periment (see below) were obtained by separating females from 
males as soon as they could be sexed (around 2 months) and main-
taining them in single-sex tanks until sexually mature (approx. at 
4 months).

2.2 | Experimental design

We used an experimental design based on the presence of stim-
ulus females to trigger a ‘sperm priming’ response, following a 
standard protocol (Bozynski & Liley, 2003; Cattelan et al., 2016; 
Gasparini et al., 2009). Adult males originated from stocks were 
isolated individually for 5 days (N = 100). After this period, males 
were stripped to remove previous sperm reserves and were ran-
domly assigned to one of the two experimental groups, namely 
‘female present’ (FP) and ‘female absent’ (FA). To this end, we 
used experimental aquaria that were divided into two compart-
ments by a central, transparent wall to allow visual contact with 
females. Each male was placed individually in one of the two 
compartments. The other compartment either contained three 
females (FP) or was left empty (FA). The dividing wall was pro-
vided with small holes to allow chemical interaction with the fe-
males (where present). After 5  days, males were anaesthetized 
and sperm bundles were collected for artificial insemination and 
ejaculate quality assays, following established protocols (for fur-
ther details, see Magris et al., 2017). In the guppy, full spermato-
genesis lasts 5  weeks (Billard & Escaffre,  1969) but the males’ 
priming response is quick, and 3  days is sufficient to induce a 
response (Gasparini et al., 2009). All males (N = 100) were digi-
tally photographed to measure body size and coloration follow-
ing established methods (Cattelan, Di Nisio, & Pilastro, 2018). 
Males assigned to the two groups were not different in size or 
coloration (see Supporting Information). A subsample was used 
for ejaculate traits analysis (N = 78) and/or for artificial insemina-
tion, according to the quantity of ejaculate available from each 
male. To this end, we randomly paired two males, one from each 
experimental group (N = 70). From these 35 male dyads, we ob-
tained paternity data for 32 dyads (N = 64).
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2.3 | Ejaculate quality assays

We estimated the effect of treatment on sperm number (no. of strip-
pable bundles), sperm velocity and sperm viability on 48 males used 
for artificial insemination (see below) and on further 30 males that 
were not used for artificial insemination. All males went through ei-
ther the FP or the FA treatment. We obtained an estimate of sperm 
number from 75 males (FP, N = 37; FA, N = 38), of sperm velocity from 
65 males (FP, N = 33; FA, N = 32), and of sperm viability from 74 males 
(FP, N = 37; FA, N = 37). Sample size differed across ejaculate quality 
traits for logistic reasons (e.g. too few sperm bundles available).

2.3.1 | Sperm number

We took a digital photograph of the total bundles stripped on a black glass 
slide, and we subsequently used ImageJ software (available at http://rsb.
info.nih.gov/ij/) to count the bundles. Each bundle contains an average 
of 22,000 sperm, and there is a significant correlation (R2 = .96) between 
sperm number and number of bundles (Gasparini, Devigili, Dosselli, & 
Pilastro, 2013). Counting the number of bundles of each male allowed us 
to estimate the number of strippable sperm available to the males.

2.3.2 | Sperm velocity

Sperm swimming velocity was estimated at stripping and after 4 hr of 
incubation in activating solution (150  mM of KCl). To estimate sperm 
velocity at stripping, three bundles were collected from each freshly 
stripped ejaculate and placed on a glass slide containing 3 μl of activat-
ing solution and gently covered with a coverslip (Gasparini et al., 2009). 
Glass slides were previously coated with polyvinyl alcohol (PVA, 1%) to 
reduce sperm sticking to the glass surface. The swimming velocity of the 
sperm leaving the bundles was analysed using a Ceros Sperm Tracker 
(v. 12.3; Hamilton Thorne Research). For each male, measurements of 
sperm velocity, taken blind of the experimental group, were based on ap-
proximately 100 motile sperm and include average path velocity (VAP), 
straight-line velocity (VSL) and curvilinear velocity (VCL). The threshold 
values defining static cells were predetermined at 25 μm/s for VAP and 
20 μm/s for VSL (Gasparini et al., 2009). To estimate sperm velocity after 
4-hr incubation, 50 sperm bundles collected from the freshly stripped 
ejaculate were incubated in 30 μl of activating solution containing 40% 
150mM KCl and 60% NaCl (Billard & Cosson, 1990) and maintained at 
26 ± 1°C. After incubation, 3 μl of sperm in KCl-NaCl solution was placed 
on a glass slide with a coverslip and sperm velocity parameters were 
measured again as above. VAP, VSL and VCL were highly positively cor-
related (Pearson > 0.87, p < .001), and we thus present result for VAP.

