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Abstract Sexual selection may operate on pre-copulatory,
copulatory, and post-copulatory traits. An example of a cop-
ulatory target of sexual selection is the genitalic movements a
male performs during copulation. These movements may
function either to prevent sperm competition or to influence
a female’s fertilization decision. Here we investigated how
copulation duration, pedipalp movements, and abdominal
movements that males of the pholcid spider Holocnemus
pluchei produce during copulation influence sperm removal
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and/or patterns of successful sperm transfer. We compared
mating events with virgin and mated females for differences
in copulatory and post-copulatory behavior. We expected
longer copulation duration, longer pedipalp movement dura-
tion, and more complex and frequent pedipalp and abdominal
movements when males mated with mated females compared
to virgin females. Except for abdominal movements, our re-
sults corroborated these predictions. Furthermore, when we
investigated mating events with mated females, we observed
sperm mass ejection from the female gonopore and physical
removal of sperm by males’ procursi. Females with
interrupted second mating events showed a significant reduc-
tion of stored sperm masses compared to females with com-
pleted mating events. We suggest that males use alternating
pedipalp movements to remove most of the rival sperm stored
by mated females prior to sperm transfer. Copulation duration
and pedipalp movements can be further used to transfer sperm
and/or as a form of genitalic copulatory courtship.

Keywords Sexual selection - Genitalic movements - Sperm
competition - Sperm removal - Pholcidae

Introduction

Several studies have shown that copulation duration in arthro-
pods is longer than expected given that the basic function of
copulation is the transfer of sperm from males to females
(reviewed by Eberhard 2009). Thus, a long copulation suggests
that functions other than sperm transfer may be operating. Long
copulations are often adaptive because they improve a male’s
fertilization success relative to rivals (reviewed by Simmons
2001). When females mate multiply, a fertilization pattern of

@ Springer


http://dx.doi.org/10.1007/s00114-013-1038-1

408

Naturwissenschaften (2013) 100:407-416

“last-male precedence” may be accomplished by three process-
es: (1) an increase in ejaculate volume. Examples of this
phenomenon are widespread (e.g., Pilastro et al. 2002; Wada
et al. 2010; Kelly and Jennions 2011); (2) direct removal of
previously stored rival sperm from the female’s sperm storage
organs. Recent studies in varied taxa such as Cephalopoda (e.g.,
Naud et al. 2004; Wada et al. 2006, 2010) and Arthropoda
(e.g., Waage 1979; Michiels 1989; Ono et al. 1989) have
provided support for a diversity of sperm removal mechanisms;
and (3) female stimulation that promotes ejection of rival sperm
by the female (also known as sperm dumping). This last mech-
anism has been interpreted as a form of copulatory courtship
(reviewed by Eberhard 1991, 2009, 2011). For example, it has
been detected in some taxa that females bias fertilization toward
males that execute specialized copulatory behavior (e.g.,
flies: Otronen and Siva-Jothy 1991; beetles: Edvardsson
and Arnqvist 2000; spiders: Peretti et al. 2006). Genitalic
copulatory courtship has also been documented in several
taxa and often occurs during or following copulation
(Otronen 1990; Eberhard 1994, 2001, 2009).

Spiders are useful models to uncover patterns of copulatory
or post-copulatory sexual selection on traits like genitalic
movements. The system has several highly tractable features:
first, sperm are encapsulated (i.e., immobile) when transferred,
and thus it is relatively easy to see which sex produces move-
ments that allow sperm transport during their transfer (Eberhard
2004). Second, most copulatory movements are relatively ste-
reotyped and usually occur on the female’s external surface, so
it is possible to directly observe male genitalic movements.
Such male movements include the rhythmic expansions of
haematodochae, and twisting, vibrating, and repeated insertions
and withdrawals of intromittent structures (Huber 1998). This
allows relatively straightforward deductions of functional as-
pects of male genitalic structures (Eberhard 2004). Eberhard
(2004) hypothesized that female genital morphology is a potent
selective agent in the evolution of male copulatory strategies.
Two types of female sperm storage organs are present in spiders
(Coddington and Levi 1991). In non-haplogyne species, there
may be multiple ducts for insemination and fertilization. In
contrast, haplogyne species provide only a single duct for
insemination and fertilization. Thus, sperm must enter and
leave through the same duct (Foelix 1982). When females mate
multiply, patterns of fertilization commonly follow last-male
precedence in haplogyne species (Austad 1984). Haplogyne
females store sperm in a single receptaculum to which the male
genitalia have direct access. Such accessibility makes it possi-
ble for males to use their genitalia to remove sperm from
previous males (physically or by other means, see Peretti and
Eberhard 2010). In particular, haplogyne spiders are good
candidates for research on cryptic choice because of their
potential to eject sperm (Herbestein 2011).

