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One remarkable reproductive feature in animals with internal fertilization is a reduction in sperm viability over 
time in females. Whether this reduction is driven by male–male competition and/or cryptic female choice is unclear. 
From the perspective of cryptic female choice, we postulated that sperm viability is affected by a particular male 
copulatory behaviour. In this study, we investigated the following aspects: (1) sperm viability in mated females 
vs. males; (2) whether sperm viability varies temporally after mating; and (3) whether male copulatory behaviour 
covaries positively with sperm viability within females. We used the spider Holocnemus pluchei, whose males use 
several copulatory behaviours to court females. We found that females that stored sperm for 4 or 15 days showed 
no difference in sperm viability but had lower sperm viability compared with males, and males that performed a 
longer post-insemination behaviour had higher sperm viability inside the female. It is unclear how sperm viability is 
reduced and how male post-insemination behaviour affects this. It is possible that extending copulation allows males 
to induce females to keep sperm alive for longer. This result is predicted by theory whereby males induce females to 
facilitate sperm to reach and fertilize eggs based on male postcopulatory behaviour.
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INTRODUCTION

Sperm storage in the female reproductive tract is 
widespread in vertebrates and invertebrates, but it is 
species specific. This storage can last from a few hours 
to years (Orr & Zuk, 2012). Once inside the female, 
the sperm face new challenges, given that the female 
tract can be highly selective (reviewed by Fitzpatrick 
& Lüpold, 2014; Kekäläinen & Evans, 2018). Evidence 
of this process is the decrease in sperm viability (the 

proportion of living sperm cells divided by the total 
number of sperm cells inside an ejaculate) that takes 
place during storage in females in several species. For 
example, Snook & Hosken (2004) found a 70% decrease 
in Drosophila melanogaster Meigen, 1830 (however, see 
also Stewart et al., 2007; Radhakrishnan & Fedorka, 
2011). Although this fly example can be dramatic, 
other species also show marked decreases in sperm 
viability [i.e. Scathophaga stercoria (Linnaeus, 1758), 
Diptera (Bernasconi et al., 2002); Photinus greeni 
Lloyd, 1969 and Photinus ignites Fall, 1927, Coleoptera 
(Demary, 2005); Bombus terrestris Linnaeus, 1758, 
Hymenoptera (Greeff & Schmid-Hempel, 2008); Mnais 
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pruinosa Selys, 1853 and Calopteryx cornelia Selys, 
1853, Odonata (Tsuchiya & Hayashi, 2010)]. Moreover, 
the exact mechanisms of sperm viability decline have 
not been fully clarified, although it might be related 
to an intrinsic property of males (i.e. ejaculate quality 
characteristics that make sperm vary viability; 
Rodriguez de Souza et al., 2020) that could act in 
concert with the selective forces that take place in the 
female genital tract (Hosken et al., 2001; Bernasconi 
et al., 2002; Snook & Hosken, 2004; Holman & Snook, 
2008). Other explanations point to a trade-off between 
the immune system of the female, which has proved 
costly to maintain, for example in invertebrates 
(Rolff & Siva-Jothy, 2003), and the ability to keep 
stored sperm alive (Baer et al., 2006). It has also been 
suggested that the decrease in sperm viability is due 
to the ageing of sperm in female storage structures 
(reviewed by Reinhardt, 2007). It is also possible that 
a reduction in sperm viability could be attributable 
to a process associated with the immune function of 
individuals, mainly during mating (Birkhead et al., 
1993; Pitnick et al., 2009; Wigby et al., 2019).

There are several known mechanisms by which 
females keep sperm alive; for example, by glandular 
secretions (den Boer et al., 2008, 2009; Baer et al., 2009; 
Gasparini & Evans, 2013), decreasing reactive oxygen 
species (Heifetz & Rivlin, 2010; Ribou & Reinhardt, 
2012; Reinhardt & Ribou, 2013) or decreasing the 
immune response within storage sites (Dávila et al., 
2015). Linked to this female role, male copulatory 
courtship might trigger female responses affecting 
sperm-related functions, such as sperm transfer, sperm 
storage or biased use of sperm for fertilization from 
some particular male phenotypes (Bloch Qazi, 2003; 
for a review of copulatory courtship and its possible 
effects on females, see Eberhard, 1996, 2015). It is 
also possible that male behaviours associated with 
copulatory courtship might induce female responses 
that affect sperm viability. To our knowledge, this idea 
has been little explored.