2.3.3 | Sperm viability and survival

An aliquot of 6 μl of the incubation solution containing the sperm 
was taken immediately after sperm activation and stained with 

a live–dead kit (L-7011; Molecular Probes). This kit contains two 
dyes. The green dye stains live cells, whereas dead and damaged 
cells are stained red. The proportion of live sperm (stained green) 
was calculated over approximately 100 sperm cells per analysis, fol-
lowing an established procedure (Gasparini, Marino, Boschetto, & 
Pilastro, 2010). Sperm survival was estimated repeating the sperm 
viability assay on another 6 μl aliquot of the incubation solution 4 hr 
after activation.

2.4 | Artificial insemination and paternity analysis

At the end of the experimental treatment, we randomly paired 
one FA and one FP male and used collected ejaculate to artifi-
cially inseminate one virgin female with equal number of sperm 
bundles from two males, following established protocols (Evans 
et al., 2003; Gasparini & Evans, 2013; Gasparini & Pilastro, 2011). 
Artificial insemination (AI) allowed us to control for precopula-
tory processes (equalizing the confounding effect of mating order; 
Magris et al., 2017) and number of inseminated sperm (which af-
fect competitive fertilization success; Boschetto et  al.,  2011). 
Briefly, after obtaining the ejaculate from one FA and one FP 
male (see Matthews, Evans, & Magurran, 1997), we collected 10 
bundles from each male, mixed them in a small volume of saline 
solution (NaCl 0.9%) and used the 20 bundles to artificially insemi-
nate one virgin female. After insemination, females were isolated 
in 8-L tanks with abundant vegetation and checked for offspring 
production at least three times a day, minimizing the effect of can-
nibalism on fry. Sixteen females did not produce any offspring, 
and five females produced a single offspring and were therefore 
excluded from the paternity analysis. Five females produced a 
brood >45 days after insemination. These may be second broods 
if the first one was miscarried or the fry were stillborn (a com-
mon phenomenon in poecilids, e.g., Mukherjee, Heithaus, Trexler, 
Ray-Mukherjee, & Vaudo,  2014), or first broods with a slow de-
veloping rate. Since it is not possible to ascertain with confidence 
the length of FSS, these broods were excluded from the paternity 
analysis. We obtained offspring from 36 females, but only 20 of 
them produced a second brood within 45 days after the first brood 
was delivered.

2.5 | DNA extraction and amplification

We collected a tissue sample from the females from which we 
obtained at least two offspring in the first brood (n  =  36) and 
from their potential sires (n = 64, i.e., males used for inseminat-
ing females that produce no broods were not genotyped). Samples 
were stored in a freezer at −20°C until DNA extraction. Fin clips 
were obtained from anaesthetized males after ejaculate col-
lection, and from females (if they produced at least one brood) 
60 days after AI. Offspring were euthanized in MS222 and stored 
in 99% ethanol until DNA was extracted from half of their body. 
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Genomic DNA was extracted using CHELEX (Walsh, Metzger, & 
Higuchi, 1991) for offspring and salting out for adult fins (Miller, 
Dykes, & Polesky, 1988). Paternity has been assigned using two mi-
crosatellite markers: TTA (GenBank accession number: AF164205; 
Taylor, Sanny, & Breden, 1999) and AGAT11 (BV097141; Olendorf, 
Reudi, & Hughes, 2004; see Supporting Information for PCR de-
tails). Paternity was assigned using CERVUS v 3.0 (www.field​genet​
ics.com/pages/​home.jsp; Kalinowski, Taper, & Marshall,  2007; 
Marshall, Slate, Kruuk, & Pemberton, 1998). The data set included 
561 offspring (from 36 females, 16 of which produced only the 
first brood and 20 of which produced two broods) of which 478 
(i.e., 85%) were all assigned to one of the two competing FP-FA 
males with >95% confidence probability (see Devigili et al., 2016, 
for more details; Devigili, Evans, Di Nisio, & Pilastro, 2015). The 
average paternity assignment success for each female was 88%.

