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Several taxa of simultaneously hermaphroditic land snails exhibit a conspicuous
mating behaviour, the so-called shooting of love darts. During mating, such land
snail species transfer a specific secretion by stabbing a mating partner’s body
with the love dart. It has been shown that sperm donors benefit from this trau-
matic secretion transfer, because the secretions manipulate the physiology of a
sperm recipient and increase the donors’ fertilization success. However, it is
unclear whether reception of dart shooting is costly to the recipients. Therefore,
the effect of sexual conflict and antagonistic arms races on the evolution of trau-
matic secretion transfer in land snails is still controversial. To examine this effect,
we compared lifetime fecundity and longevity between the individuals that
received and did not receive dart shooting from mating partners in Bradybaena
pellucida. Our experiments showed that the dart-receiving snails suffered
reduction in lifetime fecundity and longevity. These results suggest that the
costly mating behaviour, dart shooting, generates conflict between sperm
donors and recipients and that sexually antagonistic arms races have contri-
buted to the diversification of the morphological and behavioural traits
relevant to dart shooting. Our findings also support theories suggesting a violent
escalation of sexual conflict in hermaphroditic animals.

1. Introduction

In species with multiple matings and sperm storage by females, males face sperm
competition for fertilization after mating as well as competition in the phase
before mating [1,2]. There is increasing evidence that sperm competition can
cause conflict between the sexes, as can pre-copulatory male—male competition
(reviewed in [3,4]). Theoretical studies have suggested that in the post-copulatory
phase, sexually antagonistic arms races driven by such conflict can escalate more
drastically in hermaphroditic animals (i.e. species in which an individual has both
male and female functions) than in species with separate sexes [5-7]. Indeed, var-
ious prominent and violent reproductive behaviours have been reported in
hermaphrodites (e.g. [8,9]) and, indeed, a few of them have been shown to be
advantageous to sperm competition (e.g. dart shooting in land snails [10]; body
piercing in earthworms [11]). However, it remains unclear whether such beha-
viours actually impose costs on sperm recipients (i.e. individuals that play a
female role and receive the seemingly damaging behaviour) and, therefore,
whether sexual conflict occurs via the behaviours. To better understand sexual
conflict and its effects on the evolution of reproductive traits in hermaphrodites,
it is important to examine the economics (the relationship between costs and
benefits) involved in such reproductive behaviours [12,13].

Here, we focus on the so-called dart shooting behaviour in simultaneously
hermaphroditic land snails. This example is one of the best-known cases of
extraordinary reproductive traits in hermaphroditic animals. Dart shooting is
a behaviour during which a snail drives its love dart(s) into its mating partner
(i.e. through its partner’s body wall). Love darts are hard and sharp objects,
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composed of a crystalline form of calcium carbonate called
aragonite [14], and are everted using a muscular dart sac.
Dart-bearing species are known from at least nine families of
stylommatophoran land snails [15]. Several studies on func-
tional aspects of dart shooting have been performed on
species within the families Helicidae and Bradybaenidae.
During dart penetration in Cornu aspersum, a specific mucus
is transferred from glands associated with the love dart into
the recipient’s blood [16]. Because the dart does not deliver
sperm, this behaviour is categorized as ‘traumatic secretion
transfer’ [17]. The dart’s mucus causes conformational changes
in the female reproductive system, closing off the route to the
bursa copulatrix, a gametolytic organ (in C. aspersum [18] and
in Euhadra peliomphala [19]). The mucus also induces peristaltic
movements in the bursa tract diverticulum, a dead-end duct
that branches off from the tract to the bursa copulatrix (in
C. aspersum [18]). Because the spermatophore is transferred
into the bursa tract diverticulum in C. aspersum, it has been
hypothesized that the conformational change and the peristal-
sis would delay the digestion of the donated sperm and
promote sperm storage. Subsequent studies have found that
either successful dart shooting or experimental injection of
the dart mucus alone increased sperm storage and paternity
of the sperm donor in C. aspersum [10,20,21]. Furthermore, a
recent study has reported that the mucus decreases the like-
lihood of remating by darted individuals in Euhadra quaesita
[22]. Therefore, dart shooting is considered to be a reproductive
strategy for sperm competition. Indeed, there is increasing evi-
dence that such simultaneously hermaphroditic land snails
have various sperm competition strategies other than dart
shooting (e.g. [23,24]), suggesting an intense influence of
sperm competition in hermaphroditic land snails. However,
it is still unclear whether this traumatic secretion transfer
with the love dart is costly to stabbed snails, as proposed in
the previous theoretical model [7,25]. Moreover, although a
comparative phylogenetic study showed a coevolutionary
pattern between male reproductive traits including the dart’s
characteristics and female traits [26], it remains to be tested
whether sexual conflict and antagonistic arms races have led
to this diversification of reproductive traits.