Within arthropods, spiders are a poorly explored 
model of sperm viability. Only the studies by Archibald 
et al. (2014) and Cargnelutti et al. (2019) have explored 
this topic, but have only described sperm viability 
in males, without examining female roles in this. 
Spiders have reproductive characteristics that render 
them an appealing model to study the dynamics and 
evolutionary forces acting on the sperm stored by 
females. First, like other arthropods (Simmons, 2001), 
many spider species have specialized structures, called 
spermathecae, for the storage of spermatozoa (Foelix, 
2011). Second, females store sperm transferred by 
males in their encapsulated (inactive) state, in many 
cases only favouring decapsulation at the time of 
egg fertilization (Eberhard, 2004; Herberstein et al., 
2011; Vöcking et al., 2013). The reason for the transfer 

of encapsulated sperm to females and why this 
characteristic evolved in the first place remain unclear. 
However, the female storage might negatively affect 
the sperm viability, which could explain, for example, 
why the spermatozoa sheath acts as a protective trait 
(Alberti, 1990; Michalik & Lipke, 2013). Following 
this reasoning, we can interpret the sperm protection 
system and the selective female environment as a 
result of sexual conflict (Birkhead et al., 1993). In this 
case, females and males are not necessarily sharing 
the same evolutionary interests, and this is why 
spermatozoa have to be protected.

Females of the pholcid spider Holocnemus pluchei 
(Scopoli, 1763)  store their sperm in their uterus 
externus (also known as the genital cavity), which is 
characterized by a pair of dorsal pore plates through 
which the vulval glands discharge their products 
(Huber, 1995). This site is separated from the uterus 
internus by a complex structure called the valve 
(Huber, 1995). As in other family members (Uhl, 1996), 
the sperm stored in the uterus externus is very close to 
the genital opening of the female. Females have control 
over the opening of their genitalia, which can expose 
the sperm, for example, to the external air. This spatial 
location of the spermatozoa exposes them to several 
environmental stressful factors (e.g. desiccation, 
pathogen exposure and humidity), unlikely to occur 
in other spider families. During mating, H. pluchei 
males that copulate with virgin females perform two 
copulatory phases (I and II). During phase I, the male 
performs simultaneous movements with his pedipalps 
inside the female genital opening. This behaviour 
includes strong squeezes and torsion movements that 
twist and squeeze the female abdomen (Huber, 1995; 
Calbacho-Rosa et al., 2013). Hereafter, we refer to phase 
II as male post-insemination behaviour (Calbacho-
Rosa et al., 2013). Sperm transfer takes place in the 
first 3 min of phase I (Cargnelutti, 2020), which is 
followed by the post-insemination behaviour, which 
is an immobile phase during which the male keeps 
his pedipalps inserted in the female genital opening. 
However, despite the apparent absence of pedipalp 
movements, males might still move their pedipalps 
inside the female genital opening, serving a copulatory 
courtship function (Eberhard, 1996; Cargnelutti et al., 
2018). Another possibility is that the pressure exerted 
by male with the distal region of the procursus (a 
unique modification on the pedipalp tarsus; Huber, 
2014) near the area of the female’s valve (see Huber, 
1995) can stimulate the female without movement of 
the pedipalps. Such immobility implies that females 
allow males to do it. Given this male immobility and the 
presumed female tolerant behaviour (Calbacho-Rosa 
& Peretti, 2015), we suggest a central role for cryptic 
female choice in this model system. Previous studies 
have proposed the following behavioural aspects to be 
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likely copulatory courtship traits: pedipalp movements 
(reviewed by Calbacho-Rosa & Peretti, 2015; 
Cargnelutti et al., 2018), duration of post-insemination 
behaviour (only during copulation with virgin females; 
see Calbacho-Rosa et al., 2013; Cargnelutti et al., 2018) 
and the body vibrations performed during copulation 
(Calbacho-Rosa et al., 2013; Calbacho-Rosa & Peretti, 
2015). These vibrations are vigorous shakes carried 
out mainly by the body of the male that induce the 
couple to move on the web during copulation. These 
reproductive features make H. pluchei an excellent 
model for the study of the dynamics of sperm stored 
by females and for establishing a possible association 
between the copulatory behaviours of males and 
sperm viability for the sperm stored in the female 
reproductive tract.