Copulation in pholcids (i.e., cellar spiders) only takes place
if the female adopts a horizontal position. The male then inserts
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both pedipalps into the center of the female gonopore and
simultaneously moves both pedipalps horizontally (Schéfer
and Uhl 2002). Copulation in these animals consists of a single
long insertion of both male pedipalps at the same time. In
functional terms, this insertion twists and squeezes the female
(Huber and Eberhard 1997; Schifer and Uhl 2002; Huber
2005). Given that these pedipalp movements are associated
with fertilization success (Peretti et al. 2006), it has been
suggested that pedipalps perform a copulatory courtship func-
tion (Huber and Eberhard 1997; Schifer and Uhl 2002). In fact,
sperm may leave the female gonopore during copulation (Uhl
1994; Huber and Eberhard 1997; Schéfer and Uhl 2002;
Schéfer et al. 2008; Peretti and Eberhard 2010). However,
whether the sperm movement is the result of active sperm
removal by the male or is the result of sperm ejection by the
female is a little explored issue (Huber 2005; Peretti and
Eberhard 2010).

Female pholcid spiders lack a specific organ for storing
sperm, so sperm is stored in regions of the external uterus
(Huber 1995). In the pholcid Holocnemus pluchei, males
continuously perform pedipalp movements and abdominal
vibrations during copulation (Huber 1995). Females copulate
with several males before laying eggs and there is last-male
precedence (Kaster and Jakob 1997). Males carry out post-
copulatory mate guarding to females by remaining close for
ca. 14 h to prevent female remating. After 14 h, H. pluchei
females are no longer receptive (Calbacho-Rosa et al. 2010).

Here we have investigated the nature and possible function
of pedipalp movements and abdominal vibrations during cop-
ulation in the pholcid spider, H. pluchei. We tested the follow-
ing hypotheses: (1) courtship duration, copulation duration,
pedipalp movements, and abdominal vibrations will differ in
mating events with virgin females versus mated females; (2)
copulation duration is correlated with the frequency and dura-
tion of male pedipalp movements; and (3) different patterns of
pedipalp movements performed during copulation have differ-
ent functions that include sperm ejection, sperm deposition, and
genitalic copulatory courtship. For hypothesis 1, we predicted
that courtship and copulation duration will increase when mat-
ing with mated females. In other words, to increase fertilization
success by outcompeting rival sperm, males should carry out
processes that will take longer than if there was no rival sperm.
For hypothesis 2, we expected more frequent and complex
pedipalp and abdominal movements in mating events with
mated females for a similar reason as put forward for hypoth-
esis 1. For hypothesis 3, pedipalp function-specific movements
will be expected depending on the functional context.

Methods

H. pluchei (Pholcidae) is a group-living spider that builds
irregular webs containing one to 15 spiders of different age,
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size, and sex (Jakob 1991). Males commonly move between
webs, and females often mate multiply (Jakob 1991). When
multiply mated, last male sperm precedence is 74 % (Kaster
and Jakob 1997; Calbacho-Rosa et al. 2010).