2.6 | Statistical analysis

Size and orange coloration (proportion of orange, arcsine-square-
root-transformed) of males, and sperm production (number of bun-
dles, log-transformed) were compared between FA and FP treatments 
using Student's t test. Difference between treatments (FA and FP) and 
time (at stripping and after 4 hr) in sperm velocity was tested using 
a linear mixed model in which male identity was entered as random 
factor, and experimental group (two levels: FA and FP), time (two lev-
els: at stripping and after 4 hr) and their interaction as fixed factors. 
For sperm viability, we used a generalized linear mixed model (GLMM) 
with binomial distribution (logit link function) in which the total num-
ber of sperm observed was the binomial total and the number of vi-
able sperm was the dependent variable; male identity was entered 
as random factor, and experimental group (two levels: FA and FP), 
time (two levels: at stripping and after 4 hr) and their interactions as 
fixed factors. To fit the model and estimate the parameters, we used 
the Laplace approximation of the log-likelihood. We corrected for a 
slight overdispersion (dispersion parameter of the initial model = 1.74) 
by adding an observation-level random effect with a separate level 
for each individual measurement (dispersion parameter of the final 
model = 1.00) (Browne, Subramanian, Jones, & Goldstein, 2005).

To compare the paternity share of FA and FP males, we first calcu-
lated the mean proportion of offspring sired by the FP male in the first 
(pFP1) and in the second brood (pFP2) and their difference (pFP2-pFP1, 
hereafter ΔpFP). We statistically compared the change in fertilization 
success between first and second broods only for those male dyads 
for which we had both broods (N = 20). Following Devigili et al. (2016), 
we first calculated, for each of the 20 male dyads, the observed mean 
paternity share of FP males in the first and in the second brood (pFP-

mean). Secondly, we generated a simulated paternity distribution in the 
first and in the second broods assuming that each FP male had the same 
probability to sire an offspring in the two broods, which was set to be 
equal to his observed pFPmean. For each simulation, the resulting pFP 
in the first and the second brood (pFP1sim and pFP2sim, respectively) 
were calculated for each of the male dyads (i.e., based on each dyad's 

observed pFPmean and brood sizes). The observed difference in paternity 
across broods ΔpFP was compared with the null distribution of differ-
ences obtained from the simulated paternity pattern (i.e., pFP1sim-pFP-

2sim), given the observed brood size, thus accounting for binomial errors 
associated with differences in brood sizes. To this end, a Monte Carlo 
routine was iterated 10,000 times and the observed statistic (ΔpFP) was 
compared with the distribution of the simulated statistic (ΔpFPsim). p val-
ues were derived from the proportion of ΔpFPsim values that were larger 
or smaller than ΔpFP. Alpha level was set at .05. We used the same pro-
cedure to calculate the standardized variance in pFP1 and pFP2 [var pFP/
(mean pFP)2, hereafter varpFP] and to compare their observed differ-
ence with the distribution obtained for the pFP1sim and pFP2sim values. 
The standardized variance in pFP (often noted as I) represents an estima-
tion of the opportunity for selection (Arnold & Wade, 1984; Crow, 1958; 
Jones,  2009) and allows to compare the strength of post-copulatory 
sexual selection before and after FSS (Devigili et al., 2016). Simulated 
distributions and Monte Carlo routines were performed in Windows 
Excel 2016 using PopTools 3.2.5 (Hood, 2011). Proportions were arc-
sine-transformed before statistical analyses (Sokal & Rohlf, 1995).