Using H. pluchei as a study species, our aims in 
this study are as follows. First, we aim to evaluate 
whether there is any difference in sperm viability 
in females from that in males. This would provide 
us with information regarding how stressful the 
female ‘environment’ is from a selective perspective. 
Second, we aim to investigate the temporal variation 
in sperm viability inside the female genital tract, 
taking insemination as a reference point. This would 
assess whether sperm viability is a gradual process. 
Third, we aim to link the copulatory behaviours of 
males with the patterns of sperm viability found in 
females, as an approach to assess the role of such 
behaviours as courtship traits under selection 
via cryptic female choice. We predict that: (1) the 
sperm viability will be higher in the male spermatic 
bulbs compared with that in females; (2) the sperm 
viability will decrease over time during storage; and 
(3) an increase in male copulatory behaviours will 
have a positive effect on sperm viability while sperm 
are within females.

MATERIAL AND METHODS

Spider collection and rearing

During the spring–summer period of 2017–2018 and 
2018–2019, we collected subadult males and females 
of H. pluchei within the campus of the Universidad 
Nacional de Córdoba (UNC), Argentina. We placed 
the specimens in cylindrical plastic containers (8 cm 
wide × 15 cm high) covered inside with paper (to provide 
them with a surface suitable for web construction) 
and with a cotton ball soaked in water as a source of 
humidity, under a 12 h–12 h light–dark photoperiod. 
Individuals were fed once a week with adult Drosophila 
melanogaster and larvae of Tenebrio molitor Linnaeus, 
1758 until the spiders reached adulthood. For future 
reference, we deposited all used animals in the spider 
collection of the Laboratorio de Biología Reproductiva 

y Evolución, Instituto de Ecología y Diversidad Animal 
(IDEA-UNC), Córdoba, Argentina.

General conditions for observation 

We transferred females 2 days after reaching adulthood 
(measured as the time elapsed from their last moult) 
to individual mating arenas (8 cm wide × 12 cm high) 
24 h before the trials. Previous studies have indicated 
that this period allows females to construct webs and 
acclimate (Calbacho-Rosa et al., 2013; Cargnelutti 
et al., 2018). Then, we introduced a male in the arena 
to copulate. If the male did not copulate, after 15 min 
it was removed and replaced by another male. If the 
second male was unable to mate, we removed it from 
the mating arena, and the female was tested again 
24 h later. After completion of copulation, individuals 
were kept for 10 min in the mating arena to confirm 
that they had no intention of returning to mating. The 
female was kept alive as necessary according to our 
experimental design (see below, ‘Experimental design’). 
We recorded the following copulatory behavioural 
aspects: the number of pedipalp movements, the 
number of body vibrations performed by the mating 
pair during copulation, and the duration of the post-
insemination behaviour (in seconds). These behaviours 
were recorded using a stereomicroscope equipped with 
a Logitech QuickCam pro-9000 digital camera. Finally, 
the tibia–patella segments of the first pair of legs were 
measured in both males and females using ImageJ 
software (Schneider et al., 2012) to provide an estimate 
of the sizes of the individuals, as commonly done in 
pholcid spiders (Uhl et al., 2004; Calbacho-Rosa et al., 
2010, 2012, 2019).

Experimental design

To establish whether there was an effect of the female 
on sperm viability, we created a two-level categorical 
variable that indicated how long the sperm pool was 
retained inside the female genital tract. The first level 
consisted of a group of females inseminated 4 days 
before (hereafter, ‘females 4 days’ group; N = 10), 
representing a short-term temporal gap. The second 
level consisted of females inseminated 15 days before 
(hereafter, ‘females 15 days’ group; N = 20), representing 
a long-term temporal effect. This long-term effect 
allowed us to document sperm viability that would 
closely resemble what occurs for this trait when the 
female is close to laying eggs. Also, the idea of having 
these two levels was to compare the sperm viability 
over time without the need for more couples, because 
it is logistically challenging to obtain virgin females 
for experiments. In these two experimental groups, we 
measured the sperm viability and the number of sperm 
stored in females in addition to the number of pedipalp 
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movements, number of body vibrations performed by 
the mating pair during copulation, and duration of the 
post-insemination behaviour.