Collecting and rearing

We collected and used two sets of animals. The first set
consisted of 60 females (collected in the penultimate instar
to ensure status as virgins) and 75 adult males that were
collected in the Ciudad Universitaria, Cordoba, Argentina
(latitude: —31.40°, longitude: —64.18°, 384 m above sea
level), between September 2008 and April 2010. This set
was used for documenting male pedipalp movements and
duration (i.e., the following three sections). We placed each
individual in a plastic container (8§ X 15 cm) containing paper
as a surface for web building, with wet cotton ball as a water
source, with a photoperiod of 12/12 h. Females were used
after reaching sexual maturity. Males were used after at least
15 days in sexual isolation—this permitted sperm stores to
be replenished in case any males had recently mated prior to
capture. Juveniles and adults were fed on a weekly basis
with Drosophila melanogaster adults and Tenebrio monitor
larvae. The second set of animals consisted of 45 females
(collected in the penultimate instar) and 60 adult males that
were collected in the Ciudad Universitaria between
September 2010 and March 2011. This set was used to
determine the function of male pedipalp movement patterns
by measuring sperm masses in females (i.e., “Results”
section below). Animals were maintained as those of the
first set.

Mating experiments

All interactions were recorded using a Nikon SMZ 1500
stereo microscope equipped with a Nikon Sight DS-FII1
digital camera. Careful positioning of the camera allowed
close-up views of male pedipalp movements during cop-
ulation. Adult females were placed individually in boxes
(8x12-cm height) 24 h before males to allow for web
building. Each male was used only once. Events were
transcribed from digital videos using J Watcher 0.9
(Blumstein et al. 2000).

Copulation duration and courtship according to female
reproductive status

Two sets of females that differed in status were used: virgin
individuals (n=22; hereafter “virgin females”) and the same
animals but after a single copulation (n=22; hereafter “mat-
ed females”). Females are receptive for subsequent mating
between 6 and 14 h after mating, therefore we initiated the
“mated” trials after 6 h (Calbacho-Rosa et al. 2010). For

each trial, we measured duration (in minutes) of copu-
lation and courtship. We considered the initiation of
courtship to be when individuals made first contact with
their legs and the conclusion of courtship was recorded
when copulation started. Females were replaced by new
females if unresponsive for 20 min (despite male court-
ship). Unresponsive females were not used again. When
mated females were unresponsive, data from when they
were used as virgins were discarded. Therefore, we
always used paired data from females: a first trial as a
virgin and a second trial as a mated. After copulation,
the mating male was removed. Each male was used
only once (n=44).

Pedipalp movement patterns, frequency, and duration
according to female reproductive status

To answer whether there were differences across female re-
productive status in male pedipalp movements during copu-
lation, we used a subset of 15 females recorded in both virgin
and mated trials. We recorded two patterns of pedipalp move-
ments: alternating pedipalp movements and simultaneous ped-
ipalp movements (for full description, see “Results” section).
For alternating pedipalp movements, we recorded the frequen-
cy of occurrence, the absolute duration and relative duration
(compared to the total duration of copulation). For simultaneous
pedipalp movements, we measured the same variables.
Frequency of occurrence corresponded to the number of pedi-
palp movements performed during mating, while absolute du-
ration corresponded to the total time (in minutes) performing a
movement. The relative duration corresponded to the percent-
age of the duration of copulation spent performing a movement.
We also calculated frequency of occurrence and absolute
duration of pedipalp movements in intervals of 3 min, to
determine if the pedipalp movement patterns were constant or
varied between mating events with females of different repro-
ductive status (virgin vs. mated). Although this 3-min interval
was chosen arbitrarily, it allowed us to detect whether simulta-
neous pedipalp movement patterns were constant or varying
within the 50-min copulation duration range. A similar interval
and approach have been used for other spiders (e.g., Schéfer
and Uhl 2002). Finally, we estimated the frequency of male
abdominal vibrations during trials with virgin and mated
females.