In this study, we conducted laboratory experiments to test
the hypothesis that the snails stabbed with a love dart by
mating partners suffer decreased lifetime fecundity in the
dart-bearing land snail Bradybaena pellucida.

2. Material and methods
(a) Study species

In this study, we used the simultaneously hermaphroditic land
snail B. pellucida (Gastropoda, Bradybaenidae). Over the course
of a 1-year life cycle, B. pellucida grows determinately to an adult
shell size of approximately 10-17 mm (shell diameter). When
snails of this species reach sexual maturity, they form a reflected
lip at the shell aperture. In a single mating event, two adult
snails simultaneously reciprocally intromit their penises and
exchange sperm in the form of a sperm mass [27]. A sperm mass
is donated into an interior edge of a vagina (N =15 matings:
K.K. 2012, unpublished data). This sperm mass is removed into a
gametolytic organ for less than one week (N = 15 matings: K.K.
2012, unpublished data), suggesting that only a small number of
sperm can reach a sperm storage organ, as in C. aspersum [10].
Prior to sperm exchange, the two mating snails stab each other
repeatedly with their love dart (figure 1; electronic supplementary

Figure 1. Mating of B. pellucida. Dart shooting is performed simultaneously by
both mating snails. A bloated muscular sac containing a love dart was everted
(arrow) and shot its dart into the body of a partner (see the electronic
supplementary material, movie S1). (Online version in colour.)

material, movie S1). Although certain land snail species omit dart
shooting (e.g. [28,29]), our preliminary investigation suggests that
use of the dart during the mating process is most likely obligatory
in B. pellucida (N > 20 matings: K.K. 2012, unpublished data) as in
C. aspersum [30] and E. quaesita [22]. However, virgin snails of this
species perform this mating behaviour without shooting their dart.
Snails first develop their love dart after losing their virginity. Simi-
lar to many other land snail species, adults of B. pellucida
experience multiple mating events with different partners, store
the received sperm (allosperm) in an allosperm-storage organ
and lay eggs several times.

Juvenile snails of B. pellucida were collected in the summer of
2012 in Hamamatsu, Japan, and were kept individually in plastic
pots (180 ml) at 22°C and at approximately 65% relative humid-
ity. All snails were maintained under the same photoperiod. The
snails were fed oatmeal with a powder mixture consisting of
proteins and calcium ad libitum, and the housing containers
were cleaned every week. After sexual maturation in the labora-
tory (identified by formation of a reflected shell lip), the adult
individuals were used in laboratory experiments.

(b) Effect of dart receipt on fecundity and longevity

Two groups of 25 focal snails were randomly selected from 250
virgin snails that matured in the laboratory. The two groups
were categorized as the ‘dart-received (R)’ and ‘dart not received
(NR)" groups. The remaining 200 virgins were randomly separated
into two groups. Fifty pairs of virgins were randomly selected from
one of the groups of 100 snails and provided the opportunity to
mate. All 50 pairs had a single successful mating. These snails
were then isolated as they had been before this mating. The 100
snails of this group started to form a love dart after this initial
mating and were categorized as shooting partners, while the
other group of 100 snails was categorized as non-shooting partners
without initial mating. Because our preliminary investigation
revealed that it takes less than one week to form a love dart in
our study species (N = 20: K.K. 2012, unpublished data), the fol-
lowing procedures were initiated more than one week after the
initial mating. The focal snails of group R were provided the
opportunity to mate with a different randomly selected shooting
partner every week for four weeks (i.e. they ultimately mated
with four shooting partners). The partners that had experienced
mating with the focal snails were never used again as a mating
partner. The focal snails of group NR had four matings that were
arranged in the same way except that non-shooting partners
were used rather than shooting partners. After the fourth
mating, the focal snails of groups R and NR were separately cul-
tured in pots to which a bed of moist soil was added to allow
the snails to lay eggs. Egg laying was checked every day. Once
laid, the eggs were cultured in separate pots containing moist
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soil to avoid desiccation prior to hatching. Because B. pellucida does
not show intra-clutch cannibalism [27], the eggs from a single
clutch were kept in a pot. We recorded the number of hatched
eggs for each of the snails until they died and the length of life of
the snails subsequent to the experimental matings. Photographs
of the shell were taken with a Nikon COOLPIX P7000 camera.
The shell diameter and height of all individuals were measured
using IMAGE] software (National Institutes of Health, Bethesda,
MD, USA). Shell volume (shell diameter” x shell height) was
used as an indicator of body size.