Preparation of sperm stored in females

Females of both time levels were anaesthetized by 
cold (−28 °C), in order that we could dissect the uterus 
externus under a stereomicroscope (Nikon SMZ 1500). 
For this, we gently crushed the uterus externus in 
a microcentrifuge tube with 75 µL of ‘spider saline 
solution’ (3.26 g NaCl, 0.13 g KCl, 0.30 g CaCl2.2H2O, 
0.26 g MgCl2.6H2O and 250 mL of distilled water; Albo 
& Peretti, 2015) using fine-tipped tweezers to release 
the sperm into the solution. We centrifuged the sperm 
solution for 6 min at 1678 g. We confirmed that this 
speed was appropriate to precipitate the sperm by 
analysing a 10 µL sample of the supernatant under 
a phase-contrast microscope (Nikon Eclipse 50i). This 
confirmed the absence of sperm in the supernatant in a 
preliminary pilot experiment. Finally, after discarding 
40 µL of supernatant, 35 µL was homogenized by 
vortex for 10 s. We can be sure that our method of 
extracting the sperm from the storage structures does 
not damage the cells, as documented by Cargnelutti 
et al. (2019). Nonetheless, it is essential to remember 
that spider sperm are covered by a protein sheath, 
which could give them extra protection.

Quantification of sperm viability using calcein 
acetoxymethyl ester and ethidium homodimer-1

We incubated 10 µL of the 35 µL sperm solution for 
30 min in darkness at room temperature (26 °C), with 
1 µL of 20 µM calcein acetoxymethyl ester (CAM) 
and 1 µL of 40 µM ethidium homodimer-1 (EthD-
1). All samples were analysed using an inverted 
epifluorescence microscope (Leica DiM8; RHODLP 
filter; excitation, 540/545 nm; emission, 590 nm). 
Calcein acetoxymethyl ester is a lipophilic vital dye 
that, after entering viable cells, is converted to calcein 
by intracellular esterases. This conversion leads to 
an intense green fluorescence, which is retained only 
by cells with an intact plasma membrane (Weston 
& Parish, 1990; Bratosin et al., 2005). Furthermore, 
EthD-1 produces red fluorescence when it penetrates 
dead cells and is conjugated with the DNA inside 
the nucleus (Kato et al., 2002). We calculated the 
proportion of live sperm by counting a minimum 
of 200 cells when this was possible. The proportion 
of viable sperm was estimated using the following 
equation: sperm viability = number of cells stained 
green/total number of cells counted (Cargnelutti 
et al., 2019).

Quantification of the amount of sperm stored 
in females

We used 20 µL of the remaining 35 µL of the sperm 
solution to estimate the number of sperm stored by 
the females in both experimental groups. We placed 
10 µL of the sample in a Neubauer chamber for sperm 
counting using a phase-contrast microscope (Nikon 
Eclipse 50i). We estimated the total number of sperm 
in 35 µL using the following equation: total number 
of sperm = (35 µL × number of sperm counted)/0.4 µL 
(Albo & Peretti, 2015; Cargnelutti et al., 2018).

Preparation of sperm stored in males and 
quantification of sperm viability using CAM/

EthD-1

We anaesthetized by cold (−28 °C) virgin adult males 
(4–10 days after their last moult, N = 29) and removed 
their sperm bulbs from the pedipalps (hereafter, 
‘bulbs’). In spiders, the bulbs are structures in the 
males’ pedipalps that function as a sperm reservoir 
for copulation after the sperm induction process. We 
can define the process of sperm induction as the filling 
of the male pedipalps (male reproductive structures) 
with sperm secreted from the male gonopore before 
a male searches for females (Foelix, 2011). We gently 
crushed the bulbs in a microcentrifuge tube with 50 µL 
of ‘spider saline solution’ using fine-tipped tweezers to 
release the sperm into the solution. We centrifuged the 
sperm solution at 1678 g for 5 min. We resuspended 
the resulting pellet in 20 µL of ‘spider saline solution’. 
To measure sperm viability, we incubated 10 µL of 
the sperm solution for 30 min in darkness at room 
temperature (26 °C) with 1 µL of 20 µM CAM and 
1 µL of 40 µM EthD-1. The proportion of viable sperm 
was estimated using the following equation: sperm 
viability = number of cells stained green/total number 
of cells counted (Cargnelutti et al., 2019).