Copulation duration and associated behaviors: a comparison
between mating events with virgin females and mated females

We explored the effect of male behavior on copulation
duration. For this we used the virgin vs. mated females
setting previously described and explored within each fe-
male set (virgin and mated) how male pedipalp behavior
predicts copulation duration (in minutes).
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Testing a sperm removal function for male pedipalp
movements

To test whether male pedipalp movements function to re-
move stored sperm, we used three groups of virgin females
(n=15 each). The first group was allowed to mate once
(hereafter, the “one completed mating” group). The second
group was allowed to mate twice (with a 6-h period in
between each mating), but their second mating was
interrupted when the male no longer produced a pattern of
alternating pedipalp movements (hereafter, the “interrupted
second mating” group). We interrupted mating events at this
time, as preliminary observations suggested that at this stage
of copulation males had not yet initiated sperm transfer (L.
Calbacho-Rosa, personal observation). Thus, if pedipalp
movements function to remove stored sperm, we ought to
detect it at this stage. One way to find such effect is via
measuring the stored sperm masses. Mating interruption was
produced by gently shaking the container. A third group was
allowed to complete two mating events also with a 6-h
period in between each mating (Fig. 1) (hereafter, the “two
completed mating events” group). After copulation, females
were preserved in 80 % ethanol for subsequent estimation of
relative sperm mass volume.

For quantification of relative sperm mass volume, fe-
males were dissected so that we could see the genital cav-
ities covered with sperm masses. Sperm deposits were
typically small round masses with similar height and mainly
varied in diameter. We always confirmed that putative sperm
masses contained sperm by observing each mass under light
microscope (Nikon SMZ 1500 equipped with a Nikon Sight
DS-FI1 digital camera). Masses could not be collected as
they were too small and heavily attached to the genital

Second mating is interrupted
at the end of alternating
pedipalp movements

Group 1 Group 2 Group 3
Virgin female Virgin female Virgin female
(n=15) (n=15) (n=15)
«n First mating First mating First mating
<
-
@
o0
g “One complete One complete mating One complete mating
g mating” (Mated female) (Mated female)
) | 6 hrs. 6 hrs.
s
=
()
a8

Second mating

“Interrupted “Two complete
v second mating” matings”

Fig. 1 Schematic graph of groups of females for estimation of relative
sperm mass volumes
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cavity. Thus, our best logistic decision was to photograph
the entire genital cavity. The photographer (I G-M) of each
genital cavity was unaware of the female group to avoid
bias. Then, boundaries of all masses for each female were
measured using the software Image Tool® (UTHSCSA). To
reduce the variance in sperm mass volume for all females,
we assigned 100 % to those females that had their entire
genital cavity covered by the sperm mass, which was then
used as a reference data point for females that had less than
100 % of sperm (i.e., their genital cavity not entirely cov-
ered). This sperm value is regarded hereafter as “relative
sperm mass volume.”

Statistical analyses

All analyses were carried out using generalized linear
models (GLM) given that this procedure allows for response
variables that have distributions other than a normal distri-
bution, which was the case for some response variables in
this study. Although response variables can be transformed
to improve linearity and homogeneity of variance, this is not
recommended. For the analysis of duration of copulation
and courtship, we used two general linear models to see
whether duration of copulation (model 1) and/or courtship
(model 2), entered as response variables, differed when
males mated with females of different status (virgin vs.
mated) which was entered as a fixed factor. Female identity
was entered as a random factor as each female was used
twice. For the analysis of pedipalp movement patterns, we
also used GLMs. In a first set of models, we investigated
whether alternative pedipalp movements differed in fre-
quency of occurrence (model 3), absolute duration (model
4), and relative duration (model 5) (these three terms entered
as response variables, respectively) according to female
status (virgin or mated; entered as factor). Female identity
was entered as random factor. In a second set of models, we
investigated whether simultaneous pedipalp movements al-
so differed in the same three variables (thus, using models 1
to 3) with the same fixed (virgin or mated females) and
random (female identity) factors. To assess the frequency of
occurrence and absolute duration of pedipalp movements
every 3 min with females of different reproductive status
(virgin vs. mated), we examined boxplots (medians and
quartiles) of each response variable across female reproduc-
tive status. For frequency of occurrence that males
performed abdominal vibration according to female mating
history, we also used a GLM again entering female identity
as a random factor. To explore the relationship between
male pedipalp behaviors and mating duration according to
female mating history, we carried out GLMs. This was done
to see whether frequency of occurrence (model 6) and
absolute duration (model 7) for alternating pedipalp move-
ments and frequency of occurrence (model 8) and absolute
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duration (model 9) for simultaneous pedipalp movements
(these four as response variables) explained duration copu-
lation (entered as covariable) according to female mating
history (virgin and mated; entered as fixed factor). Female
identity was entered as a random factor. Given that the
interaction between terms “copulation duration” and “fe-
male mating history” was significant for models 6 to 9
(»<0.0001), we proceeded with testing main effects for each
of the four response variables separately. For testing for
differences in relative sperm mass volume ejected according
to female mating category, a GLM was also used. In this
analysis, relative sperm mass volume values were entered as
response variable and female mating category as factor. All
GLMs used a logit link function to specify a binomial error
structure. Post hoc comparisons were carried out using a
Tukey test.