(c) Male and female aspects of the focal snails

To test whether the focal snails occupied male and female roles
equally when they mated with shooting and non-shooting part-
ners, we examined the sperm mass that the focal snails donated
and received in the first and fourth matings. Two groups of 21
focal virgins, 21 shooting partners and 21 non-shooting partners
were established as described above. The focal virgins were pro-
vided the opportunity to mate with a randomly selected shooting
or non-shooting partner. The resulting mated pairs were frozen
with liquid nitrogen soon after mating. The frozen snails were dis-
sected after defrosting and the sperm masses that the focal virgins
donated and received in this first mating were extracted. The
sperm masses were dried in an oven at 60°C for more than 24 h,
and their weights were then measured. Following this procedure,
the weights of the sperm masses in the fourth mating were also
measured using two groups of 21 focal snails that had already
had three matings with shooting or non-shooting partners. The
inter-mating interval was determined as a one-week period.
Because a sperm mass remains in place for less than a week follow-
ing donation, the focal sperm masses were measured without
being blended with other sperm masses.

(d) Statistical analyses
Generalized linear models (GLMs) with a Poisson distribution
and log link function were used to evaluate the effect of dart
shooting on the number of eggs (i) and clutches (ii) of the stabbed
individuals. (i) The lifetime fecundity of the focal snail was trea-
ted as the dependent variable. Whether the snail was stabbed
with the dart (i.e. group R or NR), the volume of the snail and
the two-way interaction terms were treated as fixed effects.
(ii) Clutch number was treated as the dependent variable. Dart
receipt by the snail, snail volume and the two-way interaction
terms were treated as fixed effects. Similarly, generalized linear
mixed models (GLMMs) with a Poisson distribution and log
link function were used to evaluate the effect of dart shooting
on the number of eggs per clutch. Clutch size was treated as
the dependent variable. Dart receipt by the snail, snail volume
and the two-way interaction terms were treated as fixed effects.
The order of clutches was treated as a random effect to consider
the difference between early and late clutches. Snail volume was
log (natural) transformed prior to the GLM and GLMM analyses.
The significance of the fixed effects was assessed with likelihood
ratio tests using a x* approximation. The models were simplified
by stepwise deletion of non-significant (p > 0.05) fixed effects
starting with the effect showing the highest p-value [31]. To
evaluate the effect of dart shooting on longevity of the stabbed
individuals, the elapsed time until the focal snails died after
the four experimental matings was compared between groups
R and NR using a log-rank test with Kaplan—Meier estimates.
Linear mixed models (LMMs) were used to assess aspects of the
male and female roles of the focal snails. For the male aspect, the
dry weight of sperm mass that the snails donated was treated as
the dependent variable. Dart receipt by the snail, snail volume
and the two-way interaction terms were treated as fixed effects.
The number of matings that the snail experienced (i.e. first or
fourth mating) was treated as a random effect. For the female
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Figure 2. Lifetime fecundity (@) and clutch size (b) (mean + s.e.) in the
individuals that received dart shooting by mating partners (grey bars) and
those that did not receive (white bars).

aspect, the dry weight of sperm mass that the snails received was
treated as the dependent variable. Dart receipt by the snail, snail
volume and the two-way interaction terms were treated as fixed
effects. The number of matings that the snail experienced was trea-
ted as a random effect. The models were simplified by stepwise
deletion as above. All analyses were conducted in R v. 3.1.1 [32].

3. Results

(a) Effect of dart receipt on fecundity and longevity
We collected 211 clutches that the 50 focal snails from the R and
NR groups laid during their lifetime. Lifetime fecundity and
clutch size for each group are shown in figure 2. The stepwise
deletion of the fixed effects from the GLMs for lifetime fecund-
ity produced a model including two effects: whether the snail
received dart shooting by a mating partner and snail volume
(table 1). For clutch number (group R: mean + s.e. =3.76 +
0.16, group NR: 4.68 + 0.22), we found a slight influence of
dart reception and snail volume (table 1). The analyses for
clutch size selected a model including both dart reception
and snail volume as in the analyses for fecundity (table 1).
The survival rate of the snails after the four experimental mat-
ings is shown in figure 3. The longevity of the snails differed
significantly between the R and NR groups (group R:
mean + s.e. = 44.00 + 3.45 days; n =25, group NR: 60.28 +
4.88 days; n = 25, p = 0.003).