3  | RESULTS

3.1 | Effect of sperm priming on sperm quality in 
vitro

As expected, FP males had larger sperm reserves. FP males had, 
on average, 38.0% more sperm bundles as compared to FA males 
(FP: 253.4 ± 23.34 SE; FA: 183.7 ± 14.21 SE; Student's t = 2.59, 
p  =  .012; Figure  S1). FP males also produced faster sperm, both 
at stripping and 4  hr after activation (Table  1, Figure  S2). Sperm 
velocity significantly declined after 4 hr of incubation, although the 
decline in velocity did not differ between groups (Table 1). In par-
ticular, sperm of FP males were on average 7.2% faster at stripping 
than sperm of FA males. Four hours after sperm activation, the dif-
ference in sperm velocity was reduced, on average, to 3.9%, still 
in favour of FP males. In contrast, FP males showed a significant 
lower sperm viability both at stripping and 4 hr after activation, as 
compared to their FA counterparts (Table 1, Figure S3). Considering 
that the proportion of live sperm differed between the two groups, 
we calculated the number of live sperm as the product between 
the number of stripped sperm and the estimated proportion of live 
sperm. After correction for viability, the numerical advantage of FP 
at stripping and 4 hr after activation was equal to 28.9% and 24.2%, 
respectively (as compared to the 38.0% numerical advantage esti-
mated without correcting for sperm viability).

3.2 | Effect of sperm priming on competitive 
fertilization success in vivo

Average brood size (considering only offspring whose paternity 
was successfully assigned) was 8.42  ±  0.66 SE for the first brood 
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(Min = 2, Max = 17, n broods = 36, n offspring = 303) and 8.75 ± 0.98 
SE for the second brood (Min = 2, Max = 16, n broods = 20, n off-
spring = 175), which is in line with brood sizes obtained in paternity 
studies with this guppy population (Devigili, Doldán-Martelli, et al., 
2015). The mean proportion of offspring sired by FP males was 
54.5% ± 4.98 SE in the first brood (n broods = 36), and 42.0% ± 5.62 

SE in the second brood (n broods = 20). When considering only the 
20 male dyads for which we also had the second brood, pFP1 was 
50.1% ± 7.46 SE. ΔpFP was therefore equal to −8.1%, and this differ-
ence was larger in magnitude than expected if pFP was the same in 
the two broods (p = .044, 10,000 iterations; Figure 1a). The stand-
ardized variance in fertilization success was larger in the first brood 

TA B L E  1   Effect of sperm priming on sperm velocity (VAP µm/s) and viability (% live sperm) at stripping and 4 hr after sperm activation

Sperm trait FP FA Treatment Time Treatment*time

VAP

At stripping 104.2 ± 15.51 97.17 ± 8.99 F1,613 = 5.07, p = .028 F1,63 = 19.99, p < .001 F1,61 = 0.81, p = .371

After 4 hr 93.75 ± 12.90 90.21 ± 10.69

N 33 32

Viability

At stripping 77.98 ± 14.22 83.46 ± 9.79 z = 2.03, p = .042 z=−3.035, p < .001 z = 0.580, p = .562

After 4 hr 70.34 ± 16.50 77.96 ± 12.12

N 37 37

Note: Mean ± SD are given. For sperm velocities, significance of the fixed effects was tested in a linear mixed model. For sperm viability, significance 
of the fixed effects was tested in a generalized linear mixed-effects model with binomial distribution and logit link function (overdispersion = 1.00). 
Male identity was entered as random factor in both models.
Abbreviations: FA, female absent; FP, female present.