Results

Male copulation duration and courtship according to female
reproductive status

Copulation duration was shorter with virgin females com-
pared with mated females (F; 4,=18.66, p<0.0001; Fig. 2).
However, there was no difference in courtship duration
across either type of female (/) 4,=0.128; p=0.722; Fig. 2).

Pedipalp movement patterns, frequency, and duration
according to female reproductive status

Two pedipalp movement patterns were observed. First,
males sometimes moved a single pedipalp at a time in a
non-rhythmic and alternating pattern (hereafter “alternating
pedipalp movements”). This movement was carried out

77.69 n=22
[ Virgin female
Il Mated female
57.44
5
£
c
37.19
'-g n=22
©
o
S
)] T
16.94
n=22 n=22
0.0 T T d
Courtship Copulation

Fig. 2 Duration of courtship and mating (mean#standard error)
according to female reproductive status

during the first 3 or 4 min in copulations with mated females
and very sporadically in copulations with virgin females.
During these movements, the male partially introduced the
procursus of each pedipalp into the female’s gonopore.
During these movements, the males did not insert either
the dorsal or ventral apophyses genital bulbs into the
gonopore (see related videos in Online Resources 1 and
2). In the second type of movement, males moved both
pedipalps in a rhythmical and simultaneous manner
(hereafter “simultaneous pedipalp movements™). In this
movement, both pedipalps contracted and relaxed in a
regular fashion (see Online Resource 3). This movement
was commonly observed during copulations with virgin
(n=15) and mated females (n=15). During this pattern
of movement, the male introduced both the procursus
and the two bulbal apophyses into the gonopore. The
dorsal and ventral bulbal apophyses were inserted into
the corresponding cavities of the external uterus.
Frequency of occurrence and absolute duration of simulta-
neous pedipalp movements were higher in mating events with
mated females compared to mating events with virgin females
(frequency of occurrence, F'j ,6=15.136, p=0.001, Fig. 3;
absolute duration, F ,6=16.704, p<0.0001, Fig. 4).
Nevertheless, no difference was found in the relative duration
of simultaneous pedipalp movements in mating events with
virgin females versus mated females (F 26=2.862, p=0.104,
Fig. 5). Frequency of occurrence (F 26=85.293, p<0.0001,
Fig. 3), absolute duration (F; 26=25.071, p<0.0001, Fig. 4)
and relative duration (£} 26=35.725, p<0.0001, Fig. 5) of
alternating pedipalp movements were greater in mating events
with mated females than with virgin females. Simultaneous
pedipalp movements varied between mating events. In mating
events with virgin females, the frequency of occurrence was
high during the first minutes, and decreased as the copulation

606.30 n=15
[ Virgin female
8 Il Mated female
c L
> 448.01
=
=]
o
o
o
%5 289.72 n=15
> -
o
c
o n=15
o
g 13143 |
L.
L
n=15
0.0 — 1
Alternating Simultaneous

pedipalp movements  pedipalp movements

Fig. 3 Absolute frequency of alternating and simultaneous pedipalp

movements (mean+standard error) according to female reproductive
status
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Fig. 4 Absolute duration (in minutes) of alternating and simultaneous
pedipalp movements (mean-=tstandard error) according to female re-
productive status

continued (Fig. 6a). In contrast, in mating events with mated
females, the frequency of occurrence of simultaneous ped-
ipalp movements remained constant during copulation
(Fig. 6a). A similar constant pattern was observed for
the duration of simultaneous pedipalp movement in mating
events with mated females (Fig. 6b).