(b) Male and female aspects of the focal snails

The weight of dried sperm mass that the focal snails donated
when they mated with a shooting or non-shooting partner is
shown in figure 4 (a-1 and a-2). The stepwise deletion of the
fixed effects from the LMMs for the donated sperm mass
weight produced a model including neither the type of
mating partner nor snail volume (table 2). The sperm mass
weight that the focal snails received is shown in figure 4 (b-1
and b-2). Similar to the analyses for the donated sperm mass
weight, a model including no effect was selected for the
received sperm mass weight (table 2).

4. Discussion

Although various violent reproductive behaviours have been
reported in hermaphrodites [8—11], as far as we know, there
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Table 1. Results of stepwise deletion of effects from the initial model for the effect of dart reception on lifetime fecundity, clutch number and dutch size. [}
Significant effect is in bold.

variable coefficient (+s.e.) log-likelihood ratio
fecundity
intercept 0.52 4+ 0.33

dart reception (A)
‘ shail volume‘ (B)‘
AxB
clutch number
intercept

dart reception‘ (A) -

snail volume (B)
AxB
clutch size

intércépt‘

dart reception (A)
- shaill vblhme‘ (B)‘

—037 + 0.027
0.89 + 0.067

—189 + 172
068 + 035

—1.09 + 053

—0.31 4+ 0.032
—0.70 + 0.067
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Figure 3. Kaplan—Meier plot of survival rate after the four experimental

matings for the individuals that received dart shooting by mating partners
(dashed line) and those that did not receive partners’ dart (solid line).

is no previous experiment testing whether these traumatic
behaviours are actually costly for the individuals that receive
it. A novel and noteworthy finding in this study is that the
snails stabbed with the love dart of their mating partners
laid fewer eggs than those that did not receive dart shooting
(figure 2a and table 1). Although the analyses for the differ-
ence in clutch number between the snails of group R and
NR appeared to be at a borderline significance level, it is at
least unequivocal that the dart-received snails did not lay
more clutches than the snails that received no darts. Instead,
we found that the dart-received snails reduced their clutch
size (figure 2b and table 1). Therefore, these results suggest
that this reduction in clutch size results in the reduction in
lifetime fecundity in the dart-received snails.

188.27 1 <0.001
176.00 1 <0.001
136 1 0.24
o . oo
373 1 0.053
0.015 1 0.90
7.96 1 0.005
107.56 1 <0.001
0.17 1 0.68
1.5
BT I HI
% E3f!
E
£ 1.0
)
z
z
g
£
g:% 0.5 1
0

a-1 a-2 b-1 b-2

Figure 4. The weight of dried sperm mass that the focal snails donated in
the first mating (a-1) and the fourth mating (a-2), and received in the first
mating (b-1) and the fourth mating (b-2) when they mated with a shooting
(grey bars) and non-shooting (white bars) partners.

There are three possible explanations for this fecundity
and clutch size reduction. First, the male investment (the
amount of sperm and seminal fluids) by the focal snails
may have differed between groups R and NR. In many
animals, males can discriminate between a virgin and non-
virgin female and adjust their investment according to the
female’s mating status (reviewed in [33]). Although the
generality of such an adjustment of ejaculates is unclear in
simultaneously hermaphroditic land snails [24,34], our
study species may use a strategy that serves to adjust and
transfer a larger ejaculate into a non-virgin partner rather
than a virgin. If so, male investment could be higher in the
dart-received snails than in the snails that had received
no darts because the former mated with snails that had
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Table 2. Results of LMM analyses to quantitatively assess male and female investments that the focal snails made when they mated with shooting partners [}

(the individuals that had already experienced a single mating) and non-shooting partners (virgins).

variable

coefficient (+s.e.)