F I G U R E  1   Observed difference in 
(a) the mean fertilization success across 
broods and (b) the standardized variance 
in fertilization success across broods. 
Histograms represent the expected 
distribution of the differences assuming 
equal probability to fertilize the eggs 
before and after FSS (=in the first and in 
the second brood). For each male dyad, 
the expected fertilization success was 
calculated as the across-broods mean. 
Vertical lines represent the observed 
difference
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(varpFP1 = 0.352) than in the second brood (varpFP2 = 0.128), and 
the difference was larger than expected if varpFP was the same in 
the two broods (p = .018, 10,000 iterations; Figure 1b, Table 2).

4  | DISCUSSION

As predicted on the results of previous studies (Bozynski & Liley, 2003; 
Gasparini et al., 2009), we found that male guppies, when previously 
maintained in visual and chemical contact with females, increased the 
number (+38%) and the swimming velocity (VAP, +7.2%) of strippable 
sperm as compared to males that were isolated from females. The 
velocity of sperm after exposure to female stimulus was transient. 
Four hours after stripping, sperm velocity decreased and the differ-
ence with the sperm obtained from female-deprived males became 
nonsignificant. Our analysis of sperm viability highlighted an intrinsic 
post-copulatory cost associated with sperm priming: in FP males, the 
proportion of viable sperm was significantly lower both at stripping 
and 4h after activation, as compared to their FA counterparts (see 
Figure S1 and Table 1). If only alive sperm were counted, FP males still 
were at a numerical advantage over their FA counterparts, but the 
magnitude of this advantage (+28.9%) was lower than that estimated 
from total sperm count (+38.0%). Four hours after sperm activation, 
FP males’ numerical advantage was further reduced to +24%. Our 
results from the in vitro measurements suggest that the increment 
of sperm number and velocity in response to the perceived mating 
opportunities is associated with a sperm viability cost both at strip-
ping and after 4 hr. This may influence male fitness of wild individuals 
considering that natural sex ratio may vary between 0.2 and 0.9.

The results of our artificial insemination experiment allowed to 
compare the pFP before and after prolonged FSS. The eggs of the 
first brood are fertilized after artificial insemination, when the fe-
male was ovulating, or by sperm that were stored by the female for 
a short period (up to 5 days), which corresponds to the estimated 

ovulation cycle in virgin guppies (Rosenthal, 1952). In contrast, the 
eggs of the second brood were fertilized by sperm that was stored 
in the female reproductive tract for 3–4 weeks, which corresponds 
to the inter-brood interval (Magurran,  2005). In the first brood, 
competitive fertilization success, after inseminating the same num-
ber of sperm bundles from the two males, matched the result pre-
dicted from the in vitro measures of sperm velocity and viability: FP 
males with primed, faster sperm had a slight (although not signif-
icant) advantage. After a prolonged FSS, paternity share switched 
towards the FA males, matching their higher in vitro measures of 
sperm survival. The change in mean fertilization success between 
the first and the second brood was accompanied by a decrease in 
the standardized variance in pFP, indicating that FSS attenuated the 
strength of post-copulatory sexual selection. We will first discuss 
the mechanisms that may be responsible for the decreased viabil-
ity and survival of sperm associated with sperm priming and how 
these may have impacted a male's fertilization success. Secondly, we 
will discuss the evolutionary consequences of the interaction be-
tween sperm priming and FSS on post-copulatory sexual selection 
in guppies.

The negative effect of sperm priming on sperm viability may 
have several, not mutually exclusive, explanations. For example, 
the reduced viability 4 hr after activation may be a consequence of 
the enhanced velocity and the expected trade-off between sperm 
performance and longevity (Levitan, 2000). A faster sperm cell se-
nescence rate associated with enhanced velocity, however, does not 
explain our observation that sperm viability was reduced at strip-
ping, before sperm swimming activity started. Spermatogenesis re-
quires approximately 1 month in the guppy (Billard & Escaffre, 1969). 
The increase in the number of ‘ready’ sperm must therefore result 
from an acceleration of the last stages of spermiation (Bozynski & 
Liley, 2003), as our male treatment lasted only 5 days. A trade-off be-
tween sperm production rate and sperm quality has been reported 
in domestic cats, in which the proportion of abnormal spermatozoa 
is positively associated with increased sperm output (Neubauer 
et al., 2004). This effect is thought to be a consequence of reduced 
cell apoptosis during spermatogenesis (Jewgenow et  al.,  2009). 
Determining whether the negative relation between sperm matu-
ration rate and proportion of viable sperm observed in guppies is 
associated with reduced apoptosis will require further investigation.