During the first minutes of copulation with mated fe-
males, a white irregular mass was seen coming out from
the female genital opening (Fig. 7a). This mass was expelled
some seconds after mating started and coincided with the
phase of alternating pedipalp movements. As mentioned
previously, the male exclusively performed this movement
pattern on the area where the female stores the sperm from
previous copulations, which is in the dorsal (i.e., internal)

0.53 n=15
[ Virgin female n=15
Il Mated female I
0.39 |
c
RS
© n=15
)
T o025}
()
=
o=
«
[0
« 0.12 |
n=15
0.0 — T
Alternating Simultaneous

pedipalp movements  pedipalp movements

Fig. 5 Relative duration of alternating and simultaneous pedipalp

movements (mean+standard error) according to female reproductive
status
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side of the epigyne, close to the genital opening (Fig. 7b).
Some bits of sperm were attached to the male procursus (see
related video in Online resources 1 and 2). Such mass never
emerged during the phase of simultaneous pedipalp move-
ments. When analyzed under a microscope, presence of
encapsulated sperm was observed (Fig. 7c¢).

The frequency of occurrence of male abdominal vibration
showed a tendency of being higher in copulations with
mated females (29.285+27.581) compared to virgin females
(15.963+7.065; Fy 26=3.29, p=0.088).

Copulation duration and associated behaviors: a comparison
between mating events with virgin females and mated
females

Frequency (F129=61.692, p<0.0001) and duration (I} 6=
26.480, p<0.0001) of alternative pedipalp movements and
frequency (F 25=15.136, p=0.001) and duration (F5=12.
459, p<0.002) of simultaneous pedipalp movements signif-
icantly explained copulation duration according to female
mating history. These results indicate that the frequency and
duration of both pedipalp movements are positively associ-
ated with the duration of both copulations with virgin fe-
males and mated females.

Function of male pedipalp movement patterns

There were differences among female groups (one complet-
ed mating event vs. two completed mating events, vs.
interrupted second mating events) in stored sperm mass
volume (£,39=7.533, p=0.002; Fig. 8): females of the
“one completed mating event” group and those of the “two
completed mating events” group did not differ (Tukey test,
p>0.05); however, both groups had considerably higher
relative sperm mass volumes compared to the “interrupted
second mating” group (Tukey tests for both comparisons,
p<0.05).

Discussion

In H. pluchei, we found that female reproductive status
(virgin or mated) influenced male mating behavior in terms
of the time spent in copulation and frequency and duration
of pedipalp movement patterns. We also found that copula-
tion duration is influenced by frequency and duration of
pedipalp movement pattern (and, to a minor extent, abdom-
inal vibration) and that different types of pedipalp move-
ments are associated with different copulatory functions.
These results are consistent with sexual selection theory:
males which mate with mated females incur the increased
risk of male—male competition (via sperm competition;
Parker 1979) as opposed to mating with a virgin female.
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Fig. 6 a Frequency of
occurrence of simultaneous
pedipalp movements in
copulations with virgin (n=15)
and mated females (n=15),
respectively in intervals of

3 min. b Duration of
simultaneous pedipalp
movements in copulations with
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Thus, male mating behavior ought to differ if the copulating
partner is a mated female. This pattern has wide support in the
literature. Several examples can be found in the ability of
males to control copulation duration according to female’s
reproductive status in arthropods (e.g., Andrés and Cordero
Rivera 2000; Marcotte et al. 2005; Solensky and Oberhauser
2009). In accordance with our prediction, males engaged in
longer mating events and more complex pedipalp and abdom-
inal movements when mating with mated females than with
virgin females. Nevertheless, our results of copulation dura-
tion were inconsistent with prior results in other pholcids (e.g.,