Statistical analysis

Sperm viability in males and females
We compared the proportion of viable spermatozoa 
inside the male bulbs and in the ‘females 4 days’ and 
‘females 15 days’ groups using a generalized linear 
mixed model following a binomial distribution (logit 
link function) (Holman, 2009; Eckel et al., 2017). We 
included male identity as a random factor because 
we reused one male in the ‘females 4 days’ group 
and another male in the ‘females 15 days’ group. We 
added to the model the denominator used to calculate 
the proportion by the weights argument (Zuur et al., 
2009; Dunn & Smyth, 2018) from the glmer function 
(lme4 package for R; Bates et al., 2015). We also added 
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a second random factor to control the overdispersion 
of the model, which includes one level per observation.

Sperm viability and male copulatory behaviours
We applied a generalized linear mixed model with a 
binomial distribution (logit link function) (Holman, 
2009; Eckel et al., 2017) to investigate the effects of 
male copulatory behaviours on sperm viability. As in 
the previous model, we included the denominators of 
proportions in the model using the weights argument 
(as suggested by Zuur et al., 2009; Dunn & Smyth, 
2018) of the glmer function. Notice that there was 
no need for correction of overdispersion in this 
case. Before these analyses, we centred and scaled 
all explanatory variables using the scale function, 
available in the R base package (R Core Team, 2019). 
We applied this procedure because the variables in 
the model had different orders of magnitude, making 
it difficult for the model to converge. We entered the 
number of pedipalp movements, the number of body 
vibrations performed by the mating pair during 
copulation, and the duration of the post-insemination 
behaviour. We also added two variables that might 
influence sperm viability and have some association 
with the copulatory courtship process: the intersexual 
difference in size and the number of sperm stored by 
the females. We defined the intersexual difference in 
size by subtracting the size of the female from the size 
of the male that formed the mating pair. This procedure 
resulted in a continuous variable with negative values 
(larger females than males) and positive values (larger 
males than females). The second variable, the number 
of sperm stored by the females, would control for any 
effect on sperm viability in the female associated with 
the number of sperm stored inside the uterus externus. 
For example, females with more sperm in the uterus 
externus might have higher sperm viability.

It is essential to mention that it was not possible 
to obtain one value of sperm stored by females in the 
‘15 days females’ group (one of 20) because of a problem 
with the sample during the sperm count. The sample 
was not adequate to make a reliable sperm count 
because the spermatozoa could not be distinguished. 
Bearing this in mind, we opted to impute this one 
value using the k-nearest neighbour function from 
the R Bnstruct package (Franzin et al., 2017). This 
method replaces the missing value in the data set with 
the median, taking into account the value of k (where 
k is the number of neighbours used to calculate the 
median). We used the cut-off line as a criterion for 
imputing data as suggested by Bennett (2001), where 
the amount of missing data is not > 10% of the total 
data, because in this way the results would not be 
biased (reviewed by Dong & Peng, 2013). We started 
with a model that contained only the additive effects 

of variables, excluding the interactions to avoid over-
parametrization of the model. We simplified the model 
by selecting variables using the likelihood-ratio test 
method using the anova function (Zuur et al., 2009).

RESULTS

Sperm viability in males and females

We found significant differences in sperm viability 
among males and both female treatments (χ 2 = 54.472, 
d.f. = 2, P < 0.001). A post hoc test indicated that sperm 
viability in males was significantly higher than in both 
female groups. Sperm viability for both female groups 
did not differ (Table 1; Fig. 1). Thus, sperm viability 
was as follows: males, 99.6%; ‘females 4 days’, 90.4%; 
and ‘females 15 days’, 89.4%.

Sperm viability in female and male copulatory 
behaviours

The best model that described the variation in sperm 
viability in the ‘females 15 days’ group contained the 
duration of the post-insemination behaviour and the 
intersexual difference in size (Supporting Information, 
Table S1). On the one hand, females that mated with 
males larger than themselves stored fewer viable 
sperm (χ 2 = 11.064, d.f. = 1, P = 0.001; Fig. 2A), whereas 
females that mated with males that performed a more 
extended duration of post-insemination behaviour 
stored a higher proportion of viable sperm (χ 2 = 4.280, 
d.f. = 1, P = 0.038; Fig. 2B). On the other hand, for 
the ‘females 4 days’ group none of the explanatory 
variables (the same ones used for the previous model 
except for pedipalp movements, owing to a lack of 
convergence of the model) explained variation in 

Table 1.  Contrast table between treatments (males vs. 
‘females 4 days’ vs. ‘females 15 days’) 

Contrast Odds 
ratio

SE  z-ratio P-value

Males vs.  
‘females 4 days’