The trade-off with spermiation rate and sperm velocity may not 
be the only explanation for the observed reduction in sperm via-
bility: the presence of the females during the treatment induces 
a higher sexual activity (courtship displays, male locomotor activ-
ity) in the males (Miller & Brooks,  2005), which may indirectly af-
fect sperm viability, for example by elevating the oxidative stress 
in the FP males (Reinhardt & Ribou,  2013). Guppy males exposed 
to females have a reduced lifespan as compared to isolated males 
(Miller & Brooks, 2005), indicating a substantial cost of this pre- and 
post-copulatory plastic response. Consistent with this hypothesis, 
male houbara bustards (Chlamydotis undulata) with an elevated dis-
play rate suffer a faster senescence rate of their ejaculate quality 
(Preston, Saint Jalme, Hingrat, Lacroix, & Sorci,  2011). However, 

TA B L E  2   Effect of sperm priming and female sperm storage 
(first or second brood) on paternity share (mean and variance) of FP 
males

First 
brood SE

Second 
brood SE p

Mean fertilization 
rate (FP male)

0.501 0.075 0.420 0.058 .041*

Variance in 
fertilization rate

0.425 0.164 0.188 0.044 .021

Note: Each female (n = 20) was artificially inseminated with equal 
number of sperm bundles from two different males, one FP (female 
present, n = 20) and one FA (female absent, n = 20), and paternity was 
assigned on the first two consecutive broods. Differences between 
means and variances were tested using a permutation test in which the 
same fertilization success was expected across broods (see Methods). 
Standard errors of variance estimates were obtained using a bootstrap 
procedure.
*Permutation test was conducted after square root transformation of 
the proportions. 
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other studies failed to find an effect of male precopulatory sexual 
effort on the oxidative stress in the testes (e.g., Garratt et al., 2012; 
Sloan et al., 2018). Furthermore, germline and sperm cells are partic-
ularly well protected from oxidative damage in guppies, as suggested 
by the relatively low senescence rate of ejaculate quality in this spe-
cies (Gasparini, Devigili, & Pilastro, 2019). However, in the zebrafish 
Danio rerio, a high male–male competition environment leads males 
to produce faster swimming sperm, at a cost of DNA integrity and 
offspring fitness (Silva et  al.,  2019; Zajitschek, Hotzy, Zajitschek, 
& Immler,  2014), suggesting that this protection is incomplete. To 
distinguish between these alternative explanations, it would be 
necessary to experimentally manipulate male courtship effort inde-
pendently from sperm priming.