Copulation duration (min)

copulation duration with virgin females was found to be
longer in Pholcus phalangioides; Schéfer and Uhl 2002 and
Physocyclus globosus; Huber and Eberhard 1997; Peretti et al.
2006; Peretti and Eberhard 2010). One explanation for the
difference in results is that H. pluchei males could stimulate
mated females using abdominal vibratory movements as a
form of copulatory courtship. Such stimulation may induce
the female to use the current male’s sperm for fertilization
instead of previous mating males’ sperm. However, note that
we detected a non-significant tendency of higher frequency of
abdominal vibrations in mating events with mated females
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Fig. 7 a Sperm mass eliminated from the female gonopore during
phase I of copulation. b View of stored sperm (sp) in the external uterus
close the female’s genital opening. ¢ Ejected sperm masses during
mating

compared to mating events with virgin females. In P.
globosus, males also perform abdominal vibrations during
copulation, causing both the female and the web to shake
(Peretti et al. 2006), which was also interpreted as a male
stimulation to influence female fertilization decisions (Huber
and Eberhard 1997). Contrary to our prediction, the duration
of courtship in H. pluchei was not significantly affected by
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Fig. 8 Comparison of relative sperm mass volumes (mean=+standard
error) in females according to their mating condition: one complete
mating, interrupted second mating, two complete mating events

female mating history, a result that has also been found in P.
phalangoides (Schifer and Uhl 2002). However, it may not be
duration of courtship per se but the nature of pedipalp move-
ments what may affect fertilization. The frequency of occur-
rence and duration of simultaneous and alternating pedipalp
movements were linked to the duration of copulations with
both virgin and mated females. Our observations of pedipalp
movement patterns in H. pluchei agree with those of Schéfer
and Uhl (2002) in P. phalangioides, where the frequency of
pedipalp movements in copulations with virgin and mated
females is not constant. In P. globosus (Huber and Eberhard
1997), males also perform strong squeezing and twisting
movements, which are more frequent at the onset and end of
copulation.

Rhythmical pedipalps movements are common and high-
ly diverse among Pholcids (reviewed in Huber and Eberhard
1997). Similar patterns of shifts in frequencies and durations
of pedipalp insertions in copulations with virgin and mated
females have been observed in many spider species (Elgar
and Bathgate 1996; Huber and Eberhard 1997; Aisenberg
and Costa 2005; Peretti et al. 2006; Schéfer et al. 2008;
Aisenberg 2009). Although we found that frequency and
duration also differed in H. pluchei according to female
reproductive status, we also detected two pedipalp move-
ment types: alternating pedipalp movements and simulta-
neous pedipalp movements. We interpret these movements
as operating in different sperm competition-related func-
tions. Alternating pedipalp movements—which are quickly
alternated, almost superficial and disordered—coincide with
sperm mass ejection from the female’s genital opening. We
suggest that the function of this alternating movement is to
remove previously stored, rival sperm. This hypothesis is
based on: (a) the time of copulation in which sperm ejection
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occurred (at the beginning of the second copulation), (b) the
specific region in which procursus of each pedipalps were
inserted (the internal, dorsal, side of the epigyne that contains
stored sperm), and (c) the fact that sperm were often attached to
the male procursus (see videos as Online Resources 1 and 2).
During alternating pedipalp movement, the two apophyses of the
genital bulb remain completely outside the female. Therefore, it
is not possible that the male transfers its own sperm during
alternating pedipalp movements. Removal of rival sperm is a
widespread trait and can be mechanically achieved using sexual
(i.e., genitalic) as well as non-sexual morphological structures
(reviewed by Leonard and Cérdoba-Aguilar 2010).