24.217 11.633 6.635 < 0.0001

Males vs. ‘females 
15 days’

23.912 10.396 7.302 < 0.0001

‘Females 4 days’ vs. 
‘females 15 days’

0.987 0.315 0.040 0.9991

A significant difference can be seen between the male treatment and 
both female treatments. The odds ratio value indicates the probability 
of the effect appearing (i.e. the presence of viable spermatozoa); there-
fore, we can see that the probability of the effect appearing in the male 
treatment is 24 times greater than in the ‘females 4 days’ treatment and 
23 times greater than in the ‘females 15 days’ treatment, whereas it is 
the same between the ‘females 4 days’ and ‘females 15 days’ treatments.
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sperm viability (Supporting Information, Table S2). 
Additionally, we opted to perform two tests involving 
male size. First, we tested for a correlation between 
male size and the duration of the post-insemination 
behaviour in the ‘female 15 days’ group, which proved 
to be absent (r2 = −0.270, P = 0.294). Second, we verified 
the relationship between male size and sperm viability 
in males, and we found that larger males had a higher 
sperm viability value (χ 2 = 5.228, d.f. = 1, P = 0.022), 
although the magnitude of the variation was subtle.

DISCUSSION

We found support for the first prediction, i.e. lower 
sperm viability within females than in males. A possible 
explanation for this is that the female reproductive 
tract is a highly selective environment (Birkhead 
et al., 1993; Pitnick et al., 2009; Fitzpatrick & Lüpold, 
2014). It is known that females impose mechanical, 
physiological and/or biochemical barriers (e.g. 
glandular secretions), altering sperm performance and 
thereby allowing only a small fraction of the ejaculate 
to reach the eggs (reviewed by Fitzpatrick & Lüpold, 
2014; Pitnick et al., 2020). This selective environment 
might have evolved initially via natural selection, 
to avoid fertilization by sperm with morphological 
abnormalities or low motility or sperm not suitable 
for fertilization (Pitnick et al., 2009). The female 
tract might have evolved further to favour males that 
perform better in a sperm competition scenario or 
sperm that covary positively with the genetic condition 
of males (Keller & Reeve, 1995). Related to this, for 
example, the competitiveness of sperm in the yellow 
dung fly (Scatophaga stercoria) was associated with 
the survival of offspring (Hosken et al., 2003; reviewed 
by Pitnick et al., 2009). Regardless of whether an 
ejaculate competes with the ejaculate of another male, 
its success depends primarily on its ability to deal with 
the female genital tract (Fitzpatrick & Lüpold, 2014; 
e.g. Miller & Pitnick, 2002). Following the logic of a 
selective environment, Hosken et al. (2001) proposed 
that glandular secretions in the yellow dung fly could 
cause sperm mortality [however, Bernasconi et al. 
(2002) demonstrated that such secretions do not 
have anti-sperm properties]. Interestingly, H. pluchei 
females have a gland in their uterus externus, which 

Figure 2.  A, proportion of viable spermatozoa in the uterus externus of ‘females 15 days’ after copulation as a function of 
intersexual size. We defined the intersexual size by subtracting the size of the female from the size of the male that formed 
the mating pair. B, proportion of viable spermatozoa in the uterus externus of ‘females 15 days’ after copulation as a function 
of the duration of the post-insemination behaviour. Grey bands around the estimated curves represent the confidence 
interval of the curve.

Figure 1.  Probability of viable spermatozoa in males 
and in ‘females 4 days’ and ‘females 15 days’ groups after 
copulation. Grey bars represent the average confidence 
intervals for each treatment. Grey arrows indicate 
comparisons between the means. If two or more arrows 
overlap, there is no significant difference according to 
α = 0.05.
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is in constant contact with stored sperm (Huber, 1995), 
but the glandular function is unknown. In another 
species of the family, Pholcus phalangioides (Fuesslin, 
1775), Uhl (1996) suggested that the secretions of the 
uterine glands could work to establish an adequate 
ionic balance inside the uterus externus of the females, 
to avoid the desiccation of the sperm, to fight bacterial 
or fungal infections or, more probably, as a matrix to 
avoid the loss of the spermatozoa by the female genital 
opening. Given the reduction in sperm viability, one 
hypothesis is that the secretions of the uterine gland 
in H. pluchei have ‘anti-spermatic’ properties selecting 
the most suitable spermatozoa within an ejaculate 
or, as demonstrated in social insects, it would keep 
sperm alive (den Boer et al., 2008, 2009). Moreover, 
given that females of H. pluchei are polyandric (Dutto 
et al., 2011), a selective environment in their uterus 
externus might filter spermatozoa of the fittest male. 
However, we cannot exclude the possibility that both 
options operate at the same time: females imposing a 
selection criterion and, at the same time, maintaining 
the viability of the spermatozoa once these cells 
pass this criterion. Another possible explanation for 
the decrease in sperm viability in females is their 
age. Ageing might compromise the ability of females 
to maintain viable sperm by leading to a process 
of reproductive senescence (Radhakrishnan & 
Fedorka, 2011). Although we have not optimized our 
experimental protocol to test for effects of female age 
on sperm viability, the fact that the ‘females 4 days’ 
vs. ‘females 15 days’ groups did not differ in sperm 
viability suggests that sperm ageing is not a problem.