The fertilization success of FP males in the first brood (short FSS) 
was higher than that of FA males, although not significantly so. This 
is expected, as we used an equal number of sperm bundles from 
the two males to inseminate the female, thereby controlling for the 
larger sperm reserves available to the FP males. Considering that FP 
males’ sperm had a lower proportion of live sperm at stripping, this 
result suggests that the higher swimming velocity of FP males’ sperm 
compensated for the reduced sperm viability (i.e., the total number 
of alive sperm). The fertilization success of FP males, however, faded, 
after prolonged FSS, to 42%. Since each virgin female was artificially 
inseminated only once, the two broods were fertilized by sperm 
from the same initial pool. Considering that the average inter-brood 
interval in this species is about 1 month, the sperm that fertilized 
the second brood were stored by the females 1 month more than 
the sperm that fertilized the first brood. These results suggest that 
sperm from FP males have a reduced survival or a more rapid senes-
cence in their competitive fertilization success within the FSS organs 
as compared to the sperm from FA males. An alternative explanation 
for the reduced fertilization success of FP males in the second brood 
is related to sperm depletion, rather than a loss of competitiveness 
after sperm storage. If more sperm from FP males have been used 
earlier to fertilize the first brood, less sperm may have entered the 
FSS organs, resulting in a lower sperm number available to fertil-
ize the second brood. This explanation, however, seems less likely. 
For the artificial inseminations, we used 10 bundles from each male, 
corresponding to approximately 220,000 sperm per male (Gasparini 
et al., 2013). Sperm bundles immediately dissolve in the female ovar-
ian fluid (Cardozo & Pilastro, 2018), and sperm start moving towards 
fertilization and storage sites. Even if the sperm from a single male 
fertilized all the eggs in the most numerous brood (17 offspring), only 
a small proportion of the available sperm was necessary to fertilize 
all eggs. Indeed, results from previous studies demonstrate that two 
bundles are enough to fertilize all female eggs (Pilastro, Gasparini, 
Boschetto, & Evans,  2008). Furthermore, under this scenario one 
would expect a negative correlation between fertilization success 
in the first and in the second brood. In contrast, we observed a pos-
itive, although not significant, correlation (r = .14, N = 20, p = .57).

The combination of our in vitro and in vivo assays indicates that 
the strategic up-regulation of sperm production and sperm veloc-
ity is therefore associated with a reduced sperm competitiveness 

after prolonged FSS. A similar result has been found in the sword-
tail Xiphophorus nigrensis, in which sperm velocity at insemination 
is negatively correlated with competitive fertilization after FSS 
(Smith,  2012). Interestingly, in this same guppy population, the 
opposite pattern is found when males are maintained in the same 
conditions before mating (i.e., there is not differential level of sperm 
priming among males). The mean fertilization success of males pro-
ducing fast swimming sperm increases between the first and the 
second brood (Devigili et  al.,  2016). The results from the present 
study suggest that the sperm priming response (i.e., the increased 
number and velocity of ready sperm) to female stimuli revealed a 
trade-off between sperm velocity and sperm viability–survival that 
was not evident when males are all in the same condition (Devigili 
et  al.,  2016). Alternatively, the increased sperm velocity and re-
duced sperm survival (and fertilization success after FSS) may rep-
resent two independent effects of our experimental manipulation. 
Whatever the mechanism behind our observations, it appears that 
the plastic adjustment of some components of ejaculate quality 
(number and velocity of ready sperm) comes at a significant cost of 
sperm competitiveness after FSS.

Sperm priming also reversed the effect of FSS on the oppor-
tunity of post-copulatory sexual selection. Although in Devigili 
et  al.  (2016) the opportunity of post-copulatory sexual selection 
increased with FSS (i.e., second broods had a larger variance in fer-
tilization success than first broods), here we found the opposite 
pattern, and varpFP decreased between first and second brood. 
This suggests that sperm priming is expected to increase the vari-
ance in male post-copulatory success when fertilization rapidly 
follows insemination, as it increases the phenotypic variance in 
ejaculate quality. In contrast, FFS appears to attenuate the oppor-
tunity for post-copulatory selection, probably by exposing a sperm 
velocity/survival trade-off. The results obtained in a similar ex-
periment in which the fertilization success of unmanipulated male 
guppies has been compared across subsequent broods (Gasparini 
& Evans,  2018) are in agreement with our prediction. The stan-
dardized variance in the proportion of offspring fertilized by the 
second male (P2) in the first and in the second brood, calculated 
from the data by Gasparini and Evans (2018), is 0.258 and 0.214 
(n = 18), respectively. These values appear to be intermediate be-
tween the standardized variances in the first and the second brood 
found in our study (0.425 and 0.188, respectively). Irrespective of 
the mechanism determining the reduced sperm viability and fertil-
ization success after FSS associated with sperm priming response, 
our results can explain why, in natural guppy populations, posthu-
mous fertilizations can contribute to up to 25% of male reproduc-
tive success (López-Sepulcre et  al.,  2013). This also implies that 
the sperm of some males may increase their relative fertilization 
success after prolonged FSS, despite more freshly inseminated 
sperm having been shown to outcompete previously stored sperm 
(Gasparini et  al.,  2018; Schmidt,  1920). The evidence that sperm 
priming reduces competitive fertilization success after prolonged 
FSS may contribute explaining why fertilization success can change 
substantially over successive broods (López-Sepulcre et al., 2013).
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FSS influences post-copulatory sexual selection in the guppy in 
a complex way. Timing of mating is important, but male precedence 
(i.e., the effect of insemination order on male competitive fertiliza-
tion success) depends on the time elapsed between copulations: 
after artificial inseminations, first male precedence is observed if the 
inseminations from two males are 1 day apart (Magris et al., 2017), 
whereas there is a strong second male precedence when the sec-
ond insemination occurs 1  month apart (Gasparini et  al.,  2018; 
Grove, 1980). Turnovers in paternity, however, can also occur, with 
sperm stored for months still contributing to a significant proportion 
of offspring sired several breeding cycles after copulation occurred 
(Hildemann & Wagner,  1954; López-Sepulcre et  al.,  2013). Results 
from the present study suggest that paternity succession may also 
be influenced by the interaction between sperm priming and FSS.