donated sperm mass

intercept
mating partner type (A)
shail volufne‘(B) ‘ ‘
AxB

received sperm mass
intercept

mating partner type (A)
» snail volume (B)
AxB

already had a single mating, whereas the latter mated with
virgins. Therefore, the observed fecundity reduction in the
dart-received snails could result from an increase in male
investment and a subsequent decrease in the resources avail-
able for egg production. However, our results suggest that
this is not the case. The dart-received snails and the snails
that received no darts donated the same amount of sperm
mass to a mating partner regardless of the mating status of
their partners (figure 4(a-1,a-2) and table 2). This pattern of
male investment could occur because B. pellucida does not
adopt the strategy of ejaculate adjustment or because the indi-
viduals having only one mating, i.e. the shooting partners
used in our experiments, are equivalent in their female role
to virgins. Second, the amount of sperm and/or seminal
fluids that the focal snails received may have differed
between matings with a shooting and non-shooting partner.
A decrease in fecundity could be found in the dart-received
snails if the shooting partners provided a smaller amount
of ejaculate than did the non-shooting snails. This second
possibility can also be excluded, however, because we found
no quantitative difference between the ejaculates that the
focal snails received from shooting and non-shooting partners
(figure 4(b-1,b-2) and table 2). Third, the physical and/or
chemical stimuli (i.e. stabbing with the hard dart and transfer
of the dart mucus) via dart shooting may cause damage to
the snails receiving a dart from a partner. If so, such damage
could be expressed as a decrease in fecundity. Although further
experiments are needed to investigate shooting and non-shoot-
ing partners from various perspectives, the rejection of the first
two possibilities suggests that the key difference between the
two types of mating partners is the occurrence of dart shooting.
Moreover, we found that the snails of group R died earlier than
those of group NR (figure 3), indicating that serious damage
was caused by dart reception. These findings, therefore, sup-
port the idea that the fecundity decrease found in this study
was caused by dart reception.

In the experiment on the effect of dart reception on lifetime
fecundity, the focal snails were kept in conditions that allowed
them to lay eggs only after the four experimental matings.
Although this was an unusual situation, our preliminary
investigation revealed that even if snails were always allowed
egg-laying, they laid only 0-2 clutches before the fourth
mating was achieved (N = 25, K.K. 2012, unpublished data).
Therefore, even if fewer than four instances of dart reception

log-likelihood ratio

00017 1 0.97
S . S i
151 1 022
021 ' o o 0.65
180 1 018
010 R 075

are not especially costly for dart-received snails, clutches laid
after the fourth mating decrease in size as shown in our labora-
tory experiments. Moreover, our preliminary investigation
revealed that B. pellucida has 4-15 matings in its lifetime
under laboratory conditions (N = 25, K.K. 2012, unpublished
data). Assuming that individuals experience similar numbers
of matings in the field, these findings suggest that the damage
incurred by dart reception escalates so seriously that dart-
received snails actually suffer reductions of lifetime fecundity
in natural populations of B. pellucida.

This study explicitly shows the direct cost caused by the con-
spicuous mating behaviour of dart shooting in simultaneously
hermaphroditic land snails. Although further experiments
are needed to examine indirect benefits that dart-received indi-
viduals might receive through ‘Fisherian runaway’ or ‘good
genes’ processes [35], it has been theoretically suggested that
such indirect effects are generally weaker than direct effects
[36]. Therefore, these findings suggest that the cost of dart recep-
tion has generated sexual conflict and produced sexually
antagonistic arms races between sperm donors and recipients,
leading to the diversification of dart morphology [26] and shoot-
ing behaviour [37]. Moreover, our findings support previous
theoretical work that suggested the potentially intense effect
of sexual conflict in such hermaphrodites [7].

Although the snails receiving dart shooting obviously suffer
the fecundity reduction, this reduction may also have a negative
effect on the fitness of the shooter snails themselves. This is
because the total number of eggs that the shooters can fertilize
through a particular mating partner may also decrease even
though they increase their short-term fertilization success via
promoting sperm storage [20—21]. If so, however, dart shooting
is difficult to be maintained evolutionarily. Promoting short-
term egg laying in a mating partner, which is a well-known
sperm competition strategy (e.g. [38,39]), can contribute to over-
coming this potential fitness loss in dart shooters, although it is
still unclear whether snails adopt such strategy [22,40]. This
viewpoint of long-term fitness in shooter individuals needs to
be examined in future research.

The influence and importance of sexual conflict have been
highlighted mainly in separate-sex species (e.g. fruit flies [41],
bed bugs [42,43], muscovy ducks [44]). However, theories
have predicted greater escalation of post-copulatory sexual
conflict in simultaneous hermaphrodites [5-7]. The first
and essential step is testing for the actual cost in various
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organisms, as provided here, in order to understand the rel-
evance of the prediction, and the effect of reproductive
systems (separate-sex species and hermaphrodites) on the
evolutionary consequences of sexual conflict in organisms.

Data accessibility. Data available from the Dryad digital repository

(doi:10.5061/dryad.qg258).
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