Although all cells go through a process of cellular 
senescence, sperm are especially susceptible to 
ageing (White et al., 2008). From the moment of 
sperm production, cells accumulate damage, mainly 
attributable to reactive oxygen species (Radhakrishnan 
& Fedorka, 2011) and, once inside the females, this 
damage continues to accumulate over time. However, 
we found that sperm viability remained stable within 
our storage time window, suggesting the action of a 
protective mechanism. Once inside the storage sites 
of the female, sperm can be compacted in a way that 
could provide some protection against endogenous 
respiration and osmotic stress (Mann, 1967; Reinhardt, 
2007). In our study model, sperm are compacted inside 
the uterus externus, possibly mediated by glandular 
secretions, as suggested for P. phalangioides (Uhl, 
1994, 1996). Such a strategy is likely to help prevent 
a reduction in sperm viability over time. However, the 
absence of studies on spider sperm physiology in both 
male bulbs and female sperm spermathecae implies 
possible exceptions to the general patterns mentioned 
above. Therefore, we are aware of the need for species-
specific studies to corroborate these hypotheses.

The decrease of viable spermatozoa in the uterus 
externus of females might well be a consequence of 
a male–male competition process. Engqvist (2012) 
proposed a theoretical model whereby the viability 
of sperm decreases with the mating rate of females. 
This author concluded that males subjected to greater 
sperm competition (those belonging to polyandrous 
species, such as our study model; see Dutto et al., 2011) 
would produce more viable sperm, but with a higher 
mortality rate within the female reproductive tract. 
This sperm competition scenario is compatible with 
the positive relationship between sperm swimming 
ability and extra-pair paternity in birds (Kleven 
et al., 2009). Although Engqvist’s argument assumes 
a mechanism of sperm competition by fair raffles (see 
Parker, 1990), this line of reasoning applies to other 
mechanisms of sperm competition, such as sperm 
precedence. The selective pressure will be stronger in 
animals with sperm precedence favourable to the last 
mating male (Engqvist, 2012), which is the case for 
H. pluchei (Kaster & Jakob, 1997).

Another result that might be linked to a cryptic 
female choice scenario was the relationship between 
an extended post-insemination behaviour and an 
increase in sperm viability in the ‘females 15 days’ 
group. This might indicate the importance of the time 
from copulation to the appearance of the postcopulatory 
effect (which develops during copulation, e.g. post-
insemination behaviour duration). However, to 
be entirely sure of this reasoning, we would need 
to increase the sample size of the ‘females 4 days’ 
group. Sperm viability is related to the reproductive 
success of males in several taxa (Hunter & Birkhead, 
2002; García-González & Simmons, 2005; Simmons 
& Fitzpatrick, 2012; Tourmente et  al., 2019). In 
mammals, for example, sperm competition has selected 
for elongated tails (Thompson et al., 2018), but sperm 
are sensitive to hyperosmotic stress (Santymire et al., 
2006). In the case of H. pluchei, we are unaware of 
the factors that select in favour and against sperm 
viability. In this species, sperm viability proved to be 
higher in females experiencing a more extended post-
insemination behaviour, which would be selecting 
for males able to perform this behaviour for a longer 
time. However, among the possible functions of post-
insemination behaviour, it has been proposed to act 
as postcopulatory mate guarding or to stimulate 
the female through imperceptible movements or 
pressure within the female genitalia (i.e. copulatory 
courtship) even though the male is apparently 
immobile (Cargnelutti et al., 2018). The phenomenon 
of immobility during copulation has been studied in 
other animals. For example, the immobility of females 
of the flour beetle Tribolium castaneum (Herbst, 1797) 
increases sperm transfer and paternity and, being 
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under female control, this is interpreted as a crucial 
moment for cryptic female choice (Bloch Qazi, 2003).