5  | CONCLUSIONS

In our study, we shed light, for the first time, on the interaction 
between anticipatory ejaculate plasticity and FSS. As predicted, 
improved ejaculate quality comes at a cost in sperm viability 
that negatively affects fertilization success after FSS. These re-
sults highlight the importance of considering all the potential fit-
ness consequences of a strategic adjustment of ejaculate quality 
in response to a changing social environment (Dore et al., 2018; 
Kelly & Jennions, 2011; Magris, Chimetto, Rizzi, & Pilastro, 2018). 
Although ejaculate anticipatory responses are obviously expected 
to increase overall male reproductive fitness, they also imply 
costs (e.g., Bretman, Fricke, & Chapman, 2009; Silva et al., 2019). 
Previous work suggests that sperm priming can negatively af-
fect male mating success (Cattelan et al., 2016; Devigili, Doldán-
Martelli, et al., 2015), although this cost has never been quantified 
in the guppy. Here, we showed that sperm priming, one of the 
most common forms of male response to variable socio-sexual 
conditions (Bartlett et al., 2017; Bretman, Gage, & Chapman, 2011; 
Kelly & Jennions, 2011), may also entail intrinsic post-copulatory 
costs and that these costs are contingent to the duration of FSS. 
Our results highlight the importance to consider long-term con-
sequences of the strategic adjustments of ejaculate components 
in species with FSS (Orr & Brennan,  2015). The phenomenon of 
sperm competition was first described in guppies, 100 years ago 
(Schmidt, 1920), in an experiment in which competitive fertiliza-
tion success was found to be dependent on the duration of FSS: ‘In 
the peculiar state of things here described I have had recourse to 
the assumption that the fresh spermatozoa are more agile than the 
older stock which had been stored for varying lengths of time in 
the genital duct of the female, and are thus unable to compete with 
the former. …The fact that we can, by pairing a female simultane-
ously with two males of different form, produce, in one and the 
same brood, offspring belonging to the same forms, seems to sup-
port this explanation of the selection which takes place among the 
spermatozoa in the genital duct’. (Schmidt, 1920, p. 8–9). From the 
results of the first study on sperm competition, it appears evident 

that FSS provides scope to influence competitive fertilization suc-
cess (Birkhead & Møller, 1993). The way FFS interacts with sperm 
phenotype is complex and not easy to be investigated (Hemmings 
& Birkhead,  2017; Lupold et  al.,  2013; Manier et  al.,  2010). Our 
results suggest that ejaculate plasticity adds further complexity to 
post-copulatory processes mediated by FSS, making sperm stor-
age a fascinating avenue for future research.
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