Removal of sperm has been described for several arthropod
species. For example, in odonates, a first stage takes place via
removal of rival sperm, which is followed by sperm transfer
(reviewed by Cordoba-Aguilar et al. 2003). In orthopterans,
von Helversen and von Helversen (1991) also found that the
sperm content of females whose second mating was interrupted
was lower than that of females with one and two completed
mating events. One alternative hypothesis to rival sperm re-
moval in our study could be that pedipalp movements serve to
stimulate the female’s sensory system so that she actively ejects
her stored sperm. Related to this, in other spider species such as
P. phalangioides (Uhl 1994; Schéfer and Uhl 2002; Schéfer et
al. 2008), the ejection of sperm is also sometimes observed in
virgin females. Interestingly, in P. globosus females eject sperm
at the end of copulation (Huber and Eberhard 1997; Peretti and
Eberhard 2010). We cannot discard a possible mechanism of
cryptic female choice in our study subject, as has been hypoth-
esized for other arthropods in cases where the female partici-
pates in sperm ejection (e.g., Eberhard 1994, 1996; Cérdoba-
Aguilar 1999; Snook and Hosken 2004; Burger 2007; Peretti
and Eberhard 2010). In some species, sperm removal princi-
pally acts upon stored sperm from previous mating events
(Otronen and Siva-Jothy 1991; Snook and Hosken 2004;
Burger 2007), although in other species it belongs to the current
mating partner (Eberhard 1996; Pizzari and Birkhead 2000;
Rodriguez et al. 2004). Finally, one final possibility is that
stored sperm is acted upon by both male-driven sperm removal
processes and female-driven active ejection.

In pholcids, simultaneous pedipalp movements have been
linked to a male stimulatory role (Huber and Eberhard 1997,
Schifer and Uhl 2002; Peretti and Eberhard 2010). During
simultaneous pedipalp movements, pedipalp squeezing allows
the procursus to enter the female gonopore. Since the procursus
is not connected to the sperm duct, some have suggested that
this pattern of movements could be a form of genital stimula-
tion (Eberhard 1996; Peretti et al. 2006). In H. pluchei, simul-
taneous pedipalp movements involve strong squeezing and
twisting movements. The procursi are then situated medially
while the bulbal apophyses are inserted laterally into the exter-
nal uterus. Huber (1995) also documented in this species that
the dorsal and ventral bulbal apophyses are inserted into

corresponding cavities, pressing the bulb at every turn against
the female body and subsequently allows sperm to enter the
gonopore. Thus, at least one function for simultaneous pedipalp
movements is sperm transfer sensu stricto. However, although
these movements have a higher frequency of occurrence and
longer absolute duration in copulations with mated females
compared with copulations with virgin females, the final sperm
volume in twice-mated females is not significantly different
from single-mated females. In addition, we can conclude that
the second male transfers less sperm than the first male since we
commonly observed that a part of the previous male’s sperm
mass remained in the female even after the sperm removal
phase ended. Possibly, the longer and more frequent simulta-
neous pedipalp movements carried out with females in their
second mating events not only function to transfer more sperm
but also as genitalic copulatory courtship. Genitalic copulatory
courtship behavior is apparently quite common in spiders
(Eberhard 1994, 2004; Huber 1998, 2005), but its effects have
rarely been studied (Schifer and Uhl 2002). The absolute
number of pedipalp movements has been associated with pa-
ternity values in other pholcids: the higher the movement
frequency, the higher the paternity (Huber and Eberhard
1997; Schéfer and Uhl 2002; Schifer et al. 2008; Peretti et al.
2006; Peretti and Eberhard 2010).

In our study species, fertilization success depends to a large
extent on the time males guard their mates (Calbacho-Rosa et
al. 2010) so that there is a narrow window of opportunity for
subsequent males to influence fertilization success. Based on
the current results, we hypothesize that subsequent male suc-
cess depends on the effectiveness of sperm removal and/or
transfer. Thus, further sexual selection studies in H. pluchei
could focus on elucidating the effect of pedipalp movements
on fertilization success via sperm removal and/or transfer.
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