An alternative explanation could be that healthier 
males are those that can remain attached to females 
for longer, considering that the female is the sex that 
ends copulation (F. Cargnelutti, pers. obs.). At the same 
time, these males are those that present higher sperm 
viability (for a theoretical framework, see Fitzpatrick 
& Lüpold, 2014). However, we did not find a correlation 
between larger males, a parameter related to their 
condition and other life-history traits (Andersson, 
1994; Johnstone, 1995; Uhl et al., 2004), and the time 
they remain attached to the females.

Interestingly, we have not found a relationship 
between the number of pedipalp movements, 
performed during phase I of copulation, and sperm 
viability in females. We are unaware of studies 
examining copulatory courtship and sperm viability in 
vertebrates. The closest to this are studies describing 
a positive relationship between copulatory courtship 
and sperm motility in birds (e.g. Chargé et al., 2010). 
Conversely, several studies in pholcid spiders have 
suggested that genital movements could stimulate the 
female, considering them also as a type of copulatory 
courtship (Huber & Eberhard, 1997; Schäfer & Uhl, 
2002; Peretti & Eberhard, 2010; Calbacho-Rosa & 
Peretti, 2015). Although there is no evidence for a 
mechanism of cryptic female choice triggered by male 
pedipalp movements, females might still assess their 
mating partner through this behaviour. However, 
we are aware that the female might use more than 
one criterion to favour specific male phenotypes. We 
have demonstrated here that sperm viability values 
in females are independent of this behaviour. Future 
research should clarify whether there is any function 
of phase I apart from sperm transfer (Cargnelutti 
et al., 2018).

It is paradoxical that females that mated with 
larger males stored relatively fewer viable sperm, even 
though larger males had higher sperm viability in their 
bulbs (for an example where a positive correlation 
existed between sperm viability and sperm number, 
see Rodriguez de Souza et al., 2020). One explanation 
can be framed in the context of mate choice. In many 
animals, females prefer to mate with larger males 
because their size is a positive indicator of condition 
(Andersson, 1994; Johnstone, 1995). In species with 
a sperm priority favourable to the last male, virgin 
females tend to be less selective than copulated 
females (Schäfer & Uhl, 2004). This lower selectivity 
might favour copulations with smaller males, who 
might have limited possibilities of copulating with 
inseminated females. Bearing in mind that during 
mating H. pluchei males can remove the sperm stored 
from previous copulations (Calbacho-Rosa et al., 2013), 
small males could transfer a higher proportion of 

viable spermatozoa to ensure higher paternity when 
compared with large males.

Finally, the link between sperm viability and 
male copulatory behaviour we document here 
has implications for understanding within- and 
between-species variation in this regard. The idea 
that females can use copulatory behaviour to bias 
paternity has been suggested (Eberhard, 1996; 
Bloch Qazi, 2003; Eberhard & Lehmann, 2019). In 
this regard, whether female choice drives sperm 
viability based on male postcopulatory behaviour 
in H. pluchei needs further testing. Also, it would 
be worthwhile exploring the same idea using other 
animal systems.
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Table S1. Pairwise comparison between nested models ranked by Akaike information criterion value for the 
‘females 15 days’ group. A value of P > 0.05 indicates that the simplest model (the one from which a predictive 
variable was removed) explains the variation of the response variable in the same way as the model that includes 
that variable. Abbreviations: IS, intersexual size; PIBD, duration of post-insemination behaviour; PM, number 
of pedipalp movements; S, number of spermatozoa stored by the female; SV, proportion of viable spermatozoa; V, 
vibrations. The final model is in bold italics.
Table S2. Pairwise comparison between nested models ranked by Akaike information criterion value for the 
‘females 4 days’ group. A value of P > 0.05 indicates that the simplest model (the one from which a predictive 
variable was removed) explains the variation of the response variable in the same way as the model that includes 
that variable. Abbreviations: IS, intersexual size; PIBD, duration of post-insemination behaviour; S, number of 
spermatozoa stored by the female; SV, proportion of viable spermatozoa; V, vibrations; 1, intercept. The final model 
is in bold italics